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Frontispiece

Uniform emission device with blue uLED array
shown on a flat surface (left) and flexibility shown
(right), scale is 10 mm.

Uniform emission device with UV LED (left) and
uniform red emission using blue pLED array and red
CQD film, scale is 10 mm.



Abstract

The aim of the work described in this thesis is to design a wearable phototherapy device
utilising LEDs. Phototherapy is the use of light to treat medical conditions, such as,
eczema, psoriasis and newborn jaundice. Treatment usually takes place in a clinical en-
vironment, but a recent focus for phototherapy is the development of at-home devices.
Currently available technologies consist of rigid LED arrays; identifying the treatment
regime with these devices is difficult due to the non-uniform light distribution. A poten-
tial solution to this problem is to create a flexible and conformable device that allows
for uniform light distribution over the treatment area by incorporating light scattering

features.

Broad area LEDs (UV and blue) and blue micro-sized LEDs are utilised as the light
source coupled into the end of a thin polydimethylsiloxane membrane. High refractive
index nanoparticles are embedded in a substrate and used to extract light from the
surface of the membrane. By changing the size of these substrates, or by changing the
nanoparticle concentration inside the substrates, uniform irradiance is demonstrated
over an area of 15 x 15 mm?. Though not demonstrated in this thesis, there is potential

for treatment over larger areas.

Colloidal quantum dots can be embedded in elastomeric materials and used to down-
convert the LED light into lower energy wavelengths. This is shown with red wavelength
emitting quantum dots, producing a uniform red irradiance over the substrate area. A
similar technique is shown to produce multi-wavelength blue and red uniform emission

over the extraction area.

The output of the device can be optimised by adding flexible reflective layers to one
side of the membrane. This increases the light output from the extraction substrates,
whilst maintaining the device flexibility. The light output can also be increased by
adding secondary embedded waveguides into the membrane. These are coupled to the
micro-LED light and can potentially produce structured emission over the treatment

area.

The device platform is also shown to be effective as a fluorescent evanescent waveguide
sensor, utilising quantum dots as the fluorescent molecules and a smart phone camera

to measure the fluorescence.
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Chapter 1

Introduction

This chapter describes the rationale and the biomedical and technical background for this
work. After a brief presentation of the motivations and outline of the thesis, it introduces
the effects of light on skin. Light therapy at a range of wavelengths is discussed including
the use of photosensitisers to increase the efficacy. This is followed by an explanation of
the benefits of at-home phototherapy devices and a summary of such devices currently
available on the market. Our wearable phototherapy device concept is then presented
as the basis for this thesis. Finally, the benefits of light-emitting diodes (LEDs) in light
therapy, and the engineering basis behind LEDs and micro-LEDs is discussed.

1.1 Motivation and thesis outline

The aim of the work behind this thesis was to create, study and optimise a wearable
phototherapy device. Phototherapy is the use of ultraviolet (UV) or visible light to treat
medical conditions, in particular skin disorders such as eczema, psoriasis, acne, etc. It is
traditionally carried out in a clinical environment utilising large, inefficient fluorescent
tubes as the light source. These practices are generally time-consuming, making them
inconvenient for both patients and healthcare staff. Consequently, the development of
at-home devices for phototherapy applications aims to improve patient convenience and

to decrease the demand on healthcare resources [1].

Existing home technologies are either handheld or worn on the body. These give the
patient improved comfort, however, the rigidity of these devices make it difficult for
clinicians to determine the light dosage [2, 3] due to their limited conformability and the

“hot-spots” in their light distribution.
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The development of flexible light technologies could be a solution to this problem; a
flexible and conformable device would allow for maximum treatment efficiency with a
potentially lower power over a longer treatment time. The use of a lower power device has
the added benefit of reducing side effects, such as pain, that are common to treatments

with high power devices [4].

The aim of this thesis is to design a wearable device that can be utilised in phototherapy
applications, producing uniform light over a treatment area. Throughout this thesis,
uniform light is described as light with an average irradiance error of less than 15%
over an area of at least 1lcm?. This value for uniformity was chosen as it allows a high
similarity light output over the treatment area, allowing the clinician to determine the
correct treatment dosage. This will be an improvement upon currently used clinic-based

devices which have a centre to edge uniformity error of 73%.

This device has an edge-lit configuration, with LED light sources on the edge of an
elastomeric membrane and light guided out of the top surface at desired locations. Uni-
form emission of light at a range of wavelengths is discussed using LEDs, micro-sized
LEDs and colour converting films. The device platform also enables another biomedical

application as a fluorescent sensor, this is also explored.

Chapter 1 provides an overview of phototherapy and various light interactions with skin.
The currently available home-phototherapy devices are discussed. It also introduces
light emitting diodes and their key properties related to phototherapy, followed by the
development of micro-LEDs. Chapter 2 explains the materials and methods utilised
throughout the thesis and in the design of the wearable phototherapy device. The
production of uniform irradiance over an area of more than 2 cm? using a broad-area
blue LED is shown. In Chapter 3, a specially designed micro-sized LED is used as the
light source; this chapter focuses on increasing the irradiance output while maintaining
uniformity over the emission layer. The use of a UV LED source to produce uniform
emission, at a UV wavelength, is shown in Chapter 4, along with the use of colour
converting films to produce red and multiwavelength emission. Chapter 5 focuses on
the properties of the uniform device produced in Chapter 3, by looking at the effects
of curvature on the device output. Flexible reflective films are also added to increase
the device emission while maintaining flexibility. The addition of secondary embedded
waveguides is discussed to allow increased irradiance as well as offering the capability
for structured emission. The use of the elastomeric edge-lit platform as a fluorescent
sensor is presented in Chapter 6. Finally, Chapter 7 provides conclusions and possible

future work.
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1.2 Light and the skin

A range of different wavelengths of light are utilised to treat different medical condi-
tions. The most commonly used wavelengths for phototherapy treatment are ultraviolet-
B (280-320 nm), ultraviolet-A (320-400 nm), blue (400-490 nm), red (620-750 nm) and
near-infrared (750+ nm). The following discusses the effects of each of these wave-
lengths on skin. The action of light induces a cellular response, this response is the basis

of phototherapy and is dependent on the wavelength and fluence of the light.

1.2.1 Biology of the skin

The skin is the largest human organ that makes up around 16% of a human’s total body
weight. The skin is made up of tissue layers with different properties. The top layer is
known as the epidermis, it is generally 0.1 mm thick and primarily functions as a barrier
against pathogens. The layer below the epidermis is called the dermis, this is 2 mm thick
on average and protects the body from stress and strain. The innermost layer of skin is

called the hypodermis, or cutaneous tissue, and is mainly used to store body fat [5].

Each layer of skin contains different cellular components which provide the layer with its
properties. The epidermis contains 95% keratinocytes with the remaining 5% including
Langerhans cells, melanin and inflammatory cells [6]. These cells provide a physical
barrier against micro-organisms as well as providing mechanical resistance. The dermis
is much thicker than the epidermis and is composed of collagen, elastin, extracellu-
lar matrix proteins, mast cells and fibroblasts [6]. The hypodermis consists mainly of

connective tissue and body fat [5].

1.2.2 Mechanism of action of light on the skin

When light hits the surface of skin a range of different effects can occur, including,
reflection, absorption and scattering. Around 4 to 7% of incident light is reflected at the

epidermis [7], independent of the wavelength.

The remaining 93 to 96% of light not reflected at the surface will be absorbed or scattered
depending upon the wavelength. UV wavelengths are mainly absorbed, while visible and
NIR wavelengths are more likely to scatter before absorption. Scattering is characterised
as a change in direction of light and is caused when a photon interacts with a particle

of differing refractive index from the surrounding media [8].
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FIGURE 1.1: Schematic showing the different layers of skin and penetration depths of
different wavelengths of light

Absorption is the most important effect for light therapy. Different wavelengths of light
are absorbed by a variety of materials present in the skin (called chromophores). As the
absorption properties of these chromophores differ, the absorption of light through the
skin layers varies. Figure 1.1 shows the basic layers of skin and penetration depths for

different wavelengths.

1.2.3 Absorption and the skin

The layers of skin contain different chromophores therefore, the absorption of light dif-
fers. Chromophores in the skin include, DNA, lipids, amino acids, porphyrins, haemoglobin
and melanin [9]. These absorb different wavelengths of light which leads to photochemi-
cal or photobiological reactions. These reactions are exploited in phototherapy producing

therapeutic effects.

1.2.3.1 UV absorption

UV radiation can be split into three different groups, UVA, UVB and UVC. Wavelengths
from 100 to 280 nm fall into the UVC category and have no therapeutical benefits. UVB
is described as wavelengths between 280 and 315 nm, while UVA is wavelengths from 315
to 400 nm. Both UVA and UVB wavelengths are used as a method of phototherapy [10].
With UVB being used as broadband 280 to 320 nm, or narrowband, with 310 to 313 nm.

The presence of melanocytes in the epidermis accounts for the majority of UV absorption,
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this decreases the detrimental effects of UV radiation on cells and produces melanin

which causes the pigmentation of skin [9].

UVB radiation which is not absorbed by melanocytes is absorbed in the epidermis by
keratinocytes, Langerhans cells and lymphocytes. The UVB causes a reduction in DNA
synthesis. This makes it beneficial in conditions like psoriasis which has an accelerated

DNA synthesis, resulting in the formation of multiple skin layers. [11].

UVA radiation penetrates deeper than UVB, into the start of the dermis. It affects
inflammatory cells and endothelial cells. UVA also causes a reduction in DNA synthesis,
although four orders of magnitude less is absorbed compared to UVB [9]. This is why

UVA radiation is commonly used in combination with a photosensitising compound [12].

UV radiation has also been shown to release nitric oxide (NO) from nitrosated proteins
in skin [13, 14]. The effects are not fully understood, however, it has been clinically
proven that the release of NO by endothelial cells is an important regulator in resting
blood flow rate [15], and also stimulates proliferation and migration of keratinocytes,

providing an anti-inflammatory effect.

Repeated exposure to UV radiation, especially at a young age, has been shown to damage
cellular DNA leading to tumour formation and premature skin aging [16, 17]. This
has led to the study of visible wavelengths as phototherapy treatment. Visible light
penetrates deeper into the dermis, and is not absorbed by DNA directly, so has a less

harmful effect.

1.2.3.2 Blue light absorption

Blue light penetrates deeper into the dermis than UVA and is absorbed by flavins,
cryptochromes and porphyrins [11, 18]. These chromophores release reactive oxygen
species which leads to a reduction in proliferation and dendritic cell activation. These
effects lead to blue light being a suitable therapy for hyperproliferative skin diseases
while minimising the side effects associated with UV radiation (i.e. skin cancer) [19],
though there is no significant association of UV phototherapy producing an increased
likelihood of skin cancer [20].

Additional effects of blue light irradiation are not fully understood including T-cell
induced apoptosis, altered immune response and decreased inflammation. Like other
photobiologic responses these effects appear to be wavelength and fluence dependent.
With shorter blue wavelengths, less than 440 nm, and high fluences possibly leading to

toxicity and oxidative stress [19, 21].
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1.2.3.3 Red and NIR light absorption

Red light penetrates the skin by at least 2 mm, deep into the dermis. Red light/near-
infrared (NIR) therapy leads to enhancement of enzyme activity, electron transport,
mitochondrial respiration and ATP production [18]. It is thought that cytochrome c
oxidase absorbs the light and photodissociation of inhibitory NO occurs, leading to the
enhancement. This has been shown to increase collagen production and elastic fibres
in skin while activating fibroblasts [22]. Hence it is used in wound healing [23] and

cosmetically in anti-aging procedures [24].

Infrared radiation is sometimes used in combination with red light as it penetrates
further into the skin, to the hypodermis [25]. It is not used clinically as a light therapy
treatment, however, is used as a photothermal treatment, converting light energy into

heat energy [26].

1.2.3.4 Other visible wavelength absorption

Green, orange and yellow wavelengths of light penetrate deeper than blue, but not as
deep as red. These have not been shown to have any clinical benefits in light therapy
treatment of skin disorders. Green light is commonly used in photoplethysmography,
along with red and NIR light, to measure heart rate by calculating the absorption of

oxygen in oxyhaemoglobin [27].

1.3 Summary of light treatment applications

The global light therapy market in 2019 was valued at $790.3 million, split between
commercial, domestic and healthcare market segments [28]. Each segment consists of
devices that can be utilised to treat skin conditions. Light can be used as a treat-
ment for a range of conditions from acne treatments to cellular rejuvenation and wound
care. Bright white light is used to treat depression [29], namely seasonal affective disor-
der (SAD) or in combination with antidepressants to treat non-seasonal depression [30]
or bipolar disorder [31]. However, light therapy is most commonly used to treat new-
born jaundice and dermatological conditions, such as psoriasis, acne and vitiligo. Light
therapy is also used as a method of photobiomodulation, using low levels of visible/NIR

light to induce tissue healing and provide pain relief [32].

UV light therapy is being investigated as a treatment on its own, or in combination
with NO delivering nanoparticles to increase the NO levels in the skin [33], producing

cardiovascular benefits [34].
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1.3.1 Phototherapy

Phototherapy is the term used to describe treating medical conditions with light. Sun-
light has been used for centuries to treat skin diseases, known as heliotherapy in ancient
Greece [10]. Research by Niels Ryberg Finsen led to the development of modern pho-
totherapy by successfully treating lupus vulgaris with a UV lamp [35]. Antibiotics were
not available at this time, consequently phototherapy was a breakthrough. For this

work, Finsen was awarded the Nobel prize in medicine in 1903.

In the 1960’s, photochemotherapy was introduced through the combination of psoralens
and UVA lamps to treat psoriasis and vitiligo [10]. This was the forerunner to photody-
namic therapy used today. In the 1980’s, this became a treatment option for patients

with psoriasis, vitiligo and atopic dermatitis [35].

Light therapy is used for wide range of diseases particularly hyperproliferative skin
conditions like psoriasis, acne and keratosis. It is also a treatment for some skin cancers
using photosensitisers to increase the effect of the light, discussed in more detail in
Section 1.3.3.

1.3.1.1 UV phototherapy

UV phototherapy is used extensively as a psoriasis treatment. Psoriasis is an autoim-
mune condition and causes rapid growth of the epidermal layer of skin, by hyperpro-
liferation of keratinocytes [36]. It results in inflamed areas of dry, flaky skin, these are
often found on the elbows, knees and scalp [11]. Narrowband UVB radiation is the most
commonly used wavelength for psoriasis phototherapy, although PUVA and blue light
treatment have also been utilised [10, 37]. Topical corticosteroids or biologics are widely
used to treat psoriasis in regions where light therapy is not common and in combination
with light therapy on severe lesions [38]. Psoriasis is the most common healthcare condi-
tion requiring phototherapy, representing almost 70% of the market share and affecting

up to 3% of the global population [39].

UV phototherapy can be used to treat vitiligo. This is a condition where patches of
skin lose their pigmentation [10]. The UVB light, or psoralens UVA combination leads
to the stimulation of melanocyte proliferation and the apoptosis of the immune cells

responsible for the decreased melanin production [40].

UV phototherapy is also a treatment option for eczema (atopic dermatitis). This condi-
tion results in skin inflammation and may be acute (chemical reaction) or chronic (long

term immune response). The treatment can either be narrowband UVB radiation or
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UVA radiation. Here the treatment depends on the condition, with UVA shown to be
more effective in treating acute flares while UVB is more effective at managing chronic

cases [41].

UV phototherapy treatment schedule varies depending on condition and severity [41-43].
However, generally involves treatment a few times a week over the course of many weeks
with increasing UV light doses prescribed by the dermatologist, based on the effect of

previous sessions.

1.3.1.2 Blue light therapy

Blue light phototherapy has become more common in recent years due to the develop-
ment of efficient blue light emitting diodes. The most common use of blue light therapy
is in neonatal jaundice to convert unconjugated bilirubin to its oxidation products [44].
As bilirubin has a peak absorption at blue wavelengths, they are the most effective at

lowering serum bilirubin concentrations [18].

Blue light has been used in the treatment of psoriasis and been shown to be effective
in clearing plaques classified as mild/moderate [37, 45]. At higher fluences blue light
can produce similar effects to UV light in the clearing of psoriasis plaques. However,
the remission period before more treatments are needed is shortened for blue light pso-
riasis treatment [46]. Blue light treatment is not yet clinically prescribed as psoriasis

treatment.

Blue light is also used as a phototherapy treatment for acne [47, 48]. The blue light ex-
cites porphyrins leading to formation of reactive oxygen species and resultant destruction

of the acne bacteria [12].

1.3.1.3 Red light therapy

As discussed in Section 1.2.3.3, red light penetrates deeper into the dermis than UV and
blue wavelengths. This makes it beneficial as a cosmetic treatment for anti-aging [49].
The application of low incident levels of red wavelengths of light results in enhanced
action potentials of skin cells and increases blood and lymphatic flow, generating tighter

dermal layers. This reduces the effects of wrinkles and brightens the skin surface.

Red light has also been used to stimulate wound healing in chronic wounds [50]. Studies
have shown an increase in the growth of epithelial cells and decreased wound healing
times when irradiated with red LEDs [50, 51].
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Red light therapy is often used in combination with blue light therapy to treat acne. The
red light produces anti-inflammatory effects which, when combined with the antibacterial
effect of the blue light, leads to a reduction in acne and a decreased scarring [52]. The
combination of these wavelengths has also been shown to be effective in treating diabetic

skin ulcers [53].

1.3.2 Photochemotherapy

Photochemotherapy is the combination of light therapy and a photosensitising drug
that increases the effects of the light. The most common photochemotherapy method is
psoralens-UVA (PUVA). A drug that contains psoralens is delivered orally or topically to
the treatment area. Psoralens is a compound found in plants that makes the skin more
sensitive to UV radiation. The psoralens is activated by UV light and binds strongly to
DNA, damaging the cells. Therefore, when applied to psoriatic skin, it can be used as a
treatment [10]. PUVA has been found to be more effective at clearing psoriasis lesions

and exhibits a longer remission duration than narrowband UVB treatment [54].

1.3.3 Photodynamic therapy

Photodynamic therapy (PDT) is the use of a topical drug that is metabolised to proto-
porphyrin IX (PpIX). As the drug needs to be metabolised to be effective, it is known
as PDT rather than photochemotherapy. The drug is applied topically to the epidermis
and is transformed into PpIX through the sebaceous gland [55]. It accumulates higher

in malignant tissue compared to normal tissue [56].

Under the presence of oxygen and light absorption, the PpIX generates reactive oxygen
species which cause necrosis or apoptosis of cells [58]. The absorption spectrum of
PpIX is given in Figure 1.2 [57]. The PpIX absorbs light of different wavelengths, with
absorption peaks at 410 nm, 505 nm, 540 nm, 580 nm and 630 nm [4].

Two main types of topical drugs are used, aminolaevulinic acid (ALA) and its methylated
ester, methyl aminolevulinate (MAL). Studies have shown that although MAL is more
lipophilic, so should penetrate deeper into lesions than the hydrophilic ALA, there is no

difference in response [59].

Recent studies have utilised sunlight as the PDT light source, known as daylight ther-
apy [60], this has varying effectiveness. In the Northern Hemisphere it is only viable
in summer months and is therefore not commonly prescribed as treatment. Artificial
daylight lamps have been fabricated and utilised, however, they have been shown to be

less effective than red LEDs in actinic keratosis treatment [61].
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FIGURE 1.2: Absorption spectrum of PpIX, figure taken from [57]

Dermatological conditions which benefit from PDT include actinic keratosis, non-melanoma

skin cancers and Bowen’s disease.
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1.4 Light therapy treatment

Traditionally phototherapy and photodynamic therapy is carried out in a clinical envi-
ronment, hospital or dermatologist office. UV phototherapy typically uses narrowband
fluorescent UVB lamps or UVA lamps for PUVA [12]. Blue LED arrays are most com-
monly used now for blue light therapy, previously halogen lamps and fluorescent tubes
were utilised with filters [62]. Red light LED devices, like those by Aktilite (CL16 and
CL128) are commonly used with ALA or MAL to treat actinic keratosis [2, 63]. These
light sources are large bulky systems that require excess space. They also consist of
arrays of either fluorescent tubes or LEDs, this results in non-uniform light emission [2].
The designed device described in this thesis uses different emission methods to reduce

this uniformity effect, explained in more detail in 1.6.

Clinically prescribed phototherapy usually requires treatment at a hospital or dermatol-
ogist office. This is demanding on the healthcare system and on the patients. Depending
on the treatment, the patient may have to wait for a long period of time for photosen-
sitiser absorption (PDT) or attend sessions regularly over the course of a few months
(UV therapy). Common treatment doses and durations are given in Table 1.1 for NB-
UVB, PUVA and PDT. Treatment varies between dermatological condition, wavelength
and skin type, these average values are taken from [64], [65] and [66]. The treatment
duration depends upon the dosage required and the device irradiance. A low irradiance
device has to be used for longer to reach the same light dose as a high irradiance device.

This has increased the availability of light therapy devices for home-use.

TABLE 1.1: Table of light therapy treatments and their properties

Treatment Conditions Skin Initial dose®* Maximum dose* Treatment Number of
type treated type (J/cm?) (J/cm?) duration treatments
NB-UVB Psoriasis, eczema, - 0.2 4.3 15-30 minutes  18-24 treatments
vitiligo with 3 day break
between treatments
PUVA Psoriasis, eczema, I 0.5 15 15-30 minutes  18-24 treatments
vitiligo II 1.0 with 3 day break
11T 1.4 between treatments
v 2.0
A% 2.0
PDT Actinic keratosis, - 37.5 75 4+ hours 1 treatment
Bowen’s disease, minimum

basal cell carcinoma
*Note, accepted units of dose in phototherapy are J/cm?, in contrast to SI units
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FIGURE 1.3: Home-use narrowband UVB phototherapy devices, (a) SolRx 100 from
Solarc [70] and (b) Clarify device and smartphone [71]

1.5 At-home light therapy

Patient issues, such as, time constraints, loss of income and travelling difficulties, are
improved by home phototherapy. When home phototherapy was offered to psoriasis
patients, there was an increase in compliance and adherence to the treatment compared

to clinical phototherapy [67, 68].

Despite these benefits, home phototherapy is not widely used due to multiple challenges.
These include safety of home use, patient and clinician training as well as the availability
of home phototherapy units. The currently available home use devices, though wearable
compared to clinical devices, are still bulky and consist of top-down arrays resulting in
similar uniformity issues with the arrays [3]. The device described in this thesis uses
different emission methods to reduce this uniformity effect, explained in more detail in
1.7.

Home phototherapy can utilise lower irradiance devices worn/used for a longer time
period to obtain the correct light dosage. This method of lower irradiance decreases the
pain impact on the patients, whilst maintaining the effectiveness of the treatment [4, 69)].
This pain is an inflammatory response of the skin due to the increased production of
free radicals at high power densities, the production of these can be reduced by a lower

power density.

1.5.1 Home-use devices

UV phototherapy using whole body units at home has been used to treat psoriasis and

vitiligo, but issues include transporting the units and the space required in patients’
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FIGURE 1.4: Home phototherapy devices for acne treatment, (a) Lumie® Clear hand-
held device [74] and (b) Neutrogena® treatment mask [75]

homes. Handheld UV phototherapy lamps have become more popular. These can treat

areas of skin up to 12 x 6 cm?. Trials have shown that these are effective and safe for

home phototherapy treatment of psoriasis [72].

1.5.1.1 UV devices

Home UV phototherapy devices include the Solarc handheld, SolRx 100 narrowband
UVB lamp [70] and the Clarify Medical handheld, smartphone connected phototherapy
device [71]. These both utilise the same narrowband UVB bulbs and require the patient
to hold them over the affected area, devices are shown in Figure 1.3. The Clarify device is
a therapeutic treatment option in the US. The device is supplied with a smartphone and
web-portal which ensures patient adherence and allows clinicians to determine dosage
requirements [73]. It has enhanced patient support and FDA medical device clearance

for treating psoriasis, vitiligo and atopic dermatitis [71].

1.5.1.2 Visible devices

Available visible wavelength devices are mainly considered phototherapy devices. One
previously available device was designed for at-home PDT use. The Ambicare Ambu-
light device consisted of an array of red LEDs (the original concept utilised organic
LEDs). The device was previously offered as a treatment for actinic keratosis, basal cell

carcinoma and Bowen’s Disease in NHS Tayside [1, 4].
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There are a number of at-home phototherapy treatments for acne. Many of these consist
of rigid LED arrays with blue and red wavelengths, which have been shown to be effec-
tive in treating acne. The blue light destroys the acne causing bacteria, while the red
light reduces the inflammation in the surrounding tissue. These devices are generally
handheld, like the Lumie® Clear device, Figure 1.4(a), [74]. A more wearable option is
the Neutrogena® Acne Mask (Figure 1.4(b)), this is shaped to the contours of the face
and has inbuilt eye safety [75].

Downsides to devices like these include the handheld aspect, and the rigidity of the LED
arrays. The Lumie® Clear device recommends a treatment time of 15 to 30 minutes when
using handheld, close to the treatment area. The use of rigid LED arrays results in non-
uniformity, due to treatment areas being different in shape and contour. Therefore,

flexible light sources are a better alternative.

1.5.1.3 Flexible devices

There are some flexible LED based devices available on the market, these consist of
LED arrays on flexible substrates which increases the wearability of the devices. Cel-
luma light therapy has a range of flexible LED devices that emit in the blue, red and
NIR wavelengths [76]. The devices available range from full body LED arrays (Celluma
DELUX), to smaller flexible arrays for the back or face (Celluma HOME) (Figure 1.5).
These devices are marketed towards acne treatment, pain management and wound heal-
ing. Philips previously offered a flexible light therapy device [77]. The BlueTouch used
blue LEDs on a flexible substrate as a pain relief device, Figure 1.5(c). The device was

supplied with a smartphone application to control treatment parameters.

1.5.1.4 Wearable devices

The commercially available home phototherapy devices are more compact than the clin-
ical alternatives, however, they are still fairly bulky, making them difficult to be worn
discreetly. These devices all contain arrays of LEDs as light sources. These arrays are
useful at producing high powered light, and with improvements in flexible electronics
will become more wearable. However, arrays of LEDs have been shown to produce hot-
spots in their light distribution [2, 3]. This makes it difficult for light dosages to be

determined and is a major reason why at-home phototherapy is not heavily adopted.

Polymer optical fibres are being investigated as an alternative to LED arrays to improve
the homogeneity of the emission area. Flexible optical fibres can be woven together with

fabric to produce a material with a large diffusing area. A light source can be applied
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FIGUuRE 1.5: Flexible phototherapy devices, (a) full body Celluma DELUX [76],
(b) small area portable Celluma HOME [76] and (c) Philips BlueTouch [77]

to the ends of the optical fibres producing uniform emission over the fabric area. This
has been shown in a finger device by Mordon et al., [3], and used clinically as a PDT
device for Paget’s disease [78]. This device utilised laser sources coupled into the fibres,
however, other groups have coupled LEDs to their fibres to produce the same effect.
For example, blue LEDs coupled into fibres woven with fabric as a potential treatment
device for newborn jaundice [79]. Challenges with these devices include efficient light

coupling into the fibres and also maintaining uniform output when weaved with fabric.

1.5.1.5 Emerging technologies

There is a whole range of research dedicated to wearable devices for skin contact, called
wearable electronics. These devices are fabricated to have physical properties that resem-
ble skin [80] and are being investigated as long-term options for non-invasive healthcare

monitoring, via electrical, optical or piezoelectric transduction methods.

These devices are battery-free, instead they incorporate wireless power supplies, making
them lightweight and increasing the flexibility. This wireless energy transfer utilises near-

field communications (NFC), with a transmitter on a regular power supply/battery with
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FIGURE 1.6: Fibre-based wearable devices, (a) Laser coupled fibres shown around
finger [3] and (b) neonatal jaundice fibre patch coupled to blue LEDs, shown on a
toy [79]

a receiver antenna on the flexible device [81, 82].

These technologies are facilitated by transfer printing techniques to remove the electronic
devices from their rigid substrate and place them on flexible materials, in a method
known as “pick and place” [83]. LEDs can be added to flexible substrates using this
method. Many of the research methods utilise single LEDs for monitoring purposes,
for example, measuring blood oxygen levels [84] or measuring glucose levels in a smart
contact lens [85]. The LEDs have also been demonstrated as arrays of micro-sized
LEDs on a laboratory coat [81] or arrays of vertical LEDs on a flexible substrate as
a method for stimulating hair growth, shown in a mouse model [86]. These flexible
electronic technologies are currently small in size and require low electrical powers, but
the constant progression in this area should produce larger flexible surfaces with suitable

wireless power supplies in the future.

1.5.2 Summary of at-home devices

As described, there is a large range of at-home devices available in different designs and
wavelengths. These also have a range of irradiance outputs from 7 mW /cm? for the
Ambulight device and 2 mW /cm? for the Lumie® Clear device [4, 74]. These are much
lower in irradiance than the in-clinic devices, reducing the chance of damage to healthy
surrounding skin [2]. The maximum light dose limits for UV therapy depends upon the
treatment and the number of treatments required, as shown in Table 1.1. The light
exposure is gradually increased with each treatment, therefore, this is best utilised with

some clinical input as is seen with the Clarify device [71].



Chapter 1 17

Diffracted Light

Guided LED Light

~_ Elastomeric

Light Sheet
FIGURE 1.7: Schematic of our wearable device design

1.6 Our wearable design

One major issue with current LED based phototherapy devices, is non-uniformity over
the treatment area. The LED arrays have non-uniform light distribution [2, 3], which
makes it difficult for clinicians to determine treatment dosages. The bulky size of the
LEDs limits the fill factor of the devices, preventing uniformity from being achieved

using very dense arrays.

Due to their excellent electrical, spectral and cost-effective properties, our device utilises
LEDs. However, to avoid the distribution issue seen with LED arrays, the LEDs are
coupled to an elastomeric membrane in an edge-lit configuration. The flexibility of
this membrane makes it conformable to different contours of the body. Light is guided
through the membrane and extracted out of the top surface at a designated position
to coincide with the treatment area. A schematic of the device design is shown in
Figure 1.7. This method of edge-injection is used in display technology to produce
thinner, and flexible displays [87].

This edge-lit design also provides a decreased device thickness compared to current
devices; the thickness of the overall device depends only on the size of the LEDs. Smaller
LEDs can be utilised to decrease the device thickness further, improving its wearability.
These smaller LEDs are called micro-LEDs and are discussed in Section 1.8. The use of
an elastomeric membrane will allow for treatment to different regions of the body with

high conformability.

The initial device objectives are an irradiance output of at least 1 mW /cm? over an area
of 1 cm? with a uniformity error of less than 15% over the emission area. Although this

irradiance value is less than other devices on the market [88], the device is less obtrusive
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than these other devices, allowing it to be worn for longer to reach the required light

dose.

1.7 Light emitting diodes

Several technologies have been utilised as the light source in phototherapy. There is a
recent trend towards using LEDs over traditional light sources. They are more compact,
energy efficient and low cost compared to other light sources and laser-based sources.
Recent developments in UV LEDs makes them even more relevant. Figure 1.8 shows two
LED devices utilised for phototherapy in clinics and hospitals. The red LED Aktilite®
device from Galderma is used as a light source for PDT [89], while the blue LED BILI-
PAD device from AVI Healthcare Pvt Ltd is used as an infant phototherapy lamp [90].

1.7.1 LED history

The history of the LED dates back to the early 20th century, but a practical device
emitting visible light (red) was not fabricated until 1962 [91]. Initially these LEDs
were utilised in indicator lights and calculator displays. A lot of effort was put into
broadening the available wavelength spectrum and in 1994, the first blue indium gallium
nitride (InGaN) device was fabricated by Nakamura at Nichia. This work later won the
2014 Nobel Prize in Physics, along with Akasaki and Amano. After decades of work
it is now possible to fabricate LEDs in a whole range of wavelengths using different
semiconductor materials. For example; InGaN for ultraviolet, blue and green, aluminium
gallium indium phosphide (AlGalnP) for yellow, orange and red and aluminium gallium

arsenide (AlGaAs) for red and infrared [91]. There are gaps in the available wavelength

FIGURE 1.8: Light emitting diode based phototherapy devices (a) red LED Aktilite®
source for PDT [89] and (b) blue LED BILIPAD source for infant phototherapy of
jaundice [90]
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FIGURE 1.9: A simplified p-n junction under (a) no bias and (b) forward bias

spectrum, between green and orange and it is difficult to get fully effective LEDs at

these wavelengths.

1.7.2 LED physics

LEDs are fabricated from semiconductors which are a material, in which the electron
band structure has a band gap that cannot be occupied by charge carriers. Electrolumi-
nescence occurs when electrons from the upper conduction band recombine with holes
in the lower valance band, releasing energy as a photon. The energy difference across
the band gap determines the wavelength of the emitted photons when a suitable current

is supplied.

In order to produce functional devices, the semiconductor materials are doped with ac-
ceptor (p-type) or donor (n-type) atoms to increase the number of available carriers.
The p-type and n-type materials are grown together to form a p-n junction. FExcess
electrons and holes diffuse into the opposite material and recombine, producing a deple-
tion region between the p-type and n-type materials. A diffusion voltage, Vp, is formed
giving a potential barrier of energy, eVp, producing the energy band structure shown in
Figure 1.9. Under a forward bias, carriers are injected into the depletion region where
they can recombine and emit photons [92]. The recombination rate in an LED is de-
pendent upon the density of electrons in the active region, however, electrons and holes
will propagate through the material with a characteristic diffusion length, which can be

several micrometres, limiting the carrier concentrations [91].

Larger bandgap materials can be grown on either side of a narrow band gap material
to form potential barriers. These barriers confine the carriers to a smaller region, there-

fore, increasing the concentration. To maximise the recombination of carriers, multiple
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quantum well (MQW) structures are used. These have repeating series of narrow and

wide band gap materials and increase the quantum efficiency of the LEDs.

LEDs are grown on different materials depending on the semiconductor properties, gal-
lium nitride (GaN) LED materials are typically grown on sapphire, though research
has been carried out on silicon. Sapphire is beneficial as it is transparent so allows for
so-called “flip-chip” emission through the sapphire, protecting the semiconductor from
physical harm. Silicon substrates are much cheaper than sapphire, and can allow for

mass production with integrated electronics, unlike sapphire [93].

1.7.3 Organic LEDs

There is another type of LED, known as organic LEDs (OLEDs). OLEDs have a similar
method of action to inorganic LEDs, however, they have an organic semiconductor layer
instead of an inorganic semiconductor layer [94]. These have many advantages over
inorganic LEDs including the ease of deposition on a range of materials, both flexible
and hard and the ability to produce multi-layered devices with organic materials of
different band gaps. However, they have emission lifetime issues due to degradation of

the organic materials [95].

OLEDs have been utilised as display materials for a number of years now but there has
only been one phototherapy device which utilised them. The Ambicare Ambulight device
was initially designed using red emitting OLEDs as the light source [96]. This device
published good results in a pilot trial but the OLEDs were later swapped for inorganic
LEDs for the final device [1, 4]. The reason for this source change has not been published

but is perhaps down to degradation issues with the organic semiconductors.

1.7.4 GaN-based LEDs

The devices utilised in this thesis are based on gallium nitride (GaN) materials. The
band gap of the material is selected by adjusting the composition of gallium, indium
and aluminium in the alloy. These nitride-based materials cover the blue-green range
of spectrum wavelengths and extend into the UV. In particular, efficient blue-emitting
LEDs fabricated with GaN have enabled white LED lighting by combining with phos-
phors. The LEDs discussed in this thesis use InGaN/GaN alloys for the active region

and are grown on c-plane sapphire.
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FIGURE 1.10: (a) Schematic showing the layers of a GaN semiconductor wafer and
(b) resulting wafer structure of a fabricated LED array
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1.7.5 LED structure and fabrication

The layers of a typical GaN on sapphire wafer are shown in Figure 1.10. The structure
has a nucleation/buffer layer of undoped GaN between the sapphire substrate and the
n-GaN. This buffer layer is needed to reduce the 16% lattice mismatch between the
sapphire and n-GaN, this relaxes the strain and reduces the number of dislocations [97].
The n-GaN layer is followed by the active region, which consists of the MQWs and is
generally less than 200 nm in thickness. This is then topped with a thin layer of p-GaN
to form the LED wafer [98].

In order to produce LED chips from the GaN wafers, photolithographic and etching
techniques are utilised along with material depositions. The fabrication takes place
in a cleanroom environment to avoid contamination. A typical fabrication process is
described here. Initially, the LED pixels are defined by photolithography and the wafer
plasma-etched down to the n-GaN layer. A layer of silicon dioxide is then deposited to
electrically insulate each pixel. A thick palladium layer is spread over the top of the
p-GaN to act as a contact and mirror, this increases the light extraction efficiency. A
final metal deposition of titanium/gold mixture is then added as a metal bonding pad
for each of the positive (p) and negative (n) contact pads, allowing for the LED to be

electrically driven.

1.8 Micro-LEDs

Micro-LEDs (uLEDs) are LEDs that are less than 100 pm in size. These vary from typi-
cal broad-area LEDs that range from 300 gm to 1 mm in size. Terminology now proposes
that LEDs between 100 ym and 300 pm should now be known as mini-LEDs [99].

The first pLEDs were fabricated in 2000 from InGaN/GaN wafers [100]. Advances in fab-

rication and application driven research of these devices has led to many publications of
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FIGURE 1.11: Microscope images of uLEDs fabricated in the IoP (a) round UV pixels
with diameters of 72 pm [102] and (b) a 1D array of violet bars (left) with the laboratory
logo shown with microstructured pixels [103]

large arrays of uLEDs and broad areas of usage [101]. Examples of uLEDs fabricated in
the Institute of Photonics are shown in Figure 1.11, these are taken from [102] and [103].

The small size and high optical power density of uLEDs make them an ideal light source

for a wearable phototherapy device as is shown in Chapter 3.

1.8.1 Micro-LED fabrication

The pLED devices utilised throughout this work are based on commercially grown GaN
on sapphire wafers with a 300 pum thick sapphire substrate. The devices are fabricated
as described in Section 1.7.5. Photolithographic techniques, chemical and physical etch-
ing and material deposition are undertaken in a cleanroom environment to avoid any

contamination.

The devices can be fabricated to have individually addressable pixels [93], or they can be
connected to a common p-contact and n-contact and connected in series or parallel [93,
101]. In series connected pLLEDs, each pixel receives the same current and the supply

voltage is divided between the number of pixels in the circuit. Whereas, in a parallel
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connected circuit, each uLED pixel receives the same voltage and the supply current is
shared between them. So, the same number of pixels will have a lower supply voltage

and higher supply current in a parallel circuit compared to a series connected circuit.

The devices fabricated for this thesis have a common p-contact and n-contact. Therefore,
all of the pixels are either on or off depending on the power supplied. The pixels
are connected in parallel, therefore the supplied current is shared between each pixel.
Parallel connected pixels have the disadvantage of a higher supply current being required;
this increases the risks of damage from overheating but they have the advantage of a
lower voltage requirement to power the pixels. For a wearable device this means a
smaller number of batteries can be connected, minimising the device footprint. Another
benefit for parallel connectivity is that a short circuit at a single pixel will not result in

full device breakdown, unlike in a series circuit.

1.9 Summary

This chapter introduced the application of phototherapy and the mechanism of action of
different wavelengths of light on the layers of the skin. A brief summary of available at-
home phototherapy devices was given as was an introduction to the future possibilities of
devices with flexible fibre-woven designs and flexible electronic-based wearables. Finally,
the engineering background behind LED devices was presented alongside the benefits of

micro-sized LEDs.

The motivation behind this work is to design a wearable phototherapy device suitable
for treatments using different wavelengths. The work herein discussed throughout this
thesis utilises an elastomeric membrane, edge-lit with LEDs or uLLEDs, to produce a

flexible emissive area.
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Chapter 2

Device design and experimental

methods

This chapter introduces the materials and methods utilised in the design and charac-
terisation of the wearable phototherapy device. It also includes a ‘first validation’ of
the platform using an off the shelf broad LED (whereas in following chapters micro-
LEDs are used). The platform is based on an elastomeric waveguide membrane, with a
structure for light extraction, that is injected from its side with light from a LED (see
Chapter 1). Characterisation methods used throughout latter chapters are explained

and demonstrated using the broad LED.

In the following, the elastomeric membrane properties and fabrication is discussed fol-
lowed by the properties of a broad area LED as the light source. The coupling efficiency
of the LED to the membrane is calculated via optical simulations. The LED is coupled
to the membrane and the irradiance from the top surface of the device is then measured
experimentally. The irradiance change with the addition of a scatter substrate, con-
sisting of a membrane doped with high refractive index nanoparticle to extract light, is
determined as is the concentration effect of these nanoparticles on the extracted light.
Irradiance mapping of the scatter substrates is determined using a CCD and an image
analysis code. Finally, the chapter closes with a description of a method of extracting

uniform light from the device.

2.1 Elastomeric light sheet

As discussed in Chapter 1, our device consists of an elastomeric light sheet edge-lit by

uLEDs. An elastomer is a polymer with very weak inter-molecular forces, low Young’s
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modulus and high failure strain, it also has both viscosity and elasticity (viscoelasticity)
properties [1]. This viscoelastic nature allows the polymer to be mechanically flexible.
There are a range of different elastomers commercially available, however, in order to
guide light in a phototherapy device, they also have to be transparent to UV and vis-
ible light and biocompatible with human skin. Elastomers transparent to UV /visible
light include polyurethanes, silicones and fluorelastomers. Polyurethanes are a versatile
material used for a vast array of applications. Although considered an inert material
when correctly fabricated, the process requires the use of isocyanites which are toxic [2].
Fluorelastomers have excellent chemical resistivity but have a complex and expensive
fabrication process [3]. Silicones are a silicon-based polymer with low toxicity and low
thermal conductivity [4]. The most common silicone is polydimethylsiloxane (PDMS)
which is used in contact lenses [5], medical devices [6] and as an antifoaming agent in
food [4]. PDMS is commonly used in microfluidic devices due to its low cost, ease of
fabrication and non-reactivity with biomaterials. Its inert nature makes PDMS a bio-
compatible material suitable for use in medical devices [6, 7]. PDMS also has a higher
refractive index than skin, this allows light to be guided through the PDMS to the
treatment area. Due to these properties, PDMS was chosen as the material for the

elastomeric membrane.

2.1.1 Polydimethylsiloxane

PDMS is a two-part polymer consisting of silicone and a cross-linking material; it is
commonly used in casting and moulding processes [8]. PDMS is highly transparent to
visible wavelengths, with published transmission values of 95% for 2 mm thick PDMS
at 400 nm [9]. The PDMS membranes described throughout this thesis are fabricated
from a ratio of 5:1 silicone to cross-linker and are cut in slabs of 40 x 20 x 1 mm?, unless

otherwise stated.

2.1.2 PDMS fabrication

Momentive RTV615 PDMS was obtained from Techsil, this two-part polymer is com-
prised of a silicone base and platinum cross-linker. This particular formulation of PDMS
was chosen as it is FDA approved for use in food contact applications and is transparent
down to 250 nm [10]. The two-parts are combined at a ratio of 10:1 and cured at room
temperature or higher to produce an elastomeric material. The ratio of base to cross-
linker can be adjusted to change the resultant properties of the elastomeric material.
For example, increasing the ratio to 20:1 results in more deformable polymer, whereas a

ratio of 5:1 produces a firmer polymer. As this work utilises thin PDMS membranes of
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FIGURE 2.1: Images of the device components (a) a fabricated PDMS membrane under
tension, (b) the broad LED utilised throughout this chapter and (c¢) the LED with a
20 mA supply current, scale is 10 mm

1 mm or less, a ratio of 5:1 was used, to get a flexible membrane that is easy to handle.
Calculated weights of PDMS base and cross-linker were mixed for 3 minutes to ensure
homogeneity of the two-parts. The resultant liquid PDMS was added to a petri-dish
to form a 1 mm thick film, this was de-gassed for 2 hours and then cured at 80°C for

2

4 hours. A membrane 40 x 20 mm* was then cut from the petri-dish using a scalpel. A

fabricated membrane is shown under flex in Figure 2.1(a).

2.2 Light source

The edge-lit light sheet design is primarily used in displays to decrease the overall thick-
ness of devices [11]. The light sources employed are generally LEDs [11, 12], however,
historically cold-cathode fluorescent lamps [13, 14] were utilised. These are usually
placed along one end of the light sheet, however, can also be placed at one corner of the
sheet [15, 16].

Flexible edge-lit devices are becoming more common, for displays and other uses. For
example, Kim et al. utilised a flexible PDMS light sheet as an optical cuff for stimulat-
ing neurons [17]. As discussed in Section 1.7, LEDs are becoming a more common light
source in phototherapy devices due to their high efficiencies, low-cost design and minia-
turisation capability. These features, as well as the availability of different wavelengths,

make LEDs an ideal source for a wearable phototherapy device.

2.2.1 Broad-area LED

The LED utilised for this chapter was a broad-area blue Golden Dragon LED by Osram
Semiconductors [18]. The device consists of an LED chip (1 x 1 mm?) encased in a
silicone dome for protection, this is then packaged and bonded to a power star and heat

sink for optimum thermal management. The silicone dome surrounding the LED was
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FIGURE 2.2: Schematic showing the optical setup used to characterise the LEDs

filed down using very fine sandpaper to produce a flat surface for better coupling to
the membrane. The LED used is shown in Figure 2.1 with no current supplied (b) and
20 mA supplied (c).

2.2.2 LED characteristics

An optical setup, depicted in Figure 2.2, was employed to measure the electrical and
optical properties of the LED. The LED is mounted on a small translation stage allowing
for movement in the x, y and z-directions, and coupled into a pair of collimating lenses.
These aspheric condenser lenses (ACL4532-A, Thorlabs) have a 45 mm diameter and a
focal length of 32 mm. The collimated light is then coupled into a focusing lens allowing
for the LED light to be focused onto a detector. The detector is also mounted on a small
translation stage to allow for movement. The LED placement and detector placement
are adjusted until the LED light is focused at the detector. Both the LED and the
detector are situated around 21 mm from the lenses, this is the back focal length of the

lenses.

To measure the optical power, a silicon detector (Thorlabs, S120VC) coupled to an
optical power meter (Thorlabs, PM100D) was used. The power meter is adjusted to the
peak wavelength of the LED to allow a correction factor to be applied to the measured
power based on the detector’s properties. Based on the manufacturers information, the
LED can be run at currents of 100 mA to 1000 mA. The optical power from the LED and
voltage supplied with this range of currents was recorded to obtain a graph of power-
current-voltage (LIV) shown in Figure 2.3(a). Optical powers of 50-140 mW =+ 5% can
be obtained with supply voltages ranging from 3.0 V to 3.8 V.

For the remainder of this chapter, the LED was run at 350 mA, resulting in an output
optical power of 102 £ 5 mW. The detector was replaced with an optical fibre (100
pum core size, 0.22 NA) connected to a spectrometer (OceanOptics, USB4000) to obtain
the spectral response of the LED. Figure 2.3(b) shows the emission spectrum of the



Chapter 2 36

5.0 _-140
— Voltage T
fffff Optical Power 4120

104 S\, =446 nm

max

4.54

0.84

. 0.6

0.4

Optical Power (mW)
Intensity (a.u.)

0.24

; : ; ; T 0.0 . - . ( ; : ;
0 200 400 600 800 1000 380 400 420 440 460 480 500 520
Current (mA) Wavelength (nm)

(a) (b)

FIGURE 2.3: Broad LED electronic and spectral properties (a) LED LIV data (b)
wavelength spectrum of the LED run at a current of 350 mA

LED at 350 mA. The device has a peak blue wavelength of 446 nm, with a full-width
half-maximum (FWHM) of 17 £+ 1.6 nm, typical for GaN-based LED sources [19].

The setup used to determine optical power has associated errors. Stray light analysis
was not carried out on the lenses, as the same optical setup was employed to measure
the optical power from all sources used throughout this thesis it was deemed suitable
for comparison. A calculable error associated with the measurements is in the optical
detector, which has an inherent error of 5% at blue and UVA wavelengths, this error is

included with all optical power measurements taken with the optical detector.

2.3 Simulated optical coupling

As described in Section 1.6, the LED is to be placed in contact with the 1 mm thick
PDMS membrane edge. In order to estimate how much light is coupled into the mem-
brane from the LED, optical design software can be used. Optical design software
performs simulations of optical systems, allowing for system performance to be pre-
dicted before fabrication. The software uses a mathematical description of the optical
elements including the materials, location and shape. There are three main methods
used in optical design software, sequential ray tracing, non-sequential ray-tracing and
finite difference time-domain. Sequential ray-tracing is where rays are traced through
a pre-defined sequence of surfaces while travelling from the object source to the image
surface, primarily used for design and analysis of imaging and afocal systems. Non-
sequential ray tracing is where there is no pre-defined sequence of surfaces that the rays
must hit as they are being traced. This method allows for rays to be split, scattered and
reflected through optical components in any order. This makes non-sequential mode

ideal for analysing stray light and illumination systems, and it predicts the real-world
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behaviour of systems more accurately. Finite difference time-domain software allows
for micro- and nano- systems to be simulated, primarily used to predict performance of

wavelength scale objects.

The phototherapy device being designed relies primarily on scattering effects of light,
and as the objects (excluding the nanoparticles) are macro-scale, non-sequential ray-
tracing would be the most suitable method for optical simulations. An optical design
software that utilises non-sequential ray-tracing methods is Zemax OpticStudio [20],

which is used primarily for the design and analysis of illumination and imaging systems.

2.3.1 Zemax simulations

OpticStudio light sources can be a point, diode, data file or user-defined type, the
emission characteristics of the source can be added, as can the spectral output. A
chosen number of rays can be traced from the source and a power value is given to
those rays. OpticStudio uses Monte Carlo ray tracing methods to determine the power
associated with a ray as it makes its way through the components. The LED described in
Section 2.2.1, is supplied with Zemax rayfiles of 100,000 rays, 1 million rays and 5 million
rays. The PDMS membrane can be added as a rectangular volume, 40 x 20 x 1 mm?3.
This volume then has to be set as a PDMS material. OpticStudio is supplied with a
vast array of material properties in the glass catalogue, most common optical system
materials are available, but PDMS is not. A material can be added to the catalogue if its
optical properties are known. PDMS is added to the glass catalogue using the refractive
index data listed in Table 2.1, from [21]. Along with the transmission-thickness data
shown in Table 2.2, from [9, 22]. OptisStudio takes these data points and creates a trend

for the refractive index and transmission of light within the given wavewlengths.

TABLE 2.1: Table of refractive index data for PDMS used in optical simulations taken
from [21]

Wavelength  Refractive index

(nm)
350 1.4525
405 1.448
532 1.435
635 1.429
905 1.418
1321 1.403

1554 1.399
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TABLE 2.2: Table of transmittance data for varying PDMS thickness used in optical
simulations taken from [9, 22]

Wavelength Transmittance Thickness

(nm) (%) (1)
300 89.0 1.37
300 80.5 3.35
400 96.1 0.3
400 94.5 1.37
400 91.5 3.35
500 96.7 0.3
600 96.6 0.3
700 96.5 0.3
800 96.0 0.3

The PDMS membrane was coupled close to the LED, adding a 0.5 mm space to account
for the lens over the LED pixel and 50 rays were added to the layout from the LED.
Simulated images showing the effect of these rays, undergoing scattering, splitting and

reflecting in the PDMS membrane is shown in Figure 2.4.

In OpticStudio, a virtual detector plane can be used to measure how much of the LED
light is coupled in to the PDMS membrane. The LED rayfile with 5 million rays was
loaded and simulations carried out using 5 million trace rays, the initial power of the
rays was set to 100 mW. The power of each ray of light that crosses the detector plane
is counted, and the results given as a map of irradiance over the detector area, with the

peak irradiance and total power highlighted.

A detector is placed at the LED coupled end of the PDMS membrane. This detector
is 20 mm long and 1 mm wide to match the size of the membrane end. The detector
contains 200 x 10 pixels to measure the total power of light from the LED coupled to the
PDMS membrane. The detector map is shown in Figure 2.5, the red pixels correspond

to areas of high irradiance as seen in the centre of the LED, this decreases down to areas

20 mm

20 mm

(a) (b)

FI1GURE 2.4: Images from Zemax OpticStudios non-sequential 3D viewer with 50 rays
from the LED (a) top-down view and (b) side-on view
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FIGURE 2.5: OpticStudio detector viewer of the LED light coupled to the PDMS
membrane

of low/no irradiance which is represented by blue pixels. From the detector viewer,
it can be seen that a total power of 45 mW is measured. Comparing the light that
enters the PDMS membrane to the overall light output of the LED, it can be seen that
a maximum of 45% of the LED light will be coupled into the membrane. From the
detector profile it can be seen that the majority of the most intense light will be coupled
into the membrane. However, less of the median intensity light will be coupled into
the PDMS membrane due to it being thinner than the emissive area of the LED. This
results in a large amount of LED light not being coupled into the PDMS membrane.

2.4 Experimental optical coupling

The LED described in Section 2.2.1 was coupled to the end of a 1 mm thick PDMS
membrane. The experimental setup is described here in detail to measure the light

scattered through the top surface of the membrane.

2.4.1 Experimental setup

The PDMS membrane was fabricated as described in Section 2.1.2 to produce a 1 mm

thick slab, 40 mm long and 20 mm wide. The 20 mm wide edge of the PDMS membrane
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FIGURE 2.6: (a) Schematic of experimental setup showing the coupling and how the
irradiance is measured and (b) image of the edge-illuminated membrane

was placed in contact with the centre of the LED, like shown in schematic form in
Figure 2.6(a). The PDMS membrane was placed on a translation platform that allows
for movement in the x, y and z-direction. To avoid the PDMS sticking to the platform,
glass microscope slides are used to hold the membrane. Two glass slides were used with
a distance of 16 mm between them, seen in Figure 2.3(b). Only the edges of the PDMS
are held, reducing the amount of lost light through the glass while keeping the PDMS
flat and above the platform surface. Due to the PDMS membrane acting as a waveguide,
most of the light coupled can be seen to travel directly through the device and out the

other end.

The output from the top surface of the device will be measured as this is to be the
emissive area. There are a number of different methods that can be used to measure light.
In light therapy devices, the output light characteristic is usually given as irradiance,
also called power density, typically given in units of mW/ecm?. The most popular method
for measuring irradiance in light therapy literature is by using a photodiode which after
absorbing a photon of sufficient energy, will generate a photocurrent proportional to
the light power [23, 24]. Photodiodes are advantageous due to their ability to measure
very small optical powers, however, the irradiance is crudely measured by these devices
based on the sensor size. The spectral information is also not taken in to account
and the sensitivity of the photodiode differs with wavelength, which may cause the
power to be under- or over-estimated for broadband light sources. Another method of
measuring irradiance from light sources is to use spectrometers [23]. Spectrometers can
be calibrated to known light sources to then measure spectral irradiance in yW/cm? /nm.
The spectral irradiance can then be integrated over a wavelength range to calculate the
irradiance in ©W/cm?. Calibration light sources are carefully characterised to deliver a

known quantity of light at each wavelength with a very low uncertainty error.

The remainder of the work discussed in this thesis uses a calibrated spectrometer

(OceanOptics, USB4000) to measure the irradiance of devices. The spectrometer is
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calibrated to a tungsten-halogen light source (OceanOptics, HL2000), itself radiometri-
cally calibrated to a NIST standard so its absolute irradiance spectrum is known. The
spectral response from 350 nm to 1150 nm is recorded using the spectrometer. The true
spectral response of the light source is then uploaded to the system and the response
of the spectrometer corrected to the actual irradiance output of the lamp. This pro-
duces a calibration file which is then used for every measurement, ensuring the spectrum
obtained is the true absolute irradiance spectrum and therefore the irradiance can be
calculated. The benefits of using this spectrometer is the small size of the collection fibre,

which allows accurate irradiance measurements to be made over very small distances.

The optical fibre is positioned closely to the device surface (1 mm) and fixed in the x-axis
to remain in line with the central width of the PDMS membrane. The fibre is translated
in the z-direction at 1 mm intervals to measure the spectral irradiance along the device
surface with increasing distance from the LED. The spectral irradiance is then integrated
over the wavelengths of 400 to 500 nm to calculate the irradiance at that specific distance
from the LED. These measurements were carried out using the bare optical fibre as the
collection source, resulting in the measurement field of view being only 25°. In order
to determine an accurate output from the surface of the device, a cosine corrector can
be attached to the optical fibre. Cosine correctors are optical diffusers that have 180°
field of view with a theoretical response close to Lambert’s cosine law. This states that
the irradiance measured will vary with respect to the cosine angle between the detector
and the source. The calculation of the correction factor for the broad LED was found
to be 34.77. The corrected irradiance values can then be plotted against the distance
from the LED to produce a graph showing the irradiance trend. An absorbing block
was placed above the PDMS membrane very close to the LED to minimise non-coupled

light reaching the detector and therefore over-estimating the device output.

2.4.2 Irradiance from a PDMS membrane

The irradiance from the surface of the PDMS membrane is shown in Figure 2.7. The
irradiance is an average of three PDMS membranes, each measured in triplicate, the SD
of the average is also given. The mean SD of the irradiance for one membrane was found
to be 6% and between the three membranes was calculated as 7%. These error values
are consistent with all irradiance measurements undertaken and discussed throughout

this thesis.

It can be seen that the irradiance of a PDMS membrane, injected with the broad area
blue LED in an edge-lit configuration, decreases with increasing distance from the LED.

Due to the size of the fibre holder and LED package, the first measurement possible
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FIGURE 2.7: Average irradiance trend with increasing distance from the LED. The
highlighted region is where most of the light in the waveguide is undergoing total
internal reflection

is 4 mm from the coupled end of the membrane. As shown in Figure 2.7 there is a
large loss of light within the first 13 mm which corresponds to leaky modes within the
membrane [25]. The increase in irradiance after 37 mm is caused by edge effect. As
the PDMS membrane is cut from a mould, the edges are not optically smooth, the
roughness of the edges results in light exiting the membrane becoming scattered and
therefore getting detected above the membrane [26]. The middle highlighted region of
the irradiance graph shows a relatively low irradiance output (0.12 mW /cm?). This
region with low irradiance is where most of the light is guided in the membrane. This is
the most important region of the membrane as this is where light behaves predictably,

therefore it can be manipulated to allow for light extraction.

2.5 Light extraction

When light enters the edge-lit membrane, the latter acts as a slab waveguide. This
means that the light undergoes total internal reflection inside the membrane as long
as the refractive index of the guide is larger than that of the surrounding material. In
this case, the surrounding material is air with a refractive index of 1, compared to the
PDMS membrane with a refractive index of 1.42 at 460 nm [27]. In a slab waveguide,

light incident at an angle larger than a certain value will not be coupled, this is called
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the acceptance angle . The acceptance angle of a waveguide given in Equation 2.1
depends on the refractive index of the guide, ny, and of the surrounding medium, ng.
The PDMS membrane has an acceptance angle of 57.7°, and a full acceptance of 115.4°.
Therefore, light that enters the PDMS membrane at an angle larger than this will not
be coupled.

sina = y/n? —nd (2.1)

For light to undergo total internal reflection inside a waveguide, the angle of light that
hits the internal surface of the guide has to be larger than the critical angle, .. The crit-
ical angle also depends on the refractive index of the waveguide n, and the surrounding
medium ng. The critical angle equation is given in Equation 2.2. The PDMS membrane
has a critical angle of 45°, therefore only light that hits the surface at an angle larger
than this will undergo total internal reflection. A schematic of light in a waveguide is
given in Figure 2.8(a). In order to extract light from the surface of the waveguide, the
total internal reflection has to be disrupted. This can be done by adding features to the
surface of the waveguide, when light hits these features the angle will change, if smaller

than the critical angle, light will be extracted.

sinf. = 2 (2.2)
ni

2.5.1 Methods of light extraction

There are multiple methods utilised to extract light from an edge-lit light guide. The
most common method used in displays and automotive lighting [11, 15] is to have a
diffractive pattern on the surface of the light guide. These patterned features can have
a range of different designs including pyramids, cones or cylinders. These features are
specially designed using optical simulation software such as Zemax OpticStudio [20].
Another method employed is to use high refractive index spherical particles inside the

waveguide to scatter the light [14, 28]. These methods are shown in Figure 2.8.

The pattern extraction method is fairly common to use, however, requires a different
pattern for different areas of extraction, and each of these will require a large number of
processing and simulation steps to determine the ideal patterns. Using spherical particles
to extract the light is an experimentally faster technique, particles can be mixed with
PDMS to form extraction films that can be added to the surface of the PDMS membrane
like shown in Figure 2.8(d) to extract light [29].
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FIGURE 2.8: (a) Light undergoing total internal reflection in a waveguide and methods
of extracting light from a waveguide; (b) extracting pattern, (c) extracting nanoparticles
inside the waveguide and (d) extracting films of nanoparticles on top of the waveguide

2.6 Light extraction using TiO; nanoparticles

Due to the ease of adaptability, a particle extraction film will be utilised to extract
light from the surface of a PDMS membrane. Titanium dioxide (TiO2) nanoparticles
are a widely used material in a range of applications, due to their high refractive index,
brightness and resistance to discolouration. TiOs is commonly used as a pigment for
example; as whiteners in paint, abrasives in cosmetics and colourants in foods [30, 31].
It is also utilised as a charge transfer material in dye sensitised solar cells due to its high
electronic mobility and stability under a wide range of conditions [32]. More recently,
TiO2 has been used as a light scattering layer in organic LEDs [33, 34] due to its

transparency and high refractive index.

2.6.1 TiO; film fabrication

TiO2 nanoparticles averaging 20 nm in size (Sigma Aldrich) are utilised, these have
a refractive index of 2.71 almost double that of PDMS at 460 nm. The nanoparti-
cles are dispersed in liquid PDMS and mixed thoroughly to achieve a uniform matrix.
The solution is then cured to produce 1 mm thick films, these are cut into regions of

15 x 15 mm?2.

FIGURE 2.9: Image of scattering membranes with increasing nanoparticle concentra-
tion, from 0% to 2%, scale is 10 mm
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FIGURE 2.10: Irradiance of different scatter substrates with increasing distance from
the LED, the bare PDMS irradiance is given for reference

The scatter films are fabricated with different weight ratios of TiO2 to PDMS, ranging
from 0.04% to 2%. With increasing TiOy concentration, the scatter film becomes more
opaque due to multiple scattering, as shown in Figure 2.9. The scatter films are added
to the top surface of the PDMS, at a distance of 15 mm from the LED edge and placed
centrally across the width. The LED is then run at 350 mA, as before, and the irradiance

measured as described in Section 2.4.1.

2.6.2 Irradiance of PDMS membrane with TiO, films

Figure 2.10 shows the irradiance profiles for different weight concentrations of scatter
films added to the membrane surface and compared to the irradiance from the membrane
alone. It can be seen that all of the scatter films cause an increase in irradiance over the
emissive region from 15 to 30 mm. There is a decrease in the edge effect with the scatter
substrates, this is because more light is extracted from the membrane surface. Therefore,
there is less light leaving the end of the membrane. From the figure it can be seen that
as the TiO9 concentration increases, the maximum irradiance value increases until a
maximum irradiance of 18 mW /cm? is obtained at 0.75%. At higher concentrations
(e.g. 2%), the increased opacity of the films reduces the amount of extracted light,
resulting in a decreased irradiance maximum. This is due to multiple scattering events

taking place within the scatter substrate, reducing the intensity of the extracted light.
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As well as an increased irradiance maximum, higher concentrations of TiOs have a
steeper drop off in irradiance with increasing distance from the LED. For example, the
28 mm irradiance is 16% of the 16 mm irradiance for 0.75% TiOs sample, whereas
this value increases to 56% for the 0.1% TiOy sample. It can be seen that the lower
concentrations provide a more uniform irradiance over the length of the scatter substrate
but lower irradiance maximum values of 4 mW /cm? and 6 mW /cm? for the 0.05% and

0.1% respectively.

2.6.3 CCD imaging

The irradiance measured with the spectrometer only considers a central linear region of
the device - it does not show the trend across the whole scatter substrate. Theoretically,
it would be possible to use the spectrometer and take multiple measurements across
the whole scatter area, however, this would be very time-consuming. Alternatively, the
irradiance over the whole scatter substrate can be seen visually and through camera
images, however, this is not directly quantifiable. In order to quantify the irradiance
over the whole scatter substrate, a charge-coupled device (CCD) imaging system was

implemented.

Using a monochrome CCD (DCU224M, Thorlabs), an imaging lens and neutral den-
sity filters, images were taken of the scatter substrates, these images were taken with

824 x 824 pixels and represented an effective field of view of 18 x 18 mm?. An image of

'“ A “ <+— Imaging lens

e )

n 4, Neutral
' density filter

¥

# | <— PDMS membrane

FIGURE 2.11: Image of the CCD imaging setup, scale is 50 mm
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FIGURE 2.12: (a) CCD image of 0.1% TiO2 and (b) the resultant analysed irradiance
map, scale is 5 mm

the setup is shown in Figure 2.11. The CCD is placed above the centre of the scatter
substrate at a distance of 18 cm. This was followed by an imaging lens and neutral
density filters ranging from 0.5 to 4.0. These filters were used to avoid over-saturation
of the sensitive detector. The CCD settings remained constant throughout the imaging,
with a gain of 0 and an exposure time of 100 ms. Each scatter substrate is imaged
ten times and the resultant images averaged, ten dark images (with the LED off) are
then averaged and this dark average is subtracted from the image average, producing
a new image. The new images ranged in pixel intensity from 0 to 255, these intensity
values were normalised to the experimentally measured irradiance results obtained with
the fibre-coupled spectrometer apparatus on the same membrane. After applying this
normalisation, a 2D irradiance map can be produced, wherein each pixel represents an

irradiance in mW /cm?.

Figure 2.12 shows the CCD image for the 0.1% TiO2 sample and the resultant irradiance
map for this sample. The resultant map is a colour gradient of irradiance, also called
a ‘heat map’. Red regions of the maps correspond to where the irradiance is highest
and blue is where the irradiance is low, each map has a corresponding irradiance colour
scale. The irradiance map is produced in Origin® 2018, graphing and analysis system
from OriginLab®. From the irradiance maps of the scatter substrates, the power in mW
associated with each pixel can be calculated. These power values can be summed to
provide a total power output of light from the scatter substrate. The efficiency of the
scatter substrate at extracting light through the top surface can be calculated as a

percentage using the LED optical power as the initial value.
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2.6.4 Irradiance maps

From the irradiance maps we can calculate the total power output of each scatter sample
in mW; using this and the LED output power the extraction efficiency of the scatter
samples can be calculated. This extraction efficiency is based on the total LED output
power, not the light coupled into the membrane, so therefore is an underestimate of the
real extraction efficiency of the scatter film. Table 2.1 contains the peak irradiance, total
output power and extraction efficiency for a range of TiOy concentrations. The most
efficient device at extracting light is the 0.75% TiO2, which also produces the highest
peak irradiance. It can also be seen that although 2% TiO2 has a higher maximum irra-
diance than 0.25% TiOs, 14.5 mW /cm? cf. 13.9 mW /cm?, 0.25% has a higher extraction
efficiency of 19.9% compared to 17.1%. This is due to the higher % concentrations of
TiO2 being less efficient at extracting light due to more scattering occurring inside the

substrate.

TABLE 2.3: Table of peak irradiance values, total power output and efficiency based
on an input power of 103 mW for different weight ratios of TiOy with SD errors

TiOo Peak average Total power  Efficiency
concentration irradiance
(wt%) (mW /cm?) (mW) %o
0.04 2.3 +0.05 2.7 £0.07 26 40.1
0.05 4.0 +0.05 44 40.10 4.3 =+0.1
0.1 6.4 +0.07 9.0 £0.19 87 +0.2
0.25 13.9 +0.17 184 4041 179 =404
0.75 18.3 +£0.26 21.8 +0.51 21.2 =+0.5
1 17.2  £0.09 20.2 4041 19.6 =+0.4
2 14.5 +£0.25 176 +043 17.1 =+£0.5

The irradiance maps produced for each sample show the trend in light output across the
entire substrate, and allow for further comparison between the samples, the produced
maps are shown in Figure 2.13. As can be seen for 0.05% the irradiance is intense
over a broad region of the scatter substrate width and length which decreases with
increasing distance from the LED. The intense region of the 0.1% TiO5 is smaller than
that of the 0.05% in both length and width, this decreasing trend is seen with increasing
concentration. The regions of high and medium irradiance decrease in size, proving the

decreased uniformity with increased concentration.
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FIGURE 2.13: Irradiance maps of TiOq scatter substrates (a) 0.05%, (b) 0.1%, (¢) 0.75%
and (d) 2%, the maps represent an intensity gradient with red regions producing highest
irradiance and blue regions refer to low irradiance values, scale is 5 mm

2.7 Uniform irradiance

Although the scattering films extract light from the PDMS membrane, the output emis-
sion is non-uniform. In order to obtain uniform emission, the scatter substrate has to
increase the probability of light scattering out of the membrane with increasing distance
from the LED.

2.7.1 Methods for uniform light extraction

For uniform light extraction from an edge-lit membrane, the extraction features have to
increase in density or frequency with increasing distance from the light source [15, 35].
A similar effect can be obtained by decreasing the thickness of the waveguide with

increasing distance from the LED [16].

To obtain uniform extraction from the TiO films, the size of the nanoparticles could

be increased with increasing distance from the LED. This would be difficult to achieve
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FIGURE 2.14: (a) Schematic showing the tapered scatter substrate effect and (b) image
of the tapered 0.05% TiOs scatter film on the PDMS membrane, scale is 10 mm

without specially fabricating the nanoparticles; there is not a large size range of com-
mercially available TiOy particles. Another method would be to increase the density of
nanoparticles with increased distance from the LED. This could be done by producing
an increasing gradient in the concentration of TiO in the extraction substrates, which
is the chosen approach in our final device design as reported in Section 3.6. Another
method could be increasing the thickness of the extraction substrate with increasing
distance from the LED, producing a tapered substrate. This was the method we chose

to use initially.

2.7.2 TiO, tapered scatter substrate fabrication

For initial testing, tapered extraction substrates were fabricated. In order to fabricate
tapered substrates, the PDMS/TiOy matrix was produced as before, however, it was
left to cure at an angle of 15° to produce a substrate that increases in thickness along
the length, from 0.5 mm to a maximum of 4 mm. This angle was chosen as it was
easy to reproduce in in the laboratory using available equipment. This was carried out
on the lower concentrations of TiOg9, as these naturally were more uniform than the
high concentration samples. A schematic of the method and an image of a 0.05% TiO-
tapered substrate on the membrane are shown in Figure 2.14. The tapered substrate
was added to the PDMS membrane in the same format as the flat substrates. Relying
on the tacky nature of PDMS to hold the substrate in place.

2.7.3 TiO, tapered scatter substrate irradiance

Tapered scatter substrates of 0.04, 0.05 and 0.1% were fabricated and added to the
top surface of the membrane, with the thinnest end closest to the LED as shown in
Figure 2.14. Irradiance measurements were then carried out as described in Section 2.6.2
and the irradiance results from these samples compared to the bare membrane are given

in Figure 2.15. Throughout this thesis, the uniformity is measured using the irradiance
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FIGURE 2.15: Irradiance of different tapered scatter substrates with increasing distance
from the LED, the bare PDMS irradiance is given for reference

profile of the devices. The region of the scatter substrates, from 15 mm to 30 mm is
identified and the central field of view is utilised. The uniformity is then measured as
the average irradiance over 75% of the data points in this region, with the error being
the SD of this value.

From these results we can see that a taper angle of 15° results in a maximum irradiance of
3.9 mW /cm? at the far end of the substrate, for the 0.04% sample. This value is relatively
low while the irradiance trend increases across the length of the scatter substrate. From
these results, using a smaller taper angle over the length of scatter substrate would result
in a more uniform irradiance profile, however, the irradiance values are deemed too low
for effective use. We can see that a curing angle of 15° is too low for 0.1% TiOs. The
irradiance reaches a maximum close to the LED, then decays similar to the trend seen
with the flat scatter substrate. The increase in irradiance at the end of the substrate is
due to the roughly cut surface scattering more light which is recorded above the device.
An angle of 15° is an ideal angle for obtaining uniform emission from a 0.05% TiO2
sample, here the irradiance is virtually uniform at 4.5 + 0.8 mW/cm? over the entire
length of the scatter substrate excluding the end where we again see a peak due to edge
effect.
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FIGURE 2.16: Irradiance maps of the (a) 0.056% TiO2 flat scatter substrate and (b)
0.05% TiO, tapered scatter substrate cured at an angle of 15°, scale is 5 mm

2.7.4 Irradiance maps of tapered substrates

Images of the tapered samples were taken with the CCD setup to produce irradiance
maps and to determine the total power output from the substrates, these are compared
to the flat samples in Table 2.4. It can be seen that for each of the concentrations of

TiOs, the tapered samples produce an increase in extraction efficiency of at least 2%.

Comparing the irradiance maps of the 0.05% TiO2 samples, both the flat sample (cured
at 0° angle) and the tapered sample (cured at 15°), it can be seen that the area of high
irradiance is larger with the tapered sample. It can also be seen that the irradiance is
more centralised over the entire scatter substrate. However, a lot of light is lost at the
edges of the scatter substrate, this is due to both the increased thickness and the rough
surface edges caused by cutting it to shape with a scalpel.

TABLE 2.4: Table of peak irradiance values, total power output and efficiency based

on an input power of 103 mW for the tapered scatter substrates of different TiO5
concentrations compared to the flat samples with SD errors

Curing TiOq Peak average Total power  Efficiency
angle  concentration irradiance output
° (wt%) (mW /cm?) (mW) %o
15 0.04 39 £005 48 +£020 46 +0.2
0 0.04 23 £0.05 27 +£0.07 26 £0.1
R 005 53 021 86 £040 84 +04
0 0.05 4.0 40.06 44 +£0.10 43 +£0.1
1 01 67 005 111 045 107 £05
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2.8 Discussion

Although a uniform irradiance of 4.5 mW /cm? can be obtained with the tapered scatter
substrate it still corresponds to a low extraction efficiency with a large portion of light
being lost at the sides and end of the tapered substrate. Theoretically the extraction
efficiency is likely higher than that calculated as not all of the LED light is coupled into
the membrane due to the size disparity and emission profile of the LED. From the optical
simulations it was shown that a maximum of 45% of the LED light will be coupled in
to a 1 mm thick membrane. A smaller LED would allow for more light to be coupled
into the membrane and hence increase the extraction efficiency. A smaller LED would
also require a smaller package, the commercial LED utilised requires a large heat sink

and power star for energy efficiency and to extend its operational life.

The technique for producing uniform emission with the tapered scatter substrate, al-
though effective, is not very efficient and it also increases the thickness of the elastomeric
region of the device 5-fold, from 1 mm to 5 mm. The increased thickness also decreases
the flexibility of the device making it less wearable. Other extraction methods with
scattering particles could be used to produce uniform emission, for example, changing
the size of the particles with increased distance from the LED, as the size of the particles
increases the light is more likely to be scattered. The effect of the tapered substrates
is to increase the density of scattering particles with increased distance from the LED,
this could be obtained by increasing the concentration of nanoparticles with increasing
distance from the LED (i.e. a concentration gradient). The benefit of this is that a
uniform thickness of 1 mm or less could be utilised allowing for an overall thinner device

subject to the identification and fabrication of the gradient.

2.9 Summary

In this Chapter, the potential of an LED-based elastomeric membrane for uniform emis-
sion has been demonstrated. The fabrication of the PDMS membrane and the properties
of a broad LED were described. Optical design software was utilised to estimate that a
maximum of 45% of LED light can in principle be coupled to the PDMS membrane with
the broad LED device used in this first validation of the platform. The experimental
techniques utilised to characterise the elastomeric membranes were explained in detail.
The effect of scattering nanoparticle concentration on the output emission is discussed
with an increased TiOs concentration resulting in a higher irradiance output and ex-

traction efficiency, however, causing a decrease in the uniformity of the 15 x 15 mm?
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emission area. By fabricating tapered scatter substrates to produce an increased prob-

ability of light scattering with increased distance from the LED, uniform irradiance of

4.5 mW /cm? can be obtained from the scatter substrate, resulting in an overall device

efficiency of 8% based on the LED output power of 103 mW.

The effectiveness of the edge-illuminated technique has been demonstrated, and the

discussion highlights the improvements that could be made to ensure the wearability of

the device, this will be explored throughout the rest of this thesis.
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Chapter 3

Micro-LED results

In this chapter a pLED array is utilised as the source in the edge-lit PDMS membrane.
The small size of the source allows for more light to be coupled to a PDMS membrane
1 mm thick or less. The extraction effect of different concentrations of TiO, scatter
substrates is measured and compared to the results of the same substrates using the
broad LED as the source. Scatter substrates with a gradient in concentration were
designed, and bonded to the PDMS membrane in an effort to produce uniform emission
from a thin device. Lastly, a method of obtaining a suitable concentration gradient for
different lengths of scatter substrates is discussed to allow for uniform emission over

larger areas.

3.1 Micro-LED design and properties

The broad LED was effective in showing the device proof of concept, however, the
large size of the LED reduces the wearability of the device. In order to design a thin,
flexible device that couples the majority of the source light, micro-sized LEDs (uLEDs)
can be utilised. As described in Chapter 1, these are devices that have at least one
dimension smaller than 100 ym and can be fabricated into a variety of pixel shapes and
sizes [1, 2]. Micro-LEDs can be driven at higher current and optical power densities than
conventional broad-area LEDs [3]. Consequently, they are promising for applications
that benefit from high intensity light, e.g. displays and projection [2]. A further benefit
of the high current density is a reduction of the carrier lifetime making micro-LEDs an
attractive source for high speed data transmission using visible light, i.e. visible light
communications (VLC) [4, 5]. The small size and high current density of micro-LEDs,
make them promising sources for small scale applications such as neural stimulation [6]

and optical cochlear implants [7]. The small size and high optical power density of

o7
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uLEDs also make them an ideal source for a wearable phototherapy device as is shown

here.

3.1.1 Design and fabrication of yLED

The pLEDs were designed as linear arrays of pixels and two different designs were
produced. Design A consists of ten pixels, 100 x 100 pm?, with a pitch of 720 pm.
Design B consists of forty 100 x 100 um?, in two rows of twenty, with a 360 pm pitch
and a 30 pum spacing between the two rows. In the centre of the device on either side of
the pixels, are two large contact pads for wire bonding to a printed circuit board (PCB).
These designs were chosen as thin, long sources to couple as much light as possible into
the thin PDMS membrane. The final design consisted of three devices, two of device A

and one of device B.

The designed devices are flip-chip, which means they emit through the sapphire sub-
strate. As the light is emitted through the sapphire, the overall pixel size is increased to
account for the scattering through the sapphire. The emissive area has been shown as
dependent on the thickness of the sapphire layer [8]. The 300 pm thick sapphire layer
here results in the pixel size through the sapphire surface being closer to 300 x 300 pm?.
This is also shown in the optical simulations of the uLED design in Section 3.2. It is
possible to thin the sapphire layer to 150 pm and maintain the same fabrication process.
This would result in a smaller emissive area for each pixel, resulting in more light being

coupled to the thin membrane.

Francesca @
MLED array
PCB

FIGURE 3.1: (a) Image of the fabricated pLED devices before they were diced into the
separate arrays, the image is taken of the gold contact side, not the emissive sapphire
side, scale is 5 mm and (b) Image of the PCB designed for the uLED arrays, scale is
10 mm
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A photomask was produced with the different layers required for etching and depositing
of materials to fabricate the uLED devices. The devices were fabricated on a GaN on
sapphire wafer, with the fabrication steps described in Section 1.8.1. An image of the
final devices before they were diced is given in Figure 3.1(a), with the gold contact side

facing upwards. The devices were diced to produce three individual yLED arrays.

3.1.2 PCB design

To power the uLED a PCB was designed using KiCAD [9]. The PCB was 25 x 50 mm?
to allow the uLED device to be easily and accurately held in place in an optical setup, an
image of the PCB is given in Figure 3.1(b). The PCB is one-sided and consists of p-type
and n-type ohmic contact pads, each 2 x 2 mm?, these are wire bonded to the equivalent
device contact. The PCB is made from copper due to its high conductivity and the
contacts are electroless nickel immersion gold (ENIG) which is corrosion resistant and
an effective surface for both wire bonding and soldering. The PCB surface is connected
to the n-type contact pad, down to the two outer prongs of an edge SMA connector.
The p-type contact is connected to the middle SMA prong via an isolated track through

the circuit board.

The designed PCBs were purchased from OshPark [10], the resultant boards were 1.6 mm
thick, 25 mm wide and 50 mm long with a layer of 1 oz copper as the current spreader.
The pLED is glued on to the underside of the PCB using a transparent epoxy with
the sapphire side facing out, the contacts are then wire bonded to the corresponding
pads on the PCB with three wires to spread the current and avoid wire-burnout. The
delicate wire bonds are then protected with a small glass coverslip tacked on to the PCB,

alternatively the bonds can be protected by a polymer.

3.1.3 Micro-LED properties

The electrical properties of the devices on the PCBs were determined. Both device A
arrays switched on, with a turn-on voltage of 2.9 V, device B did not work under any
supplied power. It is suspected that during dicing, the contact metal tracks on device B
that allow for the current to spread along the pixels were bent, causing a short circuit to
occur. No further testing could be carried out on device B. An image of both design A
devices with a 5 mA supply current is given in Figure 3.2. It can be seen that not
all of the pixels are responsive in device Al. There are five bright pixels, three less
bright and two very dim. This is thought to be due to poor contact issues with the
thin metal connector tracks. Device A2 consisted of 10 fully responsive pixels as seen in

Figure 3.2(b). As device A1 still worked, it was utilised for experimental testing, with
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(a) (b)

FIGURE 3.2: Images of the array A devices with a 5 mA supply current, (a) device Al
and (b) device A2, scale is 10 mm

device A2 being saved for a potential prototype device and as a backup device in case
A1 was broken. Device Al has fewer working pixels and the majority of light is centred
in the middle of the device. Device A2 has all pixels working and all have similar pixel
intensity values. Therefore, device A2 will likely produce a more uniform emission across
the width of an extraction substrate than device A1l. This may not be noticeable with
the 1 cm wide extraction substrate, but could potentially produce more uniform light
across the width of a wider substrate. This has to be taken into account with the given
results. With a fully working pLLED device, the irradiance will have increased unifomity

across the width of the emissive area.

The pLED device A1 was added to the setup described in Section 2.2.2 and the electrical
and optical properties recorded. The device was run at increasing current values from
10 to 500 mA, the voltage and output optical power at each current was recorded and
the results given in Figure 3.3(a). The device has a turn on value of 2.9 V, and the

output optical power ranges from 1 mW at 10 mA to 22 mW at 450 mA, after this
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FIGURE 3.3: pLED electronic and spectral properties (a) LIV data (b) wavelength
spectrum of the uLED run at a current of 110 mA
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3D Layout

Zemax
Zemax OpticStudio 19.8

bluemLEDpowertest . zmx
Configuration 1 of 1

16/03/2020

F1cURrE 3.4: Simulation of the uLED device in OpticStudio, each pixel is shown with
10 trace rays inside a 300 pm thick sapphire substrate

current, thermal rollover occurs. In order to allow for easy comparison to the broad
LED, the input current to the device was set at 120 mA producing an output optical
power of 10 mW. Figure 3.3(b) shows the spectral response of the uLED at 120 mA.
As can be seen, the device has a peak wavelength of 444 nm, resulting in a blue light
output, with a full-width half-maximum (FWHM) of 24 nm.

3.2 Simulated optical coupling of tLED

The pLED device was added to the optical simulation discussed in Section 2.3.1. The
device was simulated as an array of LED pixels (100 x 100 ym?) with a spacing of
720 pm. The emission profile from the pixels was set as a Lambertian source [11]. These
pixels were placed in contact with a sapphire rectangular volume (10 x 1 x 0.3 mm?).
A 3D OpticStudio render of this device with 10 trace rays from each pixel is shown in
Figure 3.4. The device was placed with the sapphire in contact with the 1 mm thick
PDMS membrane. Each pixel was set to have an optical power of 2.5 mW, producing a
total output optical power of 21 mW through the main surface of the sapphire substrate.
The remaining 4 mW is reflected within the sapphire substrate and not coupled out
through the top surface. For the raytrace, the pixels were set to have 500,000 trace rays
each so the total number of trace rays (5 million) matched that of the broad LED.

A detector was added to the PDMS surface, in contact with the sapphire substrate and a
raytrace carried out. A detector map is shown in Figure 3.5. The red pixels correspond
to areas of high irradiance while the blue pixels correspond to areas of low/no irradiance.
From the detector viewer it can be seen that a total power of 18.45 mW is coupled into
the PDMS membrane. With an output power of 21 mW through the sapphire surface,
this provides a coupling efficiency of 88%. Much higher than the coupling efficiency for
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FIGURE 3.5: OpticStudio detector viewer of the yLED light coupled to the PDMS
membrane

the broad LED (45%). This is due to the small pixel size, as can be seen in the detector
viewer, all of the intense light and most of the less intense light is coupled into the PDMS

membrane.

3.3 Coupling tLED and PDMS membrane

The pLED array is mounted on a 3-axis translation stage and the PDMS membrane
is butt-coupled directly to the sapphire side of the array, an image of the setup is
shown in Figure 3.7(a). To ensure the device is coupled centrally to the membrane the
optical fibre, described in Section 2.4.1, is fixed above the membrane 40 mm from the
uLED. The height of the uLED array is then adjusted until a maximum irradiance is
measured. The irradiance is measured at one pLLED position in height with respect to
the membrane input and then the height is adjusted until a maximum is obtained. The
pLED is then placed in contact with the membrane when irradiance is maximised. This
maximum corresponds to a maximum amount of light being coupled in the membrane.
This coupling test was carried out every time the PDMS membrane was removed from

the setup.

The irradiance trend of the bare PDMS is given in Figure 3.7(b). This is very similar to

the irradiance trend seen with the broad LED in Chapter 2. A maximum irradiance is
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FIGURE 3.6: (a) Image of the uLED irradiance setup, scale is 25 mm. (b) Irradiance
trend of a bare PDMS membrane with increasing distance from the yLED, inset is an
image of the pLED device coupled to the PDMS membrane

measured close to the LED that is due to non-guided light leaking from the membrane.
This non-guided light interacts at the surface between the PDMS and air at an angle
smaller than the critical angle, resulting in the light exiting the membrane [12, 13]. After
35 mm (from the yLED/membrane input), the irradiance increases due to edge effect,
peaking at the very end of the membrane, 40 mm from the pLED. The middle guided
region of the device from 13 to 35 mm has an average irradiance of 10.0 + 1.4 yW /cm?.
With the broad-area LED it was visually easy to ensure it was aligned to the PDMS
membrane, and as the source was larger than the membrane a slight misalignment would
still result in similar irradiance values. However, as the pLED array is much smaller
than the broad LED, it is more difficult to visually see the coupling, and a misalignment

may have a large effect on the amount of coupled light.

3.3.1 pLED alignment

To measure the effect of uLED position on the coupled light into the membrane, align-
ment tests were carried out. The fibre was placed at the end of the PDMS membrane
opposite to the pLED, like shown in Figure 3.7(a). The uLED was then moved in the
z- and y-direction to find the position with the maximum irradiance, this becomes the
origin for the alignment measurements. The irradiance is recorded at the origin and the
pLED is moved by a minimum of 100 pym in the z-direction and the irradiance recorded
once more. This was repeated at a range of displacements to a maximum of 2 mm. The

LED was then moved back to the origin and the above steps repeated in the y-direction
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FIGURE 3.7: (a) Schematic of the alignment setup with the optical fibre measuring
irradiance at the end of the PDMS membrane and (b) percentage decrease in coupled
light when the LED is misaligned by specific values in the z- and y-directions

up to a distance of 1 mm. The resultant irradiance is plotted as a percentage of the

original value versus the displacement from the origin shown in Figure 3.7(b).

As can be seen in Figure 3.7(b), the percentage of coupled light decreases when the
puLED array is moved away from the PDMS membrane. By moving the LED in the
z-direction, there is a slow decrease in the coupled light, with a 2% decrease occurring
with a gap of 100 pm. The coupled light decreases by a further 13% when the uLED is
moved 500 pm away from the PDMS membrane. Moving the LED in the y-direction has
a much larger effect on the coupled light, with an 8% decrease at a distance of 100 ym
from the centre. This decreases even further by 35% when the uLEDs are moved 500 pym
from the centre of the PDMS membrane.

Moving the pLED in the z-direction has less of an effect on the % coupled light. By
increasing this gap between the device and the PDMS membrane, the intensity of light
that reaches the surface of the membrane is decreased, resulting in the decreased effi-
ciency. A larger effect occurs when moving the pLED in the y-direction. Moving in

this direction means the device is no longer central to the membrane, this causes the
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angle of light at the entrance of the membrane to change, resulting in more of the light
being smaller than the critical angle and therefore being extracted close to the pLED.
As the device is moved further from the central plane of the membrane, more light is
scattered close to the LED, decreasing the amount of light coupled through to the end
of the membrane. From these alignment tests, it is shown that the yLED array can be
misaligned by a maximum of 500 pym in the z-direction or a maximum of 200 ym in the
y-direction and the coupled light will be within 80% of the maximum. As the pLED
device is placed in direct contact with the PDMS membrane in the z-direction, the effect
of misalignment in both directions was not considered. It is more important to ensure
accurate coupling on the y-direction as this has a larger effect on the coupled light and

is also more difficult to achieve without measuring irradiance.

3.4 Light extraction using TiO; nanoparticles

Scatter substrates of different TiO2 concentrations in PDMS, described in Section 2.6.1,
are added to the surface of the PDMS membrane. The irradiance is measured from the
top surface of the membrane as before. Irradiance maps were taken to determine the
power and efficiency values of the different concentrations. These results are compared

to those obtained with the broad LED.

3.4.1 Irradiance results of flat scatter substrates with yLED

The scatter substrates were added to the membrane 15 mm from the pLED device and
the device run at a current of 120 mA, producing an optical power of 10 mW. The
irradiance along the central region of the membrane was recorded at millimetre interval

distances from the yLED.

Figure 3.8 shows the irradiance profiles of different weight concentrations of scatter
substrates added to the membrane surface, the black solid line represents the irradiance
from a bare PDMS membrane. It can be seen that all of the scatter substrates produce an
increase in irradiance over the emissive region from 15 to 30 mm. The scatter substrates
also cause a decrease in the edge effect, this is because more light is extracted from the
membrane surface therefore, there is less light scattered when leaving the end of the
membrane. From the figure it can be seen that as the TiO2 concentration increases, the
maximum irradiance increases until a maximum irradiance of 2.1 mW /cm? is obtained at
0.75%. At higher concentrations (e.g. 2%), the increased opacity of the films reduces the
amount of scattered light extracted through the top surface of the membrane, this results

in a decreased irradiance maximum. As well as an increased irradiance maximum, higher



Chapter 8 66

2.0

—— Bare
—=— 0.05%
0.1%
—A— 0.25%
0.75%
—k— 204

Irradiance (MW/cm?)

Distance from uLED (mm)

FIGURE 3.8: Irradiance of different concentrations of TiOy scatter substrates with
increasing distance from the LED, the irradiance of the bare PDMS is given for reference

concentrations of TiO9 have a steeper drop off in irradiance with increasing distance from
the LED. For example, the 28 mm irradiance is 23% of the 17 mm irradiance for 0.75%
TiO2 sample, whereas this value increases to 57% for the 0.1% TiO2 sample. It can be
seen that the lower concentrations provide a more uniform irradiance over the length of
the scatter substrate, however, produce lower maximum irradiance values. For example,

0.5 mW/cm? and 0.8 mW /cm? for the 0.05% and 0.1% respectively.

3.4.2 Output power of yLED samples

CCD images were taken of the scatter substrates to produce irradiance maps, as de-
scribed in Section 2.6.3. The irradiance maps produced for each sample show the trend
in light output across the entire substrate, and allow for further comparison between
the samples. The maps for the TiOy concentrations of 0.1% and 0.75% are shown in
Figure 3.9. The red regions of the maps correspond to where the irradiance is highest
and blue is the lowest irradiance values. As can be seen for 0.1%, the irradiance is
intense over a broad region of the scatter substrate width and length which decreases
with increasing distance from the LED, as is seen in the irradiance graph. The intense

region of the 0.75% TiO; is smaller than that of the 0.1% in both length and width, this
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FIGURE 3.9: Irradiance maps from CCD images of (a) 0.1% and (b) 0.75% TiO2 scatter
substrates, scale is 5 mm

decreasing trend is seen with increasing concentration, with both the high and medium

irradiance areas decreasing.

From the irradiance maps we can calculate the total power output of each scatter sample
in mW; using this and the uLED optical power of 10 mW, the overall optical efficiency
of the devices can be calculated. The actual extraction efficiency of the substrates will
be higher as not all of the uLED light is coupled into the PDMS membrane. Table 3.1
lists the peak irradiance, total output power and extraction efficiency for a range of TiO4
concentrations. From these results it can be seen that the total output power increases
with increasing concentration up to 0.75%, greater concentrations lead to reduced output
power. This follows the same trend as the maximum irradiance. The most efficient device

at extracting light is the 0.75% TiOs2, which extracts more than 26% of the input power.

TABLE 3.1: Table of maximum irradiance values, total power output and efficiency for
different weight ratios of TiOs, based on an input optical power of 10 mW with SD
errors

TiOy Peak average Total power  Efficiency
irradiance

(wt%)  (mW/cm?) (mW) %
0.04 0.3 =+£0.008 0.5 =+0.020 4.8 =£0.3
0.05 0.5 =+£0.003 0.7 =+0.028 7.4 +0.2
0.1 0.8 40.016 1.2 +0.043 12.2 +0.8
0.25 1.6 +0.007 2.1 +£0.08 208 +1.8
0.75 21 +£0.02 26 40.110 26.6 =+1.6
1 1.9 +0.019 24 4+0.098 244 +1.9
2 1.4 +0.011 1.8 =40.073 183 =+1.6
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3.4.3 Comparison between broad and pLED

Comparing the broad LED irradiance (Section 2.6) with the pLED, the irradiance trend
of the different TiO9 scatter substrates remains similar. As the concentration of scat-
ter substrate increases, the maximum irradiance increases until after 0.75% where less
scattered light is extracted and the irradiance decreases. In order to better compare
the different sources, the broad LED irradiance values obtained from an input power of
100 mW are reduced by 90% assuming that the trend between input power and irradi-
ance is linear. A 90% reduction of the LED optical power would be 10 mW, the optical
power of the yLEDs.

TABLE 3.2: Table comparing the maximum irradiance, total power output and effi-
ciency for TiOq2 scatter substrates with the pLED and broad LED

TiO9 Maximum irradiance = Power output Efficiency
concentration mW/ cm? mW %o
pLED LED* uLED  LED* pLED LED
0.05 0.5 0.4 0.7 0.4 74 +£02 43 =£0.1
0.1 0.8 0.6 1.2 0.9 122 +£08 87 +£0.2
0.25 1.6 1.4 2.1 1.8 208 +£1.8 179 =£04
0.75 2.1 1.8 2.6 2.1 266 +1.6 21.2 Z£0.5
1 1.9 1.7 24 2.0 244 +£19 19.6 =£04
2 14 1.4 1.8 1.7 183 £1.6 17.1 =+£0.5

*estimated results based on an optical power of 10 mW

Table 3.2 gives a comparison between the two sources. In order to compare effectively,
it is assumed that the irradiance and power values from the broad LED can be scaled to
estimate what values would be obtained if the LED optical power was 10 mW compared
to the experimental results obtained with an optical power of 102 mW. From the table
it can be seen that the peak irradiance is slightly higher for the yLED compared to
the estimated broad LED irradiance, with an average increase of 0.17 mW /cm? in the
maximum irradiance. This increase on its own could be due to measurement errors,
however, the effect is also seen in the extraction efficiency. Comparing the extraction
efficiency of each sample with both of the devices, there is an average increase of 3.5% in
the extraction efficiency samples with the uLED compared to the broad LED. Although
the effect is not obvious in the irradiance graphs, when comparing the irradiance maps
it can be seen that the samples with the yLED produce a more intense irradiance over
a larger area than that of the broad LED. This effect is seen across the entire range of

concentrations.

Figure 3.10 shows the irradiance maps of the 0.1% TiOy sample with both the uLED (a)
and the broad LED (b). It can be seen that the irradiance is broader across both the
width and the length of the scatter substrate when imaged with the uLED as the source.
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FIGURE 3.10: Irradiance maps of the 0.1% TiOg scatter sample with the (a) pLED
and (b) broad LED, scale is 5 mm

The increased irradiance across the width is because the pLED source is longer in the

lateral direction compared to the broad LED.

3.5 Light extraction using tapered scatter substrates

The tapered scatter substrates described in Section 2.7.2 are utilised here. They consist
of 0.04%, 0.05% or 0.1% TiO2 in PDMS cured at an angle to produce a substrate with
increasing thickness with distance from the LED. These substrates have a taper angle
of 15°, producing a substrate that is 0.5 mm thick at one end and 4 mm thick at the

other. The surface of the substrate remains as 15 x 15 mm?.

3.5.1 Irradiance results of tapered scatter substrates with yLED

The tapered scatter substrates were added to the PDMS membrane surface, 15 mm
from the pLED. The thinnest end of the substrate was placed closest to the LED, with
the thickness increasing with distance from the yLED. Irradiance measurements were
carried out as before, with the fibre being held at a distance of 5 mm from the surface of
the waveguide to allow for measurements over the whole length of the scatter substrate.
Figure 3.11(b) shows the irradiance results from these samples compared to the bare
membrane. From these results we can see that a curing angle of 15° is not high enough
for the 0.1% TiOy sample. The irradiance maximum of 0.8 mW /cm? occurs at the start
of the scatter substrate, the irradiance then decays providing a non-uniform emission
profile as observed with the flat samples. The irradiance of the 0.04% sample increases
with distance from the LED, reaching a peak irradiance of 0.35 mW /cm? at the furthest

end of the scatter substrate. Although this profile is close to being uniform, the low
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concentration of TiOg results in a very low irradiance. An angle of 15° is an ideal angle
for obtaining uniform emission from a 0.05% TiO5 sample. Here the irradiance remains
uniform at 0.5 £+ 0.04 mW /cm? over the entire length of the scatter substrate excluding

the end where we see a peak due to light scattering from the roughly cut sample edges.

3.5.2 Irradiance maps of tapered scatter substrates

As before, CCD images were taken of the tapered scatter substrates and these used
with the irradiance data to produce irradiance maps over the surface area of the sub-
strates. The calculated total power and extraction efficiency of these samples is shown
in Table 3.3. Comparing these to the flat scatter samples of the same concentration, the
power output increased by at least 2 mW resulting in increased extraction efficiencies of

2% for the tapered samples.

TABLE 3.3: Table of maximum irradiance values, total power output and efficiency for
different weight ratios of tapered TiOs, based on an input optical power of 10 mW

TiOo Peak average Total power Efficiency
concentration irradiance

(wt%) (mW /cm?) (mW) %o

0.04 0.3 +£0.002 0.6 =£0.02 5.6 +£0.3

0.05 0.5 +£0.004 1.0 4£0.04 9.7 =+0.6

0.1 0.8 +£0.021 14 4£0.06 14.1 =£1.1
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Ficure 3.11: Irradiance of the tapered scatter substrates cured at an angle of 15°,
the irradiance of the bare PDMS membrane is given for reference
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3.5.3 Comparison of tapered scatter substrates with the broad LED
and yLED

The tapered results can be compared to the flat results in a similar manner. It can be
seen that the pLED irradiance is higher than the estimated broad LED irradiance for
an optical power of 10 mW. As shown in Section 3.4.2, the irradiance results from the
broad LED can be reduced by 90% to assume the effect with an input power of 10 mW.
This allows for easier comparisons between the two types of LEDs. Table 3.4 compares
the maximum irradiance, power output and extraction efficiency of each of the tapered

scatter substrates.

TABLE 3.4: Table comparing the maximum irradiance, total power output and effi-
ciency for TiO4 scatter substrates with the uLED and broad LED

TiOo Maximum irradiance ~ Power output Efficiency
concentration mW /cm? mW %
nLED LED* uLED  LED* nLED LED
0.04 0.3 0.4 0.6 0.5 56 +03 4.6 £0.2
0.05 0.5 0.5 1.0 0.9 9.7 +06 84 =£04
0.1 0.8 0.7 1.4 1.1 14.1 +£1.1 107 =+£0.5

*estimated results based on an optical power of 10 mW

From the estimated values for the broad LED, it can be seen that the maximum irra-
diance is very similar for each of the devices. The estimated power output is higher
for the pLED devices and the extraction efficiency of each sample is shown to be at
least 1% higher than the broad LED, with the 0.01% sample producing a 2.4% increase.
Figure 3.12 shows the irradiance maps of the 0.05% tapered sample with the uLED (a)
and the broad LED (b). The high intensity irradiance is over a larger area on the uLED
sample compared to the broad LED, this results in the increased efficiency for the pLED.

Irradiance Irradiance
(mWi/cm?) (mW/cm?)

0.55

0.48

0.41

0.35

FIGURE 3.12: Irradiance maps of the tapered 0.05% TiOs scatter sample with the
(a) uLED and (b) broad LED, scale is 5 mm
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3.6 Using a concentration gradient to achieve uniformity

As mentioned in Section 2.7, to achieve uniform output emission the probability of light
being extracted has to increase with increasing distance from the LED. In Sections 2.7.3
and 3.5, this effect was shown using a tapered TiOs scatter substrate. This substrate
got thicker with increasing distance from the light source. It has been shown that
increasing the TiOs concentration in the scatter substrates results in an increase in
the extracted light. This effect can be utilised by fabricating a scatter substrate with
increasing concentration as the distance from the yuLLED increases. Another benefit of
this method would be the reduced thickness of the device, a flat scatter substrate can
be employed instead of the tapered design which causes an increased thickness of the

overall device.

3.6.1 Fabrication of concentration gradients

In order to extract uniform light from the PDMS membrane, the concentration of TiOq
has to increase with increasing distance from the LED. For ease of fabrication it was
decided that 4 discrete concentrations would be utilised in an attempt to produce uniform

extraction. The scatter substrates were fabricated as 15 x 15 x 1 mm? slabs.

Concentration gradient scatter substrates require a different fabrication method to the
other scatter substrates, a schematic of this method is shown in Figure 3.13. Firstly, a
15 x 15 mm? area is cut into a 1 mm thick PDMS mould (a), this mould is then divided
into four regions of pre-chosen widths (b). The PDMS from the first region is removed
and the required amount and concentration of TiO2/PDMS blend is added to this empty
region (d, e). This region may then be cured partially or left as is depending on the
specific fabrication steps for each sample. After, the next strip of PDMS is removed and
the process repeated with the next concentration chosen (f, g), this is repeated from
steps (h)-(i) until each strip has been removed and replaced. The resultant substrate
with the increasing concentration gradient is cut from the PDMS mould (m) ready to
be tested (n). The overall aim of this method is for the gradient substrate to look like
(0), which has a mixed concentration gradient rather than distinct regions of different

concentrations.

A range of different concentration gradients were fabricated and tested, these are given
below in Sections 3.6.2 - 3.6.5. In these case samples there is a difference in the con-
centrations and in the width of each of the concentrations. There is also a difference in

some of the fabrication steps which will be discussed for each sample.
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(m)

FiGURE 3.13: The fabrication method of concentration gradient scatter substrates,
described in detail in Section 3.6.1

3.6.2 Concentration gradient 1

For the first concentration gradient membrane, a concentration range from 0.1% to
0.7% was utilised. The concentrations chosen for gradient 1 and the width of each
concentration is shown schematically in Figure 3.14(a). A maximum concentration of
0.7% was chosen as it is close to the maximum concentration for light extraction (0.75%).
A minimum of 0.1% was utilised as it produced a good maximum irradiance while also
remaining more uniform for a longer distance from the LED, this first section has a
length of 5 mm. Section 2 was 0.2% in concentration and 4.5 mm long, followed by
section 3 which was 0.4% in concentration and 3 mm long. The final region (section 4)
was 2.5 mm long with a concentration of 0.7%. From the single concentration extraction
substrate results, an increasing concentration of TiOo resulted in a sharper irradiance
peak of decreased uniformity. Therefore, the width of each region was chosen to decrease

with increasing concentration in an attempt to produce uniform emission.
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FIGURE 3.14: (a) Schematic showing the different TiOy concentrations utilised in
concentration gradient 1 and a scale showing the length of each concentration, (b) Ir-
radiance trend of concentration gradient 1 with increasing distance from the LED

3.6.2.1 Fabrication

As uncured PDMS is a viscous liquid, in order to successfully add the different con-
centrations it was determined that each strip should be partially cured before adding
the next concentration. This is to avoid the previous concentration running in to the
next region before its concentration has been added. Each strip was cured at 80°C for
2 minutes to produce a sticky material that no longer spread. When PDMS is stirred
or poured, air can get trapped within the mixture resulting in air bubbles if cured too
quickly [14]. In order to avoid air bubbles inside the individual strips, the sample is
placed under vacuum for 20 minutes to release the trapped air before being partially
cured. This resulted in very rigid sticky strips of concentrations that were solid rather
than liquid. After all strips have been added to the sample it is then left to fully cure
for 4 hours at 80°C. The resultant gradient sample is then cut from the mould ready for

irradiance testing.

3.6.2.2 Irradiance

Figure 3.14(b) shows the irradiance of a PDMS membrane with gradient 1 added 15 mm
from the pLED. It can be seen that the irradiance increases initially from 15 to 20 mm
with the 0.1% concentration, the change to 0.2% results in a further increase in the
irradiance to a maximum of 1.4 mW /cm?. After this increase the irradiance decreases
to 0.8 mW /cm?, before increasing again after 25 mm due to the 0.4% concentration,
this then decreases to the end of the 15 mm long scatter substrate. A small shoulder

is seen in the irradiance profile at 28 mm due to the 0.7% region of the substrate.

45
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From the irradiance profile of this concentration gradient it can be seen that the 0.2%
concentration resulted in too high an extraction of light, which then causes there to be
less light further down the membrane, reducing the effect of the increased concentrations.
The 0.7% has a minimal effect on the extracted light, although it broadens the decay
profile.

3.6.3 Concentration gradient 2

As the concentration increase from 0.1% to 0.2% resulted in too much light getting
extracted at that region close to the LED, the concentrations were altered in gradient 2.
A lower initial concentration of 0.08% was chosen for 3 mm followed by 5 mm of 0.1%.
0.25% was then added for 4.5 mm and finally a maximum concentration of 0.45% for

2.5 mm.

3.6.3.1 Fabrication

This gradient sample was fabricated similarly to gradient 1, however, the partial cure
was only for 90 seconds in an effort to increase the viscosity of the samples while still
remaining liquid to allow for more potential mixing rather than the well-defined interface
between the regions found in gradient 1. The resultant samples were still very stiff, so
limited mixing between the concentration gradients occurs. The final sample with all

concentrations was cured for 4 hours at 80°C, then removed from the mould for irradiance
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FIGURE 3.15: (a) Schematic showing the different TiOy concentrations utilised in
concentration gradient 2 and a scale showing the length of each concentration, (b) Ir-
radiance trend of concentration gradient 2 with increasing distance from the LED
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3.6.3.2 Irradiance

The sample was added to a PDMS membrane 15 mm from the yLED and the irradiance
measured from the top surface of the device. It can be seen that the irradiance increases
gradually until 18 mm, where there is a large irradiance increase due to the concentration
change to 0.1%, with a maximum irradiance of 1.2 mW/cm?. The irradiance then
decreases until 24 mm from the pLED where an increase occurs due to the concentration
increasing to 0.25%. The irradiance continued to decrease though there was a small

shoulder at 28 mm corresponding to the 0.45% concentration.

In the case of this sample it can be seen that the initial 0.08% concentration does not
extract enough light and the change to 0.1% causes too high an increase in scattered

light.

3.6.4 Concentration gradient 3

For gradient 3, the initial concentration was increased once more to 0.1% to produce a
higher initial irradiance over a length of 2.5 mm. Followed by a 5 mm stretch of 0.16%
which is a small concentration increase thought to avoid the sharp peaks seen in gradi-
ents 1 and 2. This is then followed by 4.5 mm of 0.25% and a maximum concentration
of 0.45% for the final 3 mm.
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FIGURE 3.16: (a) Schematic showing the different TiOy concentrations utilised in
concentration gradient 3 and a scale showing the length of each concentration, (b) Ir-
radiance trend of concentration gradient 3 with increasing distance from the LED
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3.6.4.1 Fabrication

In order to streamline the process and reduce the “hands-on” fabrication time utilised
in gradient 1 and 2, the partially curing and de-gassing steps were removed from the
fabrication of gradient 3. Instead the samples were left in their liquid form for two hours
after producing the concentration mixes, this is very near the end of the PDMS working

time, so the samples were more viscous, however, still a liquid capable of mixing.

3.6.4.2 Irradiance

The irradiance was measured as before and is given in Figure 3.16. There was a grad-
ual increase in the irradiance to a maximum of 1.2 mW/cm? at the region for 0.16%.
This decreases to a shoulder at 0.25% followed by another shoulder at 27 mm due to
0.45%. Although this trend is not uniform, the irradiance change is much smoother
over the whole extraction region compared to the effect seen with the distinct regions in

gradients 1 and 2.

3.6.5 Concentration gradient 4

One issue seen with the previous gradient samples, is that the initial incline in irradiance
leads to a maximum that then drops continuously even with increased concentration.
In order to counteract this the first section of lowest concentration was made longer
(5 mm) to allow a natural maximum to be reached with its concentration before moving
to the next concentration of 0.16% for 4.5 mm. In gradients 2 and 3, the two final
concentrations were not high enough to produce uniform irradiance further from the
uLED, however the final two concentrations in gradient 1 were too high. Therefore,
0.3% was utilised for 3.5 mm followed by a maximum of 0.5% for the final 2 mm of the

extraction substrate. This is shown as a schematic in Figure 3.17(a).

3.6.5.1 Fabrication

Similar fabrication steps were carried out as for gradient 3. All concentrations were
produced separately and allowed to increase in viscosity for 2 hours before being added
to the mould strip by strip. The resultant sample was cured at 80°C for 4 hours before

being cut from the mould for irradiance testing.
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FIGURE 3.17: (a) Schematic showing the different TiOy concentrations utilised in
concentration gradient 4 and a scale showing the length of each concentration, (b) Ir-
radiance trend of concentration gradient 4 with increasing distance from the LED

3.6.5.2 Irradiance

The irradiance profile for gradient 4 is given in Figure 3.17(b) with increasing distance
from the LED. For the first 5 mm of the extraction substrate from 15 mm the irradiance
increases to a maximum of 1.2 mW /cm? at the boundary between the 0.1% region and
the 0.16% region. The irradiance slowly decays down to 25 mm where the decay slows
down due to the 0.3% region followed by another slow decay through the 0.5% region to
the end of the sample.

3.6.6 Comparison of gradient samples

In order to determine the uniformity of the different gradient samples, the main informa-
tion from each irradiance profile is given below in Table 3.5. From the irradiance results,
the maximum irradiance value can be taken. The mean irradiance is measured over the
central 13 mm of the scatter substrate, ignoring the initial increase at 15 mm and the
final decay at 30 mm. The standard deviation of this mean value is calculated. The
maximum irradiance of gradient 1 is higher than the other samples at 1.4 mW /cm?, how-
ever, the mean irradiance is similar. This results in a relatively high SD on the mean of
25%. The mean irradiance for gradients 2 and 3 is 0.9 mW /cm? over the 13 mm length,
with SDs of 18 and 21% respectively.

The most promising of the concentration gradient extraction substrates is gradient 4.

This sample has a mean irradiance of 1.0 mW/cm? + 13% along the length of the
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TABLE 3.5: Table of the irradiance results of the different concentration gradient sam-
ples with maximum irradiance values, mean irradiance values and the associated stan-
dard deviation of the irradiance

Concentration gradient Maximum irradiance Mean irradiance Uniformity SD

(mW /cm?) (mW /cm?) %
1 14 +0.08 1.0 25
2 1.2 +0.07 0.9 18
3 1.2 +0.08 0.9 21
4 1.2 +0.05 1.0 13

substrate. Due to its low error value and uniform shaped irradiance profile, gradient 4

is the chosen uniform concentration gradient sample.

3.7 Comparison of the uniform methods

Two different methods have been employed to produce uniform extracted light; the
tapered method utilised in Sections 2.7.2 and 3.5 and the concentration gradient method
shown in Section 3.6. The irradiance profiles, the irradiance maps and the uniformity of

the two different methods will be compared here.

3.7.1 Irradiance comparison of the uniform methods

The irradiance of each of the methods, and a bare PDMS membrane with increasing
distance from the pLED are given in Figure 3.18. The initial irradiance values close to
the pLED, from 5 to 10 mm are higher for the tapered substrate due to the fact the
fibre is held at a higher distance above the membrane in order to translate along the
device without touching the surface. This increase in fibre y-placement of 3 mm causes a
higher irradiance value to be recorded as light not guided is then collected by the higher
placed fibre. This therefore means that the measured light output from the tapered
device is not fully comparable with the flat substrate due to the varying distance from
the detector. As this method was not utilised any further, this difference has not been

taken into account.

It can be seen that the irradiance of the concentration gradient sample is much higher
than that of the tapered sample. The mean irradiance of the tapered sample is 0.5 mW /cm?
compared to a mean irradiance of 1.0 mW /cm? for the concentration gradient. The mean
SD values are also different for the samples, with the tapered sample having a lower SD
of 11% compared to the 13% SD seen with the gradient sample. In order to compare
the full effect of each method, the irradiance across the entire scatter substrate also has

to be determined.
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FIGURE 3.18: Irradiance of the different TiO5 scatter substrate methods for uniform
light extraction, irradiance of the bare PDMS membrane is given as a reference

3.7.2 Irradiance maps of the uniform methods

Irradiance maps were produced for each scatter substrate using the method described
in Section 2.6.3. The maps of both the tapered and concentration gradient samples are
given in Figure 3.19. It can be seen that both methods provide large regions of high
irradiance over the scatter substrate. The tapered substrate (Figure 3.19(a)), has a slow
build up to the high irradiance region, placing it further from the LED, this is also
seen in the irradiance profile. Smaller regions of high irradiance also appear along one
edge and at the end of the substrate, this is due to rough edges obtained when cutting
the samples to the required size. The irradiance map for the concentration gradient
substrate, shown in Figure 3.19(b), places the high irradiance region closer to the LED,
with a bigger decay in irradiance produced at the end of the substrate. Again, a rough
edge is seen at the top of the map with a small high irradiance region. Comparing the
two maps, the high irradiance regions are similar in size, both along the length as shown
in the irradiance profile, but also across the width of the substrates, showing that the

irradiance is uniform over the majority of the extraction substrates.

Looking closely at the high intensity regions, it can be seen that the concentration
gradient sample has a much higher intensity with a high irradiance region (deep red

on the map) covering more of the area. The tapered substrate has a smaller maximum
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FIGURE 3.19: Irradiance maps of the (a) tapered 0.05% TiO, scatter substrate and
(b) the concentration gradient substrate, scale is 5 mm

intensity region, with more of the area being a burnt orange intensity corresponding to

a lower irradiance.

From the irradiance maps, the total output power of the extraction substrates can
be calculated. Table 3.6 gives the maximum irradiance, total output optical power
and extraction efficiency for each method of light extraction. It can be seen that the
concentration gradient sample has a higher maximum irradiance, output power and
efficiency. With a uLED optical power of 10 mW, the gradient sample provides an
output power of 2.3 mW giving the device an efficiency above 23%. The tapered sample

has an efficiency close to 10%.

TABLE 3.6: Table of maximum irradiance values, total power output and efficiency for
the different methods of uniform light extraction, based on an input power of 10 mW

TiOq Peak average Total power  Efficiency
concentration irradiance

(wt%) (mW /cm?) (mW) %0
Tapered 0.5 +£0.004 1.0 40.04 9.7 +0.6

Concentration gradient 1.2 +0.050 2.3 +0.098 23.3 +1.2

FIGURE 3.20: Image of each method of uniform extraction with the yLED output
power at 10 mW (a) tapered device, (b) concentration gradient device, scale is 10 mm
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3.7.3 Most effective uniform extraction method

From the comparison it can be seen that the concentration gradient sample provides a
higher uniform irradiance than the tapered sample. Although the mean irradiance SD
is higher for the gradient sample, this could be improved by further fabrication/design
amendments. The tapered sample, although easier to fabricate loses a large amount of
light at the thick end of the substrate, causing a decreased efficiency. The increased
device thickness with the tapered sample is not desirable. As well as making the final
device more obtrusive, the thick shape of the scatter substrate decreases the flexibility
of the overall device, making the device less wearable. The 1 mm thick concentration
gradient substrate is uniform over the whole length and only increases the thickness of
the overall device by 1 mm, allowing the device to still be wearable. The concentration
gradient sample is also much more efficient, at 23% compared to the tapered sample.
These properties of the concentration gradient make it a more suitable substrate for
producing uniform extraction, with a small drawback being the decrease in uniformity

compared to the tapered sample.

3.8 Method for different sizes of concentration gradient

The initial outset of this research is to provide uniform irradiance over an area 1 cm?.

Section 3.6 showed this is possible using a scatter substrate with a gradient in concen-
tration. However, not all lesions that require phototherapy are 1 cm?, there are many
different sizes possible. Therefore, in order to be effective, the wearable phototherapy
device must be designed to provide uniform irradiance to a range of treatment areas.
The concentration gradient for uniform extraction over a substrate 15 x 15 mm? was
determined experimentally. In order to adapt the gradient for other sizes of treatment

areas a mathematical model can be designed. Such a model is phenomelogically derived

next.

It is assumed that the light output is uniform over any width of scatter substrate. This
is due to the fact the light from the uLEDs fills the PDMS waveguide, multiple arrays

could also be utilised at the end of the membrane without affecting the flexibility.

3.8.1 Light intensity in PDMS

In order to measure the decay of light in the PDMS membrane due to waveguide losses,
irradiance measurements were taken at the end of the membrane (opposite the LED),

like shown in Figure 3.7(a). The bare PDMS membrane, with no extraction substrate
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then had a strip 5 mm long cut from the end and the irradiance measured again. This
was repeated multiple times until the PDMS membrane was only 5 mm long. This
method is widely used to measure propagation losses in waveguides and is known as the
cut-back method [15]. The end-facet irradiance at each length of membrane was then
calculated as a percentage based on coupled irradiance at the uLED/PDMS membrane
surface. This percentage value was plotted against the length of the PDMS membrane,
given in Figure 3.21. An exponential fit was applied to the data which provided a decay
rate of 0.016 mm™' which is related to the intensity by Equation 3.1. The calculated
decay in intensity is mainly due to scattering losses at the edges of the membrane.
These membranes are cut by hand using a scalpel; therefore the edges are rough causing

scattering.

IZ — 10670.0162 (31)

Where I, is the irradiance in the membrane at distance z from the pLED and Iy is the
irradiance of the light coupled into the membrane at z=0. This trend is common for
edge-lit waveguides [16, 17], where the intensity drops off exponentially with increasing
length of membrane. Depending on the cut-edge roughness, this equation should hold

true for any length of PDMS membrane, not taking the width of the membrane into

100 +
® Irradiance
—— Exponential fit
90 + p
~ 80
S
3
c 70
]
©
©
= 60
- Equation y = a*exp(b*x)
a 99.91901 + 2.08617
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FIGURE 3.21: Decreasing percentage irradiance in a PDMS membrane with increasing
length
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account. The addition of a scatter substrate changes the irradiance of light in the

membrane and therefore the above equation will change.

3.8.2 Effect of an extraction substrate

When an extraction substrate is added to the membrane, the above model no longer
holds true. The substrate causes light to be extracted from the PDMS membrane,
changing the irradiance (/) after the extraction point. When determining the intensity
of light remaining inside the membrane at a certain position, the new equation is given

in Equation 3.2°.

I, = Toe 1% — Sy (3.2)

Where S,, represents the extracted irradiance at distance n mm from the start of the
scatter substrate (see Figure 3.22). The substrate consists of discrete 1 mm intervals, n.
The value of n ranges from 0 to L, which is the length of the extraction substrate in
millimetres. These discrete regions, and the resultant extracted irradiance, S,,, are shown
schematically in Figure 3.22. The irradiance within the PDMS membrane changes to
accommodate the additional light lost from every millimetre of the extraction substrate
as shown in Equation 3.3, where z is the distance in the PDMS membrane from the

LED and n is the discrete region on the extraction substrate.

n
I, = Ioe 017 — 3} " gn (3.3)

n=0

The amount of extracted irradiance, S,, depends on the irradiance in the membrane at
that point I,. It also depends on the efficiency of the extraction substrate to extract

light, F,. An equation for S, is given in Equation 3.4.

Sy =E, x I, (3.4)

For uniform emission, S, should remain constant over the length of the scatter substrate.
Therefore, using Equation 3.4, the efficiency of light extraction would have to increase
with distance from the LED, as the irradiance inside the membrane decreases with

distance.

!This method considers the addition of the scatter substrate as simply adding a loss term to the light
guided within the membrane to keep our phenomelogical approach simple. This is not physically true
as the addition of the scatter substrate disturbs the light guiding as it spreads between the membrane
and scatter substrate.
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FIGURE 3.22: Schematic of light entering the edge of the PDMS membrane with an
extraction substrate on top

3.8.3 Efficiency of light extraction

From Section 3.4.1, we know that the extracted irradiance is dependent upon the con-
centration of TiOs. Using these experimental results and combining them with the
calculated equation for irradiance inside the PDMS membranes (Equation 3.1), the ex-

traction efficiency, E,, of different concentrations of TiOy can be determined.

The pLED array is run at an output power of 10 mW. By using the experimental data

from Section 3.8.1, the irradiance results, in mW/cm?, can be extrapolated to estimate

1.2 4

1.0 4

m  Efficiency of scatter
Exponential fit

o
[e0)
1

Efficiency of scatter (%)
>
1

Equation y = y0 + A*exp(R0*x)
) 1.13462 + 0.02596
0.4 A -1.21875 + 0.02821
RO -5.72278 + 0.56302
Reduced Chi-Sqr 0.44947
0.2 R-Square (COD) 0.99854
Adj. R-Square 0.99757
0.0 — T

T T T T T T T
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F1cURrE 3.23: The efficiency of light extraction versus the concentration of TiO5 in a
scatter substrate
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the initial irradiance within the PDMS membrane, Iy. The irradiance from the pLED
array itself cannot be used as it does not take into account the coupling effect to the
PDMS membrane. As shown in optical simulations, Section 3.2, there is a maximum
coupling of 88% to the PDMS membrane under ideal conditions. Experimentally this will
be less due to the surface of the PDMS membrane not being optically smooth, resulting
in light scattering. From extrapolating the experimental data, I, was determined to
be 220 mW /cm? when the uLED was run at 10 mW. The irradiance was measured as
290 mW /cm? at the surface of the yuLED.

Therefore, using Equation 3.1, at a distance of 18 mm from the LED, the irradiance

2. The 18 mm measurement was

inside the membrane is calculated to be 165 mW /cm
utilised due to its high irradiance results for each concentration of extraction substrate
in the experiments discussed in Section 3.4.1. This value can be used to determine the
extraction efficiency of each TiO9 concentration at the 18 mm measurement. Although
the extraction substrate was placed 15 mm from the pLED, the first 3 mm of the
substrate is a transition region, therefore, this is ignored for this phenomenological
approach to work. A plot of efficiency of scatter (%) versus concentration of TiOy in
PDMS, is shown in Figure 3.23. The trend shows that with increasing concentration of
TiOs, the extraction efficiency increases until 0.75%. An exponential fit can be applied

to this data to produce an asymptote value of 1.1%, from this it can be seen that the

maximum amount of light that can be extracted from a substrate at any given z is 1.1%.

For uniform emission, S, should remain constant over the length of the scatter substrate.
As the total amount of light available in the membrane for extraction only changes with
Iy, the S, value will be different for different lengths of extraction substrate, L. For
example, a substrate with a shorter length can have a higher extracted irradiance value

than a longer substrate for the same input irradiance.

E, =22 (3.5)

By rearranging Equation 3.4, an equation for E, can be given. However, this equation,
Equation 3.5, does not take the length of the extraction substrate and the position on
the PDMS membrane into account. In order to determine the F, values for different
lengths of scatter substrate, Equation 3.6 can be used for each region of an extraction
substrate when the z and z,,,; values are known. The z,,,; value is the position in the
PDMS membrane at the end of the extraction substrate with length, L. This equation
is used as it is found to give a comparable trend to the experimentally produced data,

discussed further in Section 3.8.5.
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z

B, - f « (3.6)

Zmazx

From Figure 3.23 it can be seen that the values for F, have to range between 0 and
1.1% in order to maintain an increasing trend. A length of scatter substrate, L was fixed
and theoretically placed 15 mm from the pLED, allowing for zp.; to equal 15 + L. The
Sp value was then adjusted and E, calculated until the efficiency of extraction ranged
between 0 and 1.1%. This was repeated for different lengths of extraction substrate, L.
This iterative calculation process produced the resultant calculated S, values required

for different lengths of extraction substrate are given in Table 3.7.

TABLE 3.7: Calculated S, values for different lengths of extraction substrates

Length of extraction substrate Measured S,

mm mW /cm?
5 0.00737
10 0.00647
15 0.0057
20 0.00445
30 0.00394
40 0.00311
50 0.00277

The calculated S, values in Table 3.7 were plotted against the length of the extraction
substrate and the data fitted to obtain a relationship between the extracted irradiance,
the initial irradiance in the membrane and the length of the extraction substrate. This
produces a plot with an exponential relationship given in Equation 3.7. Different initial
irradiance values and lengths of extraction substrates can be input to this equation and

the resultant extracted irradiance for uniform emission calculated.

S, = Iy x 0.0082¢0-024L (3.7)

3.8.4 Equation for a concentration gradient

Using Equation 3.3, 3.6 and 3.7 the extraction efficiency values for uniform light extrac-
tion over different lengths of substrate can be calculated. In order to fabricate these
extraction substrates, the efficiency values have to be converted to a concentration of
TiO2. Applying an exponential fit to the data in Figure 3.23 results in Equation 3.8.

Where, FE, is the efficiency of extraction depending on the concentration, C.

E, =1.1-1.23¢">7C (3.8)
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FIGURE 3.24: The calculated and experimental concentration gradients for uniform
light extraction from a 15 mm long scatter substrate

By rearranging Equation 3.8, the concentration of TiOy required for a calculated ex-

traction efficiency is given in Equation 3.9.

—n (A55*)

Cn = 5.77

(3.9)
Using these equations, the concentration gradient for uniform light over a scatter sub-
strate of length, L, can be calculated. The resultant concentration gradients increase
exponentially with increasing distance from the LED. The trend of increasing light ex-
tracting features is commonly used in edge-lit backlight displays, for example with scat-

tering pyramids [18] or with dot patterns [19, 20].

These calculations consider only the extracted light from the top surface of the substrate;
scattered light in other directions has not been considered. Equation 3.7 only holds true
when the scatter substrate is placed 15 mm from the pyLED, this would have to be
adjusted if the substrate is to be placed at a different distance from the light source.
The measured efficiency of the TiOs scatter substrates is true for 1 mm thick substrates,
increasing or decreasing the thickness of the scatter substrate results in a change in the
efficiency. The calculated concentration gradients remain true for 1 mm thick substrates,
changing the thickness could result in a non-uniform irradiance being observed. Another
limitation to these equations is they only consider the length of the scatter substrate;

different widths have not been experimented.
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3.8.5 Comparison of experimental and calculated concentration gradi-

ent

The validity of the calculated concentration gradients can be compared to the experi-
mental uniform concentration gradient for a 15 mm long scatter substrate. Figure 3.24
contains the calculated concentration gradient and the concentration gradient of the
experimental sample, which consisted of four regions of different concentrations like

shown.

It can be seen that both methods follow a similar trend in concentration with the maxi-
mum and minimum concentration values being very similar. Further experimental work
would have to be carried out on different lengths of scatter substrates to truly ensure the
validity of the calculated gradients for producing uniform irradiance. A similar method
has been used to produce uniform emission in [21]. This method resulted in a linear trend
due to the waveguide loss being linear. As the loss within the PDMS membrane utilised

here is exponential, the trend in increasing concentration is therefore also exponential.

3.9 Summary

In this chapter, the use of a uLED array and elastomeric membrane as an edge-injected
light guide has been demonstrated. The uLED design and subsequent electrical and
spectral properties were described in detail, as was the design of the PCB for the pLED.
The efficiency of the device with TiOg2 nanoparticles in PDMS was measured and com-
pared to that of the broad-area LED in Chapter 2. Extraction substrates with a gradient
concentration of TiOs were fabricated and tested to produce uniform emission using a
substrate 15 x 15 mm?2. A uniform irradiance of 1 mW/cm? was obtained over an area

more than 1 cm?

. With a pLED optical power of 10 mW, the overall output power
measured was 2.3 mW, resulting in an extraction efficiency of 23%. This is an increase
compared to the tapered extraction method. Finally, experimental data was utilised to
determine a mathematical method of calculating concentration gradients for different

lengths of extraction substrates.
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Chapter 4

Other wavelengths and

dual-wavelength operation

Previous chapters utilised a broad LED and yLED array that both emit at blue wave-
lengths. In this chapter, different emission wavelengths and a combination of multiple
wavelengths are shown. Firstly, a UV LED is used as the light source and its electrical
and spectral properties are discussed. Previously described scatter substrates are used
to produce uniform emission and this is compared to the results with the blue LED.
Emission at a red wavelength is obtained by adding colour converting quantum dots to
a PDMS membrane coupled to the blue uLLED. The effect of colour converter concentra-
tion is shown as is uniform red emission. Finally, multiwavelength capability is shown
by combining colour converters and scatter substrates, producing uniform blue and red

emission over the same extraction area.

4.1 Why other wavelengths?

As discussed in Chapter 1, different wavelengths of light are used in phototherapy to treat
different dermatological conditions. UV phototherapy is the most common technique,
having been utilised medically towards the start of the 20th century [1]. UV light is
used clinically, on its own or with a photosensitiser to treat psoriasis [2], vitiligo [3]
and eczema [4]. More recently treatment with visible wavelengths is becoming common.
Blue light is used to treat infant jaundice [5], mild psoriasis [6], acne [7] or in some
cases with a photosensitiser to treat actinic keratosis [8]. Red wavelengths are used for
anti-aging [9], to help with wound healing [10], or with a photosensitiser to treat actinic
keratosis [11]. Multiple wavelengths of light are desirable for phototherapy devices to

treat the vast array of different medical conditions.

92



Chapter 4 93

4.2 UV LED device

UV phototherapy is typically carried out in a clinical environment and uses large flu-
orescent lamps. Recently, the use of these devices at-home has become more popular
due to the convenience for patients and the decreased demand on healthcare resources.
At-home devices are available, however, these still utilise fluorescent lamps [12]. LEDs
would make a more compact, energy-efficient, at-home device. UV LEDs are becoming
more common in devices as their fabrication and efficiency improves. They have been
utilised in a study to treat psoriasis [13]. UV LEDs can be purchased commercially with
wavelengths from 360 nm in the UVA to 400 nm. Higher energy wavelengths, UVB and

UVC, can be purchased from specialised suppliers.

4.2.1 UV LED properties

The LED utilised for this chapter was a broad area Luxeon UV LED by LumiLEDS [14].
The device consists of an LED chip (1 x 1 mm?) bonded to a power star as shown in
Figure 4.1(a). The LED has poor thermal properties compared to the blue LED [15].
Therefore, when turned on, even at low supply currents, there is a decay in output
optical power with time. In order to reduce this decay, the LED has to be bonded to an
aluminium alloy heat sink that is 50 mm in diameter and 20 mm thick, shown from the
side in Figure 4.1(b).

To measure the electrical and optical properties of the LED, the technique and setup
described in Section 2.2.2 was utilised. The LED can be run at currents up to 1000 mA

based on the manufacturers data sheet. The output optical power and supplied voltage

FIGURE 4.1: Images of the UV LED on its required heatsink, scale is 10 mm
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FIGURE 4.2: UV LED electronic and spectral properties (a) LIV data and (b) wave-
length spectrum of the LED run at a current of 500 mA

for a range of currents from 100 mA to 1000 mA was recorded and a graph of power-
current-voltage shown in Figure 4.2(a). Optical powers of 20 mW to 130 mW can be
obtained with supply voltages ranging from 2.9 V to 3.3 V. When coupled to the PDMS
membrane the LED was run at 500 mA, resulting in an output optical power of 99 mW.
Figure 4.1(b) shows the emission spectrum of the LED at 500 mA. The device has a
peak wavelength of 383 nm, with a FWHM of 10 nm. This output is in the UVA region

of the electromagnetic spectrum.

4.2.2 Simulated coupling

The UV LED can be modelled in the optical simulation, similarly to the blue LED and
the uLED, with the main difference being the chief wavelength. There is no rayfile
available with the LED therefore, it has to be added into the simulation based on the
properties supplied with the manufacturers data sheet. As the angular properties of the

2 in size. As

emission are given, the LED can be added as a radial source 1 x 1 mm
shown in Sections 2.3.1 and 3.2, a detector was added to the PDMS surface and this
placed in contact with the LED source. A ray trace with 5 million trace rays was carried
out with an LED optical power of 100 mW and a map of irradiance over the detector
surface is recorded. This helps to show the efficiency of the device at coupling light into

the membrane.

The detector map is shown in Figure 4.3, the red pixels correspond to areas of high
irradiance as seen in the centre of the LED, this decreases down to areas of low/no
irradiance which is represented by blue pixels. From the detector viewer, it can be seen
that a total power of 55 mW is measured. Comparing the light that enters the PDMS

membrane to the overall light output of the LED, it can be seen that a maximum of



Chapter 4 95

Incoherent
Irradiance
3.23E+003
2.90E+003
2.58E+003
2.26E+003
1.94E+003
; 1.61E+003
[i3
5 -0.5 1.29E+003
£ o5 9.68E+002
g -100 -80 -6.0 -4.0 -2.0 0 2.0 4.0 6.0 8.0 10.0 6.45E4002
;‘.’ X coordinate value
3.23E+002
0.00E+000
Detector Image: Incoherent Irradiance
Zemax
16/03/2020 Zemax OpticStudio 19.8

Detector 3, NSCG Surface 1:

Size 20.000 W X 1.000 H Millimeters, Pixels 200 W X 10 H, Total Hits = 82966
Peak Irradiance : 3.2257E+03 Milliwatts/cmA2 -
Total Power : 5.4512E-02 Watts CommercialUV.ZMX
Configuration 1 of 1

FIGURE 4.3: Ray trace detector viewer of UV LED light coupled into the PDMS
membrane

55% of the LED light will be coupled into the membrane. The majority of the most
intense light (red pixels) will be coupled into the membrane. However, less of the median
intensity light (yellow/green) will be coupled into the PDMS membrane due to it being
the same thickness as the LED chip. This contributes to the 45% loss in LED coupled
light to the membrane.

4.2.3 Experimental coupling

The LED is butt-coupled to the PDMS membrane and the irradiance from the top
surface of the membrane is recorded, as in Section 2.4.1. The irradiance trend of the bare
PDMS is given in Figure 4.4(a). This is very similar to the irradiance trend seen with
the blue LED in Chapter 2 and uLED in Chapter 3. However, the maximum irradiance
is measured at the end of the 40 mm long PDMS membrane, rather than initially close
to the LED. There is a small initial decay in irradiance at 5 to 12 mm from the LED,
this is due to non-guided light leaking from the membrane. The middle guided region of
the device from 13 to 35 mm has an average irradiance of 96.0 + 12 yW/cm?. An image
of the bare PDMS device coupled to the UV LED is shown in Figure 4.4(b). Similarly,
as for the same image with the blue LED (Figure 2.6(b)), it can be seen most of the
coupled light is emitted at the edges and end of the PDMS membrane.
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FIGURE 4.4: (a) Irradiance graph of bare PDMS membrane and (b) image of PDMS
membrane coupled to the UV LED, scale is 10 mm

4.2.4 Effect of flat scatter substrates and UV LED

The same TiO2/PDMS scatter substrates fabricated in Section 2.6.1 were added to the
surface of the PDMS membrane. These were added in the centre width of the membrane,
15 mm distance from the LED. The irradiance at millimetre intervals along the length
of the membrane was recorded for the different concentrations of TiO2, and is shown
in Figure 4.5. The black solid line in the graph represents the irradiance from a bare

PDMS membrane for comparison.

It can be seen that, as with the blue LEDs, the scatter substrates produce an increase in
irradiance over the emissive region from 15 to 30 mm. The scatter substrates also cause
a decrease in the edge effect. This is because more light is extracted from the membrane
surface, therefore, there is less light scattered when leaving the end of the membrane.
From the figure it can be seen that as the TiOg concentration increases, the maximum
irradiance increases until a maximum irradiance of 17 mW /cm? is obtained for 0.25%.
At higher concentrations (e.g. 2%), the increased opacity of the films reduces the amount
of scattered light extracted through the top surface of the membrane, this results in a
decreased irradiance maximum. As well as an increased irradiance maximum, higher
concentrations of TiO2 have a steeper drop off in irradiance with increasing distance
from the LED. For example, the 28 mm irradiance is 13% of the 17 mm irradiance for
0.75% TiO9 sample, whereas this value increases to 47% for the 0.05% TiOs sample. It
can be seen that the lower concentrations provide a more uniform irradiance over the
length of the scatter substrate, however, they also produce lower maximum irradiance
values. For example, 3.5 mW/cm? and 4.6 mW /cm? for the 0.05% and 0.1% TiO,

substrates respectively.
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FIGURE 4.5: Irradiance of different concentrations of TiO5 scatter substrates with
increasing distance from the UV LED, the irradiance of the bare PDMS irradiance is
given for reference

CCD images were taken of the scatter substrates to produce irradiance maps, as de-
scribed in Section 2.6.3. The irradiance maps produced for each sample show the trend
in light output across the entire substrate, and allow for further comparison between
the samples. The maps for the TiO2 concentrations of 0.05% and 0.75% are shown in
Figure 4.6. As can be seen for 0.05% the irradiance is intense over a broad region of
the scatter substrate width and length and decreases with increasing distance from the
LED, as is seen in the irradiance graph. The intense region of the 0.75% TiOs is smaller
than that of the 0.05% in both length and width, this decreasing trend is seen with

increasing concentration, with both the high and medium irradiance areas decreasing.

From the irradiance maps we can calculate the total power output of each scatter sample
in mW; using this and the LED optical power of 99 mW, the efficiency of the devices can
be calculated. The actual extraction efficiency of the scatter substrates will be higher
than what is calculated here as not all of the LED light is coupled into the PDMS
membrane. Table 4.1 lists the peak irradiance, total output power and efficiency for
a range of TiOg concentrations using the UV LED. From these results, it can be seen
that the total output power increases with increasing concentration up to 0.25% and
then decreases at higher concentrations. This follows the same trend as the maximum
irradiance. The most efficient device at extracting light is the 0.25% TiOs, which extracts

more than 23% of the input power.
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FIGURE 4.6: Irradiance maps from CCD images of (a) 0.05% and (b) 0.75% TiOq
scatter substrates, scale is 5 mm

TABLE 4.1: Table of maximum irradiance values, total power output and efficiency for
different weight ratios of TiO4, based on the UV LED optical power at 500 mA

TiOq Peak average Total power  Efficiency
concentration irradiance
(wt%) (mW /cm?) (mW) %o
0.04 3.3 4003 59 4024 6.1 £0.3
0.05 53 £0.13 95 4040 9.7 £04
0.1 79 £0.06 11.8 4048 12.1 £0.5
0.25 17.0 +0.28 22.7 +0.95 23.2 +1.0
0.75 149 +0.24 184 +£0.77 187 =1.1
1 11.6  +0.05 14.0 +£0.56 14.3 =+0.9
2 5.8 +0.16 7.9 4035 81 409

4.2.5 Uniform light extraction with UV LED

The tapered substrates fabricated in Section 2.7.2 were added to the surface of the
PDMS membrane, 15 mm from the LED. Irradiance measurements were carried out as
before, with the fibre being held at a distance of 5 mm from the surface of the waveguide
to allow for measurements over the whole length of the scatter substrate. Figure 4.7(a)
shows the irradiance results from these samples compared to the bare membrane. From
these results, we can see that with a curing angle of 15°, the 0.05% and 0.1% samples
show a decrease in irradiance with increased distance from the LED. The 0.04% sample,
however, shows an average uniform irradiance of 2.5 4+ 0.1 mW /cm? along the length of
the scatter substrate followed by an increase to 2.8 mW /cm? at the furthest end of the
substrate due to light scattering from the rough edges. An image of the 0.04% sample
is given in Figure 4.7(b).
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FIGURE 4.7: (a) Irradiance of different concentrations of tapered TiOy scatter sub-
strates with increasing distance from the UV LED, the irradiance of the bare PDMS
irradiance is given for reference and (b) an image of the tapered 0.04% TiOs on the
PDMS membrane, scale is 10 mm

As before, the output power from these extraction substrates is calculated, along with
the efficiency of the overall devices based on the LED input power. Table 4.2, lists the
maximum irradiance, power output and efficiency for the different tapered samples. For
the uniform sample it can be seen that the total output power over the extraction area
was 5.8 mW, resulting in an overall device efficiency of 6%, not considering the lost light

that is not coupled into the PDMS membrane initially.
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TABLE 4.2: Table of maximum irradiance values, total power output and efficiency for
different weight ratios of tapered TiOs, based on an input UV LED optical power of
99 mW

TiOq Peak average Total power  Efficiency
concentration irradiance

(wt%) (mW /cm?) (mW) %

0.04 2.8 +£0.03 58 +£0.23 6.0 =£0.3

0.05 3.9 +0.08 74 +£031 7.6 £0.6

0.1 7.1 +0.08 10.3 +£042 105 =+04

4.2.6 Comparison of device with UV and blue LEDs

From the optical simulations, it has been shown that the UV LED couples more LED
light into the membrane (55%), compared to the blue broad LED (45%). This is due to
the design of the LEDs, the blue LED has a silicone lens over the chip, increasing the
emission area, therefore decreasing the light intensity coupled into the PDMS membrane.
The UV LED has no lens, the PDMS can coupled directly to the chip therefore more
light is coupled.

The irradiance from a bare PDMS membrane is very similar for both source wavelengths
and light is extracted from both by adding TiO2/PDMS scatter substrates to the PDMS
membrane. There is a difference in the effect of concentration on extracted light between

the two wavelengths. A comparison for the flat TiOg scatter substrates is given in
Table 4.3.

TABLE 4.3: Table comparing the maximum irradiance, total power output and effi-
ciency for TiO9 scatter substrates with the UV and blue wavelength broad LEDs

TiOo Maximum irradiance  Power output Efficiency
concentration mW /cm? mW %o
uLED LED* uwLED LED* uLED LED
0.05 5.3 4.0 9.5 4.4 9.7 £04 43 #£0.1
0.1 7.9 6.4 11.8 9.0 121 +£05 87 =£0.2
0.25 17.0 13.9 22.7 184 232 +£1.0 179 404
0.75 14.9 18.3 18.4 21.8 187 41.1 21.2 405
1 11.6 17.4 14.0 20.2 14.3 409 196 +04
2 5.8 14.5 7.9 176 81 £0.9 17.1 =0.5

The wavelengths follow a similar trend of increased maximum irradiance and power out-
put with increased concentration. However, the values are higher for the UV wavelength,
so more light is extracted compared to the blue LED. Both sources have similar maxi-
mum power outputs with 22.7 mW for the UV LED and 0.25% TiOs, and 21.8 mW for
the blue LED and 0.75% TiOs. Both wavelengths reach a limit of maximum extraction,
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FIGURE 4.8: Irradiance maps from CCD images of uniform devices at different wave-
lengths (a) UV LED and 0.04% tapered TiOs and (b) blue LED with 0.05% tapered
TiO3, scale is 5 mm

after which the extracted light decreases although the concentration of nanoparticles in-
creases. This is caused by multiple scattering events taking place within the substrate,
reducing the intensity of light extracted. This maximum extraction value is different
for the different wavelengths, with the UV LED limit being 0.25% and the blue LED
limit being 0.75%. This change in extraction with wavelength is due to the scattering
of light depending upon the wavelength [16]. Shorter wavelengths are scattered more
strongly than longer wavelengths, hence the increase in extracted light with the UV

LED compared to the blue LED, with the same concentration of TiOs.

Due to the difference in extracted light, a different concentration of TiOg is required
to produce uniform emission with the tapered substrates. The blue LED produced
a uniform irradiance of 4.5 mW/cm? (Section 2.7.3) using the tapered 0.05% TiOq
substrate. For uniform irradiance from the UV LED membrane, the 0.04% tapered
TiO, substrate had to be used. Producing an average irradiance of 2.5 mW /cm? over the
length of the substrate. The irradiance maps for both samples are shown in Figure 4.8.
It can be seen that both have intense irradiance in the centre of the substrate, covering
most of the width. Comparing the maps, it can be seen that the UV device is more
uniform over a slightly larger area than the blue, seen in the SD of the means, with the
UV having a deviation of 0.1 mW /cm? compared to the SD of 0.8 mW /cm? for the blue
device. Due to the larger maximum irradiance and higher output power, the blue device
is more efficient based on the input optical power. The blue device has an efficiency of
8.4% compared to the UV efficiency of 6%.
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4.2.7 UV LED summary

Uniform emission was shown in the UV using a tapered TiO3 scatter substrate. Based on
the similarities between this and the blue LED, a similar formula for the concentration
gradient could be used to produce uniform emission from a flat substrate. The gradient
would need to consist of a lower concentration for the maximum than that seen with
the blue LED. This is due to the strong wavelength dependence of scattering [16]. In
the optical simulation, more of the broad UV light is coupled into the membrane, 55%
compared to 45% for the blue broad LED, despite the LED chips being the same size.
This is due to the silicone casing surrounding the blue LED, increasing the extraction
profile of the LED [17]. The UV LED has an exposed LED chip which has a decreased
extraction profile and allows for a physically better coupling to the PDMS membrane.

4.3 Colour convertors for red emission

As well as using different LED sources, colour converters can be utilised to produce a
different emission wavelength. Common colour converters are colloidal quantum dots
(CQDs), these act as down-converters, absorbing short wavelength light and emitting
light of a higher wavelength [18, 19]. CQDs can be encapsulated in polymer matrices to

enhance the stability and protect the dots from environmental effects [18].

4.3.1 Fabrication of colour converter membranes

Red CQDs (630nm-emitting CdSSe/ZnS, 6nm mean diameter) were diluted at different
concentrations in toluene before being added to a set weight of uncured PDMS. The
calculations used in our lab depend on 20% of CQD solution being added to a known
mass of uncured PDMS. There is a limit on the amount of CQDs that can be added
to the uncured PDMS, above 0.5% CQDs to PDMS mass ratio results in the PDMS
not curing. The PDMS polymerisation process utilises a platinum-based catalyst for a
hydrosilylation reaction, this process can be inhibited by electron deficient molecules [20].
Although the exact ligands in the CQDs utilised are unknown, many ligand types are
electron-deficient [21].
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TABLE 4.4: Table of CQD concentration in toluene and resulting concentration in
PDMS converter substrates

CQD concentration in toluene CQD concentration in PDMS

(mg/ml) (0)
5 0.1
10 0.2
15 0.3
25 0.5

The CQDs were added to the uncured PDMS and the mixture stirred to fully ho-
mogenise. The resultant solution was added to a mould to produce 1 mm thick sub-
strates. These were cured at 80°C for 6 hours, before being cut to produce substrates
15 x 15 x 1 mm3. The concentrations of CQDs utilised, and the resulting weight ratio of
CQDs to PDMS in the substrates is given in Table 4.4. Images of the substrates under
white light are shown in Figure 4.9(a).

The emission of the CQD substrate being excited with the yLED array is shown in
Figure 4.9(b). The samples have a peak red wavelength at 634 nm with a FWHM of
29 nm.

4.3.2 Irradiance of colour converters

The CQD substrates are added to the PDMS membrane similarly to the TiO9 substrates,
in the centre of the membrane width, 15 mm from the pLED. The pLED is run at a
current of 120 mA, producing an output optical power of 10 mW. Spectral irradiance

is measured as before at millimetre intervals along the length of the membrane. The
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FIGURE 4.9: (a) Image of CQD substrates in white light, arrow represents increasing
CQD concentration from 0.1% to 0.5%, scale is 10 mm and (b) emission spectrum of
CQDs in PDMS substrate
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FIGURE 4.10: Irradiance from PDMS membrane with CQD substrates added

irradiance is obtained by integrating over the region of 550 nm to 700 nm. Therefore, the
irradiance recorded is only associated with the CQD substrate emission. The irradiance

of the different concentrations of CQD substrates is shown in Figure 4.10.

CQD substrates show a similar irradiance profile to the TiO4y substrates. Initially, close
to the LED (15 mm), an irradiance maximum for the sample is measured, the irradiance
then decays along the remaining length of the substrate. It can be seen that a low CQD
concentration (0.1%) produces a lower irradiance maximum at 0.16 mW /cm?, however,
the profile is broader and more uniform along the length than the higher concentrations.
For the other substrates, there is a slight increase in irradiance maximum with increasing
concentration with a maximum of 0.47 mW /cm? being obtained for the 0.5% CQD
substrate. As for the TiOg samples, a higher irradiance maximum leads to a quicker
drop in irradiance over the length (or a decreased uniformity). This is due to the blue

light decreasing along the length of the CQD substrate due to absorption.

4.3.3 Uniform red emission

Similarly to the scattering effect with TiOg, the concentration of CQDs in the substrate
could be decreased further to obtain uniform emission. However, this would result in a
very low value for the irradiance. Light scattering substrates can be used along with the

CQDs to scatter more light further from the pLED, which can then be absorbed and
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FIGURE 4.11: (a) Method for obtaining uniform red emission from device and (b)
image of this method being tested, scale is 10 mm

down-converted by the CQDs further along the length of the membrane. This is shown

in schematic form in Figure 4.11(a).

4.3.3.1 Fabrication

Substrates with a TiO2 concentration gradient were fabricated similarly to Section 3.6.5.
However, there were only two regions of different TiOs concentration for simplicity.
Region 1, 7.5 mm in length consisted only of PDMS, region 2, also 7.5 mm in length,
consisted of either 0.1, 0.2 or 0.5% TiOs in PDMS.

4.3.3.2 Method

These cured samples, 15 x 15 x 1 mm?, were added to the centre of the PDMS membrane,
15 mm from the yLED. The CQD substrates were then added to the top of the scatter

substrate and the irradiance measured, as per Section 4.3.2.

4.3.3.3 Uniform red irradiance

The irradiance from the 0.5% CQD substrate was measured when added to the three
different scattering substrates on the PDMS membrane. The irradiance results are
shown in Figure 4.12(a). It can be seen that compared to the irradiance from the CQD
substrates alone (Figure 4.10), the irradiance values are lower than that of 0.5% CQD.
This is because there is less light in the scatter substrate than in the PDMS membrane,
therefore there is less that can be converted into red light. The irradiance values are still
higher than the low concentration CQD sample (0.1%). When the scatter sample has a
concentration increase to 0.1% or 0.2% TiOq, the irradiance from the CQD substrate still
decays with distance, although this decay is less harsh than with the CQD substrates
alone. Having an increase to 0.5% TiO2, however, results in a uniform profile of red

irradiance being obtained from the device. An average irradiance of 270 & 32 uW /cm?
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FIGURE 4.12: (a) Irradiance of 0.5% CQD converter substrate with scattering films
of different concentration added between membrane and substrate and (b) image of
uniform red device, scale is 10 mm

is achieved with the 0.5% CQD substrate and a scatter substrate of PDMS and 0.5%
TiOy/PDMS.

A CCD image of this sample can be taken to produce an irradiance map, as shown in
Section 2.6.3. However, a long-pass filter (Thorlabs, FEL0500) is added to the setup,
with a cut-on wavelength of 500 nm. This is to remove any scattered pLED light, to

ensure the map contains only information at red wavelengths.

The irradiance map of the uniform red emitting device is shown in Figure 4.13. As

was shown in the irradiance graphs, the irradiance is uniform over the centre of the

substrate. It can also be seen that it is uniform across the width of the CQD substrate.

From this map, the total output power of the substrate is calculated to be 0.6 mW.
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FIGURE 4.13: Irradiance map of uniform red device using a scatter substrate and 0.5%
CQD substrate, scale is 5 mm

Based on an input puLLED optical power of 10 mW, this results in an overall device
efficiency of 6%. Again, this efficiency value is realistically higher considering not all
of the uLED light will be coupled into the PDMS membrane. The output power is
much lower for this device with colour converters than for the concentration gradient
uniform blue device (Section 3.7.1). This is due to the colour conversion process not
being 100% efficient [22]. As the absorption profile of the CQDs overlaps with the
emission profile, some of the converted light is not reabsorbed by the quantum dots.
Some LED light is also not converted at all and scatters/reflects based on the laws of
total internal reflection. Although this device produces uniform red irradiance, there is

still blue irradiance being extracted over the emissive region.

4.4 Multiwavelength capability

For some dermatological conditions, multiwavelength emission is beneficial. For exam-
ple, utilising the antibacterial effects of blue light with the anti-inflammatory effects of
red light has been shown to increase skin healing [23, 24]. This combination of wave-
lengths has also been used to treat diabetic skin ulcers for the same properties [25]. The
device platform with the blue yLED array combined with TiOy scatter substrate and

CQD converter substrate has the capability to produce a multiwavelength output.

4.4.1 Obtaining multiwavelength emission

In Section 4.3, the device was utilised to produce uniform red emission using a colour
converter substrate (15 x 15 x 1 mm?), with a CQD concentration of 0.5%. Between
the PDMS membrane and CQD substrate a scatter film was added (15 x 15 x 1 mm3).
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FIGURE 4.14: (a) Spectral irradiance from uniform red device, measured at 23 mm
from pLED and (b) irradiance of the uniform red device at blue and red wavelengths,
along with the total irradiance

The first 7.5 mm of this film was PDMS, followed by 7.5 mm of 0.5% TiO2 in PDMS.
This combination allowed uniform red emission to be obtained over the scatter substrate

(Section 4.3.3.3).

As the irradiance is obtained from the spectral irradiance (Section 2.4.1), the irradiance
from different regions of the spectrum can be measured at the same time. Figure 4.14(a)
shows the spectral irradiance, 23 mm from the uLED, for the uniform red device. Inte-
grating over the highlighted wavelengths, gives a blue irradiance of 0.25 mW /cm? and
a red irradiance of 0.3 mW /cm?. The overall irradiance across the visible spectrum at

that measurement point was 0.55 mW /cm?.

The blue and red irradiance for the uniform red device is given in Figure 4.14(b), as is
the total irradiance from 400 to 700 nm. It can be seen that, although the red irradiance
is uniform, the blue irradiance (and in turn the total irradiance) is not uniform. The
extracted blue light increases with distance from the pLED, plateauing between 18 mm
and 22 mm from the uLED. The irradiance then increases further with a maximum of
0.35 mW /em? being recorded 25 mm from the pLED. This sudden increase in irradiance
is due to more blue light being scattered by the increase in TiOg nanoparticles in the
scatter substrate. Not all of the scattered blue light is converted to red light by the

CQDs resulting in an increase in the blue emission.

4.4.2 Multiwavelength uniformity

Different combinations of scatter substrates and concentrations of CQD converting sub-
strates were tested to determine the effect on both the red and blue irradiance. By using

a scatter substrate of the same design as Section 4.3.3, but with a lower concentration of
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TiO2 (0.2% compared to 0.5%) and combining this with a lower concentration of CQD
in the converting substrate (0.2% compared to 0.5%) a uniform irradiance of both blue

and red wavelengths can be obtained. The irradiance results are shown in Figure 4.15.
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FIGURE 4.15: Irradiance of a PDMS membrane, with an extraction substrate consisting
of PDMS and 0.2% TiO, PDMS and a CQD converter substrate of 0.2%

From this it can be seen that a uniform total irradiance of 0.53 mW /cm? can be ob-
tained, comprised of a uniform red irradiance of 0.26 mW/cm? and a uniform blue
irradiance of 0.27 mW /cm?. Trradiance maps can be used to observe the irradiance over
the entire extraction region. The total irradiance map can be produced following the
steps in Section 2.6.3. In order to view the irradiance maps for the red and blue irra-
diance separately, filters have to be added to the imaging setup to block out the other
wavelength. For the blue irradiance, a short-pass filter (Thorlabs, FES500) is added to
the setup with a cut-off wavelength of 500 nm, stopping any light above this wavelength
being imaged. For the red irradiance, a long-pass filter (Thorlabs, FEL0500) is added
to the setup with a cut-on wavelength of 500 nm, any light below this wavelength will
be absorbed /reflected.

The irradiance maps of the uniform multiwavelength device are shown in Figure 4.16
along with an image of the device. From these the power output of the device at each
wavelength has been calculated, as has the total power output regardless of wavelength.
The blue extracted light has an optical power of 0.54 mW and the red extracted light
has an optical power of 0.51 mW. This then leads to a total optical power of 1.1 mW,
giving the device an efficiency of 11% based on the pLED input power.
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FIGURE 4.16: Irradiance maps from the multiwavelength device, (a) blue wavelength
map, (b) red wavelength maps, (¢) all visible wavelengths map and (d) an image of the
multiwavelength device, 5 mm scale

4.5 Summary

In this chapter, the ability of the device design to be utilised at other wavelengths
has been realised. The source wavelength can be changed and the irradiance extracted
from the PDMS light guide using scattering nanoparticles. The concentration of these
particles has to change to produce uniform emission due to the wavelength dependency
of light scattering. Uniform emission at a UVA wavelength of 383 nm was obtained using
a tapered nanoparticle substrate. Although not tested, theoretically the concentration
gradient method utilised in Section 3.6 could be adapted for this lower wavelength, to
achieve a higher irradiance with a thinner device structure. If lower wavelengths have
to be realised, for example narrowband UV B, the nanoparticles utilised to extract light
may have to change due to increased TiOs absorption at UV wavelengths [26]. Possible
nanoparticles include zirconium dioxide (ZrO2) or hafnium dioxide (HfO3). These have
similar properties to TiOg, however, their larger band gap means less UV light will be
absorbed [27]. ZrO2 has even been shown to be dispersed in a PDMS matrix to produce

a high refractive index composite [28]. An alternative solution to nanoparticles would
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be to utilise a porous PDMS extraction substrate. This would scatter light in a similar
method to the high refractive index nanoparticles, with the difference of the pores being

low refractive index (air).

This chapter also utilised substrates of CQDs in PDMS to convert the blue puLED
light into red light. The substrate fabrication and effect of different concentrations was
discussed. The combination of TiO2/PDMS scatter substrates with CQD converting
substrates produced a uniform red irradiance over the extraction area. By adjusting the
concentrations of CQDs and TiO2 a device with uniform multiwavelength irradiance was
obtained. One major challenge of the colour converting device is the use of cadmium-
based quantum dots. These are encapsulated in a polymer matrix which helps decrease
the degradation of the quantum dots, caused by oxygenation and thermal effects. How-
ever, the use of them in a biological capacity is restricted due to their toxicity [29]. Many
studies have been carried out to produce alternative materials, so called cadmium-free
quantum dots [30]. These alternative materials do not yet meet the optical properties

of their cadmium-based counterparts, although they are progressively improving [31].
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Chapter 5

Design Optimisation

In this chapter, the optimisation of the device from Chapter 3 is discussed in more de-
tail. The effect of adding a reflective layer on one side of the device (opposite to the
illumination area) is shown using a flexible mirror-like material. The effect of curvature
on the device is studied by measuring the irradiance at different percentage curvatures.
Secondary waveguides are fabricated and embedded in PDMS membranes in an attempt
to move the extraction area further from the light source, to increase the extracted irra-
diance and to offer the possibility of structured illumination. The pLED light is coupled
into a 500 pm thick membrane to test the effect of coupling to thinner membranes.
Finally, injection of pLLED light at both ends of the PDMS membrane is demonstrated

as a method of increasing the extracted irradiance.

5.1 Utilising a reflective layer

The device discussed throughout this thesis has consisted of a PDMS membrane and
an extraction substrate (sometimes with a colour converter). Looking at images of the
device, it can be seen that light that is not extracted is guided out of the opposite end
of the membrane from the source. Furthermore, as the scattering in the extraction film
can be assumed to be isotropic [1], it is likely that a similar amount of light is extracted
out of the bottom of the device as from the top. There is therefore scope for improving

the extracted irradiance by using solutions to recycle these ‘lost’ photons.

5.1.1 Extraction effect on either side of the PDMS membrane

The extracted irradiance from both sides of the PDMS membrane was measured to con-

firm if a similar effect is seen on both sides. A schematic of the methods for comparison

114
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FIGURE 5.1: Schematics of the different geometries for irradiance measurements,
(a) with the extraction substrate facing upwards and irradiance measured from this
substrate and (b) with the extraction substrate facing down and irradiance measured
from the PDMS

is shown in Figure 5.1. The measurement method used previously, measured the irra-
diance from the extraction substrate side of the membrane (Figure 5.1(a)). To measure
the irradiance on the other side of the PDMS membrane, the device is turned upside
down with the extraction substrate on the bottom of the device. The irradiance is then

measured through the PDMS membrane as in Figure 5.1(b).

The irradiance of different concentrations of TiOy extraction substrates was measured
and compared, the results of the 0.5% TiOs are given in Figure 5.2. From the irradi-
ance results it can be seen that a similar irradiance is seen with both methods. With
the substrate down sample, the maximum irradiance is slightly higher with a value of
2.1 mW/cm? compared to 2.0 mW /cm? with the substrate up. This slight increase is
less than 5% which is within the 15% error specifications utilised throughout this thesis.
This allows measurements to be taken from either side of the membrane and compared.
From these results, it stands to reason that the use of a reflective layer on one side of

the membrane would increase the extracted light.

5.1.2 Reflective materials

There are a range of materials that can be utilised for reflecting the light. A metal
layer deposited on the membrane surface, like silver or aluminium, would reflect the
majority of light, however, this is an expensive method and the material would likely
be prone to cracks and delamination [2]. Other reflective substrates include reflective
paints and varnishes, these generally consist of small glass particles that act as a prism to
reflect light back towards the source, a technique known as retro-reflectivity [3]. These
are used in applications like street signs and road markings, and visibility markers on
bicycles [4]. However, as these paints are water or oil based, they are unable to form
effective films on the hydrophobic PDMS surface. There are methods which can be
employed to temporarily make the PDMS surface hydrophilic including treatment with



Chapter 5 116

2.0+
‘*’g 15 —=— Substrate up
o —e— Substrate down
=
E
3 1.0
c
©
ie]
©
T 0.5+
0.0+

Distance from uLED (mm)

F1GURE 5.2: Irradiance results of 0.5% TiO, scatter substrate measured with the
substrate facing upwards and facing down

oxygen plasma or chemicals [5]. This would allow for the PDMS membrane to be
painted /varnished. However, the resultant reflective film would be rigid. Therefore,
cracks would form in the film if the membrane was bent over a curved surface, multiple
cracks could result in delamination of the film and reduced reflectivity properties. There
are flexible reflective films that can be fabricated from nanoparticles, including graphene
oxide sheets [6] and silk clay films [7], however, these are expensive to fabricate. A more
cost-effective alternative is to use off-the-shelf flexible reflective materials. These consist
of a flexible substrate, like paper or plastic, coated in a reflective paint [8]. These

materials are commonly available for interior design or crafting purposes.

5.1.3 Reflective methods

Flexible mirror-like tiles were purchased (Amazon) to be utilised as the reflective mate-
rial. These are coated polyethylene terephthalate sheets that can be cut to size and bent
to any shape while maintaining an optically smooth surface. The extraction substrate
down method was used with the reflective layer to measure the increase in irradiance.
By placing the mirror in contact with the extraction substrate and measuring through
the PDMS, the irradiance increase occurs more at the extraction substrate area, rather

than over the entire membrane.
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FIGURE 5.3: Schematic of the membrane setup for the reflective tests using a flexible
mirror-like material

The reflective material is cut to the size of the membrane (20 x 40 mm?) and placed
underneath in contact with the extraction substrate, this contact holds the reflective
film in place under the PDMS membrane. The reflective material for the end is cut
slightly larger (20 x 2 mm?) to cover the end of the membrane and fill the gap between
the PDMS and the mirror at the end of the membrane, shown in Figure 5.3.

5.1.4 Highlights of irradiance with reflective layer

The reflective mirrors were added to the membrane with different concentrations of TiO5.
The irradiance was measured and compared to the same devices without the reflective
mirror. The results are shown in Figure 5.4. For each concentration the irradiance
increased by at least 90%. With the lower concentrations, 0.05% and 0.1% the peak

irradiance more than doubles.

Irradiance maps were taken of these substrates using the method from Section 2.6.3.
From these maps the total output power and efficiency based on the input LED optical
power can be measured. These are given in Table 5.1, with the results from the same

devices with no reflective material for reference.

TABLE 5.1: Table comparing the maximum irradiance, total power output and effi-
ciency for TiOs scatter substrates with the bare PDMS membrane and the reflective

layer
TiOo Maximum irradiance Power output Efficiency
concentration mW /cm? mW %
Bare Reflective Bare Reflective Bare Reflective
0.05 0.5 1.2 0.7 2.2 74 +£0.2 224 +0.8
0.1 0.8 1.9 1.2 3.5 12.2  4+0.8 35.7 +0.7
0.5 1.9 3.6 2.4 5.7 242 +1.3 576 =+1.2

As well as increasing the peak irradiance, the reflective layer increases the irradiance over
the entire extraction substrate. This is seen in the increased power output calculated

from the irradiance maps. This results in increased efficiencies based on the pyLED
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FIGURE 5.4: Irradiance results of different TiOo extraction substrates on a PDMS
membrane with and without the reflective layer on one side of the membrane

optical power. The efficiencies are all 100% higher than without the reflective layer with
a maximum efficiency of almost 57% with the 0.5% TiOy extraction substrate. The
increase in efficiency is less, as the concentration of TiO2 in the extraction substrate
increases. This is likely due to light being scattered more within the substrate. Multiple
scattering events leads to less light being extracted out of the top surface, similar to the
effect of increasing the TiOg concentration above 1%. It is worth noting that the actual
extraction efficiency of the substrates will be higher as not all of the 10 mW pLED

optical power is coupled into the PDMS membrane.

5.1.5 Uniform irradiance with reflective layer

The reflective material was added to the uniform device from Section 3.7.1. The ir-
radiance was measured from the top surface of the membrane, the side opposite the
extraction substrate. This is shown in Figure 5.5 comparing it to the same device with
no reflective layer. It can be seen that the addition of the reflective layer increases
the irradiance over the entire PDMS membrane with a high irradiance increase close to
the pLED, this is due to reflection of the non-guided leaky mode light. The average
irradiance over the extraction substrate increases to 1.7 mW /cm?, an increase of 80%,
similar to the reflective effect on the single-concentration substrates. Irradiance maps
were taken as in Section 2.6.3, the resultant maps are given in Figure 5.6. It can be

seen that, the addition of the reflective layer increases the uniformity across the scatter
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F1GURE 5.5: Irradiance results of the uniform irradiance producing concentration gra-
dient extraction substrate with and without the reflective layer
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FIGURE 5.6: Irradiance maps of the uniform irradiance producing concentration gra-
dient extraction substrate (a) without the reflective layer and (b) with the reflective
layer, scale is 5 mm

substrate as well as increasing the mean irradiance. This can also be seen in the SD
of the mean irradiance values, with the reflective method giving a mean irradiance of
1.7 mW /cm? + 8.9% while the same sample without a reflective layer produces a mean
irradiance of 1.0 mW /cm? + 13.2%.

The irradiance map shows that the total power output from the device is 4.8 mW, giving
the device an efficiency of 48% based on the output optical power of the uLED device.

The same sample, without the reflective layer, has an output power of 2.3 mW and an
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efficiency of 23%. The reflective layer more than doubles the efficiency of the uniform

extraction substrate.

5.2 The effect of curvature

One main benefit of our device design is the flexibility of the PDMS membrane. Pho-
totherapy treatment is carried out on many areas of the human body, most of which are
not flat [9]. The device designed in Section 3.7.1 has been shown to produce uniform
emission when flat, however, to be used therapeutically, the device also has to produce
uniform irradiance over curved surfaces. Therefore, the irradiance of the device under

different curvatures needs to be examined.

5.2.1 Design of experiment

Curved objects were obtained at three different curvatures, shown in Figure 5.7. The
pieces are made from brushed aluminium as it was available to us. Each curve generally
relates to a different body area and is described as a percentage where, 0% is a flat
substrate and 100% would be a substrate bent at 180° in the centre. Piece (a) has a
small curve of 33%, which generally would correspond to the curvature of a large body
area, like a thigh or the skull. Piece (b) has a larger curve corresponding to a smaller
body area like an arm with a curvature of 55%. The third piece, (¢) has a much steeper
curve of 85%, on a body this would correspond to a finger. These samples had curvature
radii of 27 mm, 18 mm and 6 mm, respectively. It is worth noting that although these
pieces are suitable for measuring curvature at different radii, the effect on a patient’s
skin would not be identical. In particular, these pieces allow measurements to be made
on the outer side of the device whilst on a patient’s body, it would be light on the inner
side of the device that has an effect. Although this is suitable to estimate effects of
curvature to be more accurate the experiment should be repeated with curvatures in the

opposite direction to measure the light output on the inside of the bend.

5.2.2 Curvature method

The membrane has to be stuck to the curved piece to maintain the curved shape through-
out the experiment. Double-sided sticky tape is used along the length of the membrane,
at either side and at the end opposite the puLED array. The glue in the tape has a higher
refractive index than PDMS [10], therefore, some of the light will be guided through it,

as seen in Figure 5.8. In order to ensure any measured irradiance changes are due to the
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(a) (c)

FIGURE 5.7: The brushed aluminium pieces used for curvature measurements, (a) 33%,
(b) 55% and (c) 85%, scale is 10 mm

curvature effect, an initial measurement is carried out with the membrane held flat on
a flat piece of the same brushed aluminium. Any changes corresponding to the metallic
base and the taped edges is then cancelled out between the different curvatures. Im-
ages of each of the curvatures with the uLED turned on, is shown in Figure 5.8. The
0% curvature picture is not with the aluminium piece underneath, this was taken at a

different time, on the traditional setup.

In order to measure the irradiance at the membrane surface as in Section 2.4.1, the

optical fibre has to be rotated, as well as translated in the y and z directions.

The optical setup shown in Figure 3.7 contains a rotation stage, this allows the angle
of the optical fibre to be moved 360° in a radial direction. Using the curvature of the

metal pieces, the angle of fibre and the height and lateral positions required, can be

FI1GURE 5.8: Images of the uniform extraction substrate under different percentages of
curvature, (a) 0%, (b) 33%, (c) 55% and (d) 85%, scale is 10 mm
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FIGURE 5.9: Irradiance results of the uniform extraction membrane under different
percentage curvatures

calculated to measure the irradiance at each millimetre distance from the yLED along
the length of the membrane. Allowing for an accurate comparison of the irradiance from

the different curvatures.

5.2.3 Irradiance results at different curvatures

The irradiance for each curvature at millimetre intervals from the pLED array was taken
and is shown in Figure 5.9. As can be seen, the irradiance remains fairly similar for the
flat sample and the 33% and 55% curvature samples. The slight decrease in 33% and
increase in 55% are likely due to small differences in coupling to the uLEDs. It is difficult
to ensure the coupling is accurate at each curvature, so slight deviations are likely to
occur. This accounts for the small differences in the irradiance values. The device with
85% curvature shows a much different irradiance profile. There is a peak irradiance close
to the uLED, and the irradiance then decreases over the length of the scatter substrate,

resulting in a non-uniform emission profile.
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F1cUrRE 5.10: Irradiance maps of the uniform extraction membrane under different
percentage curvatures, (a) 0%, (b) 33%, (c) 55% and (d) 85%, scale is 5 mm

5.2.4 Irradiance maps and power

CCD images of the device at each curvature were taken and irradiance maps were pro-
duced. These maps are shown in Figure 5.10. These maps show similar irradiance trends

to those observed in the irradiance results.

Looking at the irradiance maps for the 55% and 85% an initial high irradiance is seen
at the start of the samples; this is actually scattered pLED light that is observed due to
the curvature effect. From the irradiance maps, the total power output can be estimated
using the same technique as in Section 2.6.3. With the total output power, the efficiency
of the devices based on the uLED optical power can be determined, shown in Table 5.2.
The flat device produces the highest power, resulting in an efficiency of 26%. The 33%
curvature and 55% curvature have efficiency of 25%, just 1% lower than the flat device.

The efficiency of the 85% curved device has a decreased efficiency down to 20%.
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TABLE 5.2: Table comparing the peak irradiance, total power output and efficiency for
the uniform TiO, extraction substrate at different percentage curvatures

Curvature Peak average Total power Efficiency

irradiance
(%) (mW /cm?) (mW) %o
0 1.3 £0.07 2.6 +0.08 26 +0.8
33 1.3  £0.02 2.5 +0.04 25 0.6
55 1.4 +0.04 25 +£0.06 25 +0.7
85 1.3 +0.05 20 £0.09 20 +1.4

From these results, it can be seen that curvatures of 33% and 55% still produce uniform
irradiance outputs. However, by increasing the curvature to 85%, the device loses its
uniformity over the 15 x 15 mm? extraction area. This shows that the device can
produce uniform emission when placed over contours up to at least 55%. The decrease
in uniformity at the small curvature radius is likely due to a change in the waveguiding
conditions due to bending loss. If the device is to be used at smaller curvatures than
55%, the concentration gradient of TiOy along the length of the substrate would have

to be changed to produce uniform light.

5.3 The addition of a secondary waveguiding layer

A secondary array of waveguides can be utilised to guide the yLED light in a 2-
dimensional format further down the PDMS membrane. Increasing the distance from the
source to the treatment area, while maximising brightness. Herein, these waveguides are
embedded within the PDMS membranes and consist of areas of higher refractive index

that have a rectangular cross-section.

5.3.1 Waveguide design

In order to couple a light from the pLEDs, the embedded waveguides need to have
a higher refractive index than the PDMS membrane. A number of materials can be
used as the waveguiding material, including a lower ratio PDMS, shown experimentally
in [11] and [12]. Other materials, such as epoxies can also be used, these are available
with a higher refractive index [13]. These are a more suitable material for the secondary
waveguides, the PDMS membrane used already has a low PDMS ratio, making the
refractive index change less suitable. For effective coupling, the waveguide ends have to

be large enough to couple light from the yLLEDs.

The waveguide contact area was chosen to be 180 x 180 xm?, this is larger than the pLED

pixel size (100 x 100 pm?), however, smaller than the emissive area of the uLED pixels,
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FIGURE 5.11: Design of secondary waveguides in the PDMS membrane, (a) a side view
of the membrane edge, showing the size and pitch of the waveguides and (b) top-down
view of the membrane showing the waveguide length

which is dependent on the thickness of the sapphire substrate [14]. The waveguides
should therefore couple a large portion of the emitted yLED light, allowing the method
to be demonstrated. The waveguides were chosen to have a length of 10 mm. This value
was chosen as it allowed the waveguide ends to be far enough away from the puLLEDs
ensuring that any measured light was not caused by the initial leaky modes in the PDMS
membrane. Schematics showing the design of these waveguides in the PDMS membrane

are given in Figure 5.11.

5.3.2 Fabrication of waveguide mould

A waveguide mask was produced with ten waveguides, these have a width of 180 ym
and length of 10 mm, with a pitch of 730 pm. This design allows for the waveguides
to couple to the uLED array (Section 3.1.3). This mask design produced the features
required for the waveguides, but not the thickness. For this, a thick photoresist had to
be utilised. Photoresists are polymeric materials that either cure after reaction with UV
light (negative resists) or do not cure upon reaction with UV light (positive resists) [15].
A commonly used photoresist is SU8 (MicroChem [16]), this has many formulations with
varying viscosities, the different viscosities allow for different thicknesses of resist to be
spin-coated onto substrates. For thick photoresist films, of more than 100 pm, SU8-100
is utilised [17].
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Silicon substrates were solvent cleaned, dried to remove any moisture and treated with
oxygen plasma to help the photoresist adhere to the surface. SU8-100 was spin-coated on
the surface of the silicon at a speed of 2700 rpm for 30 seconds to produce a photoresist
layer 180 pm thick. The sample was then soft-baked for 1 hour at 95°C to harden
the photoresist before being exposed to UV light with the waveguide mask layer, cross-
linking the photoresist over the waveguide areas. A 20 minute post-exposure bake step at
95°C was then carried out before the substrate was developed in 1-methoxy-2-propanol
acetate to remove the uncrosslinked resist. The substrate was then hard-baked at 200°C

3

for 20 minutes. This resulted in ten SU8 waveguides 0.18 x 0.18 x 10 mm® on a silicon

substrate.

5.3.3 Fabrication of PDMS membrane with secondary waveguides

The fabrication steps for the secondary waveguides within the primary PDMS membrane
are given in Figure 5.12. The silicon and SU8 waveguides were used as a mould for a
PDMS membrane (a). Uncured PDMS was added to the mould to fill a volume of
20 x 40 x 0.6 mm? (b). The PDMS was cured at 80°C for 4 hours and carefully peeled
from the mould generating a negative with empty waveguides (c). This PDMS negative
was then exposed to oxygen plasma to increase the surface reactivity of the PDMS
surface, allowing the waveguiding material to adhere [5]. The waveguides were then
filled with a UV-curable epoxy (NOAG65, Norland Adhesives) using the doctor blade
technique [18]. This epoxy was chosen for its high refractive index compared to PDMS,
its flexibility when cured, its transparency to UV and visible wavelengths and its ability

to bond to plastic [13].

The epoxy was cured under a UV lamp for 3 minutes, producing a partial membrane
with the secondary waveguides (d). Uncured PDMS was then added to the top of the
waveguide surface to produce the top half of the membrane, 20 x 40 x 0.4 mm? (e). The
resultant membrane was 20 x 40 x 1 mm?® with epoxy filled waveguides in the centre (f).

This method was effective in producing the secondary waveguide membranes.

5.3.4 Coupling to secondary waveguides

In order to check the effectiveness of each waveguide, they are coupled to a single uLED
pixel, from LED B in [19]. This pixel is trapezoid shaped with a long edge of 45 pym in
length (smaller than our pixels of 100 ym). To check how well the waveguides coupled
light, an extraction substrate (0.1% TiO3) was added to the membrane, at the end of the
secondary waveguides, 10 mm from the pLED. This is shown for different waveguides in
Figure 5.13.
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The CCD imaging system was used to image the scatter surface, in order to determine
if the pLLED was coupled into the waveguides. If the waveguide was efficient at guiding
light, the light should start to scatter as it comes out of the waveguide end, producing a
linear shaped emission with increasing width as light from the waveguide end diffracts in
the PDMS membrane. This can be seen in the extraction substrate. When not coupled
into a waveguide the light should fill the PDMS membrane and the entire substrate

should scatter light, like seen without the secondary membrane.

The results of the individual waveguide coupling tests are shown in Figure 5.14. A CCD
image was taken of each waveguide coupled into the single uLED pixel. Each waveguide

is numbered and shown on the same scale of intensity map. It can be seen that light

PDMS
sus sus
Silicon Silicon
(a) (b)
H B B
PDMS PDMS
(c) (d)
PDMS
m m m [ (0]} PDMS
PDMS

(e) ()

FIGURE 5.12: Schematic of the fabrication steps required to produce the secondary
waveguides within the PDMS membrane

FIGURE 5.13: Image of the single pLED pixel coupled to different waveguides, the
0.1% extraction substrate is added to see the emission from waveguide ends, a) pLED
at waveguide 7 and b) uLED at waveguide 4, scale is 10 mm
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is extracted over the entire surface of the scatter substrate, but the most intense light
is seen coming from the end of each waveguide. Waveguides 8 and 9 result in much
more light being extracted over a larger area, this is either due to the uLED light not
being coupled correctly into the waveguide, or the waveguides themselves may have
defects resulting in a lot of scatter. In order to ensure the uLED was coupled into each
waveguide, the sensor was allowed to saturate. This results in the majority of pixels
surrounding the waveguide emission reading 255 counts, the maximum. This means
that although these images allow for comparison of the quality of each waveguide, no
quantitative comparison can be determined. As this attempt at secondary waveguides is
purely proof-of-concept the qualitative information was the main requirement. In order
to obtain quantitative information this would have to be repeated below the sensor

saturation limit.

These results from the individual tests can be added together to estimate the effect with
ten pLED pixels shown in Figure 5.15(b), like the uLED array. The pLED array was
then coupled to the waveguides, using the CCD imaging system to identify coupling and
a CCD image taken as before. As there are ten waveguides, pLED array A2 was utilised,
this array emits light from all 10 pixels unlike pyLED array Al in which only some of

the pixels were fully functioning.

An intensity map of the extraction substrate is shown in Figure 5.15(b). It can be seen
that the shape of the irradiance profile is very similar to the combined individual pixels,
however, light extraction from the substrate with the yLED array is much higher as
there are more uLEDs emitting at the same time. From the intensity map, there are

strips of more intense light from light that is guided through the waveguides.

Pixel
Intensity
255

223
191

159

FIGURE 5.14: Intensity maps of the emission from the single gLED pixel coupled into
each of the ten waveguides
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The use of the CCD imaging system allows the coupling to waveguides to be identified.
A more sophisticated method would have to be employed to truly ensure each waveguide
is coupled to the pixels of the uLED array. Similar to what is seen in [20] where arrays
of uLLEDs are coupled into fibre arrays. However, for the purposes of proof of concept,
there is enough coupling to the waveguides to determine if there is a difference in the

irradiance from an extraction substrate when a secondary waveguide is utilised.

5.3.5 Extraction effect with secondary waveguides

A concentration gradient extraction substrate was added to the PDMS membrane with
the secondary waveguides, in the centre of the membrane, 15 mm from the pLED.
The irradiance was measured from the top surface as described in Section 2.4.1. The
irradiance along the membrane is shown in Figure 5.16 with the irradiance of the same

sample on a membrane with no secondary waveguides embedded, given as a comparison.

The irradiance from the extraction substrate is higher with the secondary waveguide

membrane, by a maximum of 0.7 mW /cm?

. There is a slight increase in irradiance,
12 mm from the pLED in the secondary waveguide sample, this is due to a thin edge of
epoxy causing a change in the refractive index, leading to the small increase in irradiance.
It can also be seen that the increase from the secondary waveguide membrane is higher
closest to the waveguide ends, and decreases at a higher rate than what is seen without
the secondary membrane. This makes the previously uniform sample, non-uniform due
to the irradiance in the secondary waveguide membrane at 15 mm being higher than

that of the PDMS membrane.

Pixel Pixel
Intensity

Intensity

I 255

- 159

255

223

191

128

96

64

32

(a)

FIGURE 5.15: Intensity maps of the 0.1% TiOg extraction substrate on the secondary
waveguide PDMS membrane (a) combined map from each waveguide coupled to a single
uLED pixel and (b) the waveguides coupled to the pLED array consisting of 10 pixels
at the same time



Chapter 5 130

2.0 1
—=— No waveguides
—e— Waveguides
1.5 1
o
£
°
=
S
~ 1.0
()
(@]
c
s
©
@
~ 054
0.0 H

Distance from LED (mm)

FIGURE 5.16: Irradiance results from the uniform extraction substrate on a primary
PDMS membrane and on a membrane with secondary waveguides coupled to the uLEDs

These results show that the use of secondary waveguides is an effective way to increase
the extraction of light further down the membrane than without the secondary waveg-
uides. The waveguides propagate a percentage of the light further down the PDMS
membrane with minimal loss of brightness, leading to an overall increase in the ex-

tracted irradiance.

5.4 Decreasing device thickness

Based on the pLLED design, the PDMS membrane could be fabricated as thin as 300 ym
before the coupling efficiency would decrease due to the emission area of the pixels
through the sapphire substrate being 300 um [14]. Smaller 4LEDs could be fabricated
to go even thinner in membrane thickness. However, as the membrane gets thinner, it
becomes more difficult to align the uLLEDs and the membrane. This makes it more chal-
lenging to achieve the maximum coupling efficiency in the centre of the membrane [20],

requiring precise apparatus.
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FIGURE 5.17: Schematic of the device design at different PDMS membrane thicknesses
(a) 1 mm thick PDMS membrane and (b) 500 ym thick PDMS membrane

5.4.1 Coupling of thinner PDMS membranes

A PDMS membrane 20 x 40 x 0.5 mm? was fabricated, as in Section 2.1.2. This mem-
brane is half the thickness of a the previously studied PDMS membranes, as shown with
schematics in Figure 5.17. A range of different extraction substrates, the flat 0.1% TiO-
and 0.5% TiOy and the tapered 0.05% TiOs were added to the surface of the PDMS

membrane 15 mm from the yLED.

5.4.2 Membrane comparison

The results are shown in Figure 5.18, along with the results from the 1 mm thick PDMS
membrane for comparison. It is expected that the irradiance from the thinner membrane
should be similar to the 1 mm thick membrane as the membrane thickness is larger than
the pLED pixel size emission area and the numerical aperture stays the same. However,

the results show that the irradiance is higher for the thinner membrane.

The irradiance is 15% to 20% higher for the 0.5 mm thick PDMS membrane. Theoret-
ically, the coupling of the thinner membrane should produce similar irradiance values.
Therefore, the edges of both membranes were inspected under a microscope to determine
if there is a difference in the surface that couples the pLED light. Microscope images of
the edge of a 0.5 mm and 1 mm thick PDMS membrane are shown in Figure 5.19.

It can be seen that the edges of the 0.5 mm thick membrane are smoother than those of
the 1 mm thick membrane. The smoother surface will scatter less light, therefore more
light will be coupled at the injection end and the propagation loss along the length of
the membrane will be reduced. This results in the increased irradiance seen with the
extraction substrates. Both membranes are cut to size from a larger area of PDMS; using
a single-use scalpel. The thinner membrane is easier to cut, so therefore the edge is more

even, resulting in a surface more optically smooth than that of the thicker membrane.
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FIGURE 5.18: Irradiance results of different extraction substrates on the 500 pym thick
PDMS membrane and the 1 mm thick PDMS membrane
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FI1GURE 5.19: Microscope images at 25 x magnification of the PDMS membrane edges,
(a) 500 pm thick PDMS membrane and (b) 1 mm thick PDMS membrane, scale is
0.5 mm
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5.5 Double-ended light injection

Another method for increasing the irradiance is to use more than one uLED array. By
having an array at both ends of the membrane the flexibility of the device is decreased,
however, more light can be extracted. Both of the yLED arrays from Section 3.1.3,
Devices Al and A2 are added to each end of the membrane like in Figure 5.20. Extrac-
tion substrates are then added to the centre surface of the PDMS membrane and the

irradiance measured.

5.5.1 Method for double-ended injection

The extraction substrates with 0.05%, 0.1% and 0.5% TiO2 in PDMS were added to
the surface of the double-injected membrane. With single-ended injection these samples
produced an initial high irradiance close to the uLED followed by a decay (as shown in
Section 3.4.1). By injecting from both ends of the membrane, this increase should be
seen at either end of the extraction substrate. These substrates were added to the centre
of the PDMS membrane to determine if uniform light extraction could be achieved using

double-ended injection.

5.5.2 Irradiance from double-ended injection

The irradiance was measured from the top surface of the membrane for each of the
extraction substrates. The irradiance results are shown in Figure 5.21 with the irradiance

from the single-injected devices for comparison. The irradiance increases when injecting

FIGURE 5.20: Image of a 1 mm thick PDMS membrane with 0.5% extraction substrate
with pLEDs injecting light at either end of the membrane, scale is 10 mm
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light from both ends of the membrane as expected. The extracted irradiance from the

TiO9 substrates is also more uniform than when injected with a single array.

The irradiance peaks at both ends of the extraction substrate with a slight dip in the
middle for each concentration of TiOy. However, for both the 0.05% and 0.1% TiO9
substrates the mean irradiance is 1.4 and 1.5 mW /cm? respectively, with SD errors of
9% and 10%. Showing that over the length of the substrate the irradiance is uniform for
these concentrations with double-ended injection. The irradiance dip is more pronounced
for the 0.5% TiOy substrate. It also shows that a higher irradiance is obtained at the
end of the substrate closest to array 2. Both arrays are run at optical powers of 10 mW,
however, the scatter substrate is slightly closer to array 2 on the membrane, resulting in
an irradiance maximum closer to array 2 than array 1. Although there is this small peak,
the mean irradiance is uniform with an SD of 9% and a mean of 3.6 mW /cm?. This is

the highest uniform irradiance achieved with the device, of all the possible methods.

CCD images were taken of the double-ended injection membranes and analysed, as per
Section 2.6.3. The resultant irradiance map of the 0.5% TiOs extraction substrate is
shown in Figure 5.22 alongside the irradiance map for the same concentration with

single-ended injection. It can be seen that the irradiance is more uniform over the entire

Double-ended injection
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O 3.0 1 o T
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FIGURE 5.21: Irradiance results of different concentrations of TiO, extraction sub-
strates injected with a single uLED array or with double-ended injection
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substrate of the double-injected array. It is interesting that the end of the substrate
closest to array 2, with all 10 pixels working, shows more irradiance over the area than
the array with less pixels working. This shows that the results received up to this point
with the defective device Al are more likely to be less than those obtained with a fully
working pLED array with the same output power. This is likely because the output
power is spread over a larger area with the fully working device and not concentrated

to certain regions as with the defective device.

From the irradiance maps, it can be seen that the double-injected sample outputs a
much higher optical power of 9.8 mW compared to 2 mW for the single. This gives the
double array a total efficiency of 49% as both arrays produce an output optical power of
10 mW. The single array only has an efficiency of 25% with an output power of 2.5 mW.
Based on the results from Section 5.1.4, it is expected that the extracted light could be

increased further by adding a reflective layer to one side of the PDMS membrane.

Irradiance Irradiance
2
(mW/cem?)

(mMW/ecm?)

2.01
I 1.75

FIGURE 5.22: Irradiance maps of the 0.5% TiO, extraction substrate injected with
(a) a double uLED array or (b) a single uLED array, scale is 5 mm

5.6 Summary

This chapter showed the properties of the device and possible improvements to produce
a higher light output. The use of a flexible reflective layer increased the measured irra-
diance output by almost 66% while maintaining flexibility. Specially fabricated curved
pieces were utilised to determine the effect of curvature on irradiance output, with cur-
vatures up to at least 55% producing uniform irradiance with an extraction substrate
of 15 x 15 mm?. Secondary waveguides were added to the PDMS membranes using an
epoxy with a higher refractive index than PDMS. These waveguides were tested with a
single uLED pixel to determine if light could be coupled into them before being coupled

with the puLED array. The use of the secondary waveguides allows the treatment area
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to be moved further away from the source, this will help avoid excess heat reaching
the treatment area. These secondary waveguides could also be used to increase the
irradiance from the extraction substrate and also to produce structured emission over
treatment areas by using individually active pLED pixels. The effect of decreasing the
PDMS membrane thickness was tested to show that membranes as thin as 500 pm can
be coupled to the designed puLED device effectively. This also showed the importance
of optically smooth PDMS edges, as smoother edges will scatter less light and allow
for lower guiding losses. Finally, two pLLED arrays were used in combination, one at
either end of the membrane, to produce uniform emission with a 0.5% TiOs extraction
substrate. This double-injection method decreases the device flexibility, however, im-
proves the fabrication process as concentration gradients are not required for uniform

irradiance.
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Chapter 6

Sensor

In the previous chapters, the design of a light emitting, mechanically flexible device for
area illumination at visible and UV wavelengths has been discussed. This device consists
of an edge-lit elastomeric membrane with added scattering films to extract light. This
chapter discusses an alternative use for the edge-lit elastomeric membrane, using it as
an evanescent waveguide sensor to determine the presence of fluorescent markers. The
design of the waveguide device allows for a large sensing surface area whilst maintaining
an overall compact structure. By using an imaging device as the sensor, data can be
captured over the entire waveguide surface in a single shot with no scanning required.

These properties make the device suitable for point of care use, or for use in the field.

For this proof of concept test, different molar concentrations of colloidal quantum dots
are utilised as the markers. Two different imaging systems are used to measure the
fluorescence, a CCD system and a smart phone camera. Finally, the quantum dot

concentration at the limit of detection for the smart phone system is measured.

6.1 Fluorescent sensing

Fluorescent sensing is a well-established biochemical sensing technique used for diagnos-
tics [1]. It is typically based on biomolecular processes whereby analytes are captured
on a surface and coupled to fluorescent tags. The tags are then excited using a light
source and the resulting fluorescence is measured to assess the presence and quantity of

analytes.

The most sensitive and specific tests to determine the presence or concentration of ana-
lytes is immunoassays. These capture analytes on specific antibodies and then identify

them with fluorescent markers. There are a number of different ways to employ this
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FIGURE 6.1: Basic steps in a sandwich immunoassay, (a) the capture antibodies on the
test surface, (b) the capture of the target analytes from a biological sample and (c) the
fluorescently labelled antibody capture to identify analyte presence

technique, however, the most common is a sandwich immunoassay [2]. The test surface
(glass, paper or metal) contains specific antibodies required to capture certain analytes
(Figure 6.1(a)). A biological sample (blood, saliva or urine) is then added to the surface.
If the analytes are present, they will be captured by the antibodies. The remainder of
the fluid is generally then washed off to avoid any non-specific binding (Figure 6.1(b)).
A fluorescent marker solution is then added to the surface. These markers consist of the
antibody molecule, coupled to a fluorescent tag, this tag will fluoresce when irradiated
with a light source. The excess markers are rinsed from the surface and the resultant flu-
orescence from the sample can be used to determine the presence and/or concentration

of the target analyte (Figure 6.1(c)).

Common fluorescent analytes are rhodamine dyes, which are used extensively in fluo-
rescent sensing applications. These have varying limits of detection from 400 to 100 nM
[3, 4] depending upon the methods used. For a POC sensor, the design utilised in this

thesis has to detect to limits of at least these values.

One challenge with fluorescent sensing and biological samples is autofluorescence [5].
This effect occurs due to non-specific molecules fluorescing naturally under certain wave-
lengths of visible and UV light. Autofluorescence is a source of noise in sensors and can
severely affect the limit of detection, decreasing the efficacy of the sensor. It can be
mitigated by using evanescent waves to excite fluorescent labels instead of direct illu-
mination, known as evanescent fluorescence sensing or total internal reflection fluores-
cence (TIRF) [5]. There are a range of different types of evanescent waveguide sensors
based on different techniques, for example planar waveguides [6, 7], optical fibres [8] and

capillary waveguides [9].

6.1.1 Evanescent waveguide sensors

Evanescent wave excitation is based on the principle of total internal reflection. When

the refractive index of the waveguide is higher than that of the surrounding media, light
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FIGURE 6.2: Schematic showing evanescent wave generation and subsequent fluores-
cence of a sample

that interacts with the surface of the waveguide at an angle larger than the critical angle
will be totally reflected within the waveguide. When the light undergoes total internal
reflection, an electromagnetic field is generated on the waveguide surface, known as an
evanescent wave. This wave decays in power exponentially from the waveguide surface
over a distance of a few 10s to 100s of nm [5]. Evanescent optical waveguide sensors have
been used to detect additives in petrol, bacteria in food samples and proteins/antibodies
in biological samples [10]. The technique has also been used in fluorescence microscopy
to reduce background scattering and observe the binding of single fluorescent objects [11]
as only materials on or very near the surface can be excited by the evanescent field. A
schematic of how an evanescent waveguide sensor works is given in Figure 6.2. The
evanescent waveguide method normally utilises bulky laser sources and optics, meaning
they are typically used in centralised laboratories instead of point of care (POC) devices
at patients’ bedsides. However, the effect of miniaturising this setup for point of care
applications has been shown, for example in [12] where a laser diode was coupled, through

micro-optics, to a glass plate that acts as the waveguide.

6.2 Our design

The micro-LED light source described in Section 3.1.3, is coupled to a PDMS slab
waveguide 40 x 20 x 1 mm3. PDMS has been shown to be a suitable waveguide due to

its material properties, including its high transparency to UV and visible light.

PDMS is also often used in microfluidic structures due to its cost-effective moulding
properties [13]. This makes the material an attractive platform to directly incorporate
micro-wells and channels into the waveguide structure, making the future device suitable
for multiplexing. Compared to previously reported POC evanescent waveguide devices,
the light sources used here directly couple into the PDMS waveguide without the need
for optics or specialised coupling structures [7, 12]. The small size of uLEDs enables
efficient coupling to thin waveguides, with a maximum coupling efficiency of 88% for a

1 mm thick waveguide. The 1D array geometry of the puLED array also permits near
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filling of the waveguide which is important for TIRF. It allows the field to be generated
over the entire surface of the waveguide, increasing the sensing area [14]. This filling is

shown in Figure 6.3 from optical simulation of the design using Zemax OpticStudio [15].

6.2.1 Quantum dots as fluorophores

A whole range of different fluorophores are utilised in fluorescent biosensors including flu-
orescent proteins, organic dyes and more recently, semiconductor quantum dots (QDs).
The recent interest in QDs is due to their functionalisation capability, high stability
and adaptable photophysical properties [16]. Fluorescent dyes and proteins typically
have narrow excitation bands and broad fluorescence spectra, whereas QDs generally
have a much broader excitation profile and narrower emission spectra [17]. The narrow
emission profiles make QDs a suitable fluorophore for multiplexing capabilities [18]. The
relatively large surface area of QDs make them ideal for adding functionalised surfaces
and many biological molecules form strong non-specific binding interactions with QDs
relatively easily [19]. These properties make QDs effective fluorophores, in particular in
low power instruments due to their high efficiencies. For this reason, QDs are used in

this proof of concept device as the fluorescent labels.

6.2.2 Fabrication

For these proof of concept tests, colloidal quantum dots (CQDs) were used as fluorescent
labels (630nm-emitting CdSSe/ZnS, 6nm mean diameter, Cytodiagnostics). A range of
concentrations were produced by diluting the CQDs in toluene. Using an autopipette,
0.2 uL of each concentration was drop-coated onto the PDMS membrane, spaced at least

2 mm apart in each direction to avoid the samples mixing upon addition to the waveguide

i 20 mm

. ;

FI1GURE 6.3: Optical simulation of the puLED device filling the PDMS waveguide
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(a)

FIGURE 6.4: (a) Microscope image of a 300 nM QD region under 10x magnification,
scale is 100 pm and (b) an image of a PDMS sensor coupled to the pLED, a 500 nm
cut-on filter is added to the camera to show the fluorescent samples, the green light is
due to the wavelength tail of the blue yLED not removed by the filter, scale is 10 mm

surface. The toluene was evaporated in air, leaving CQD molar concentrations ranging
from 770 nM to 0.4 nM for proof of concept tests. This was repeated for three PDMS
membranes in triplicate to determine if the measured fluorescence was repeatable. The
dried samples were analysed under a microscope to determine the size of each remaining
quantum dot region. The quantum dot regions were an average of 0.8 mm? in size with
an average diameter of 320 yum 4+ 18 pm. A microscope image of a 300 nM quantum

dot region is shown under 10x magnification in Figure 6.4(a).

6.2.3 Test setup

The end of the PDMS membrane was placed in contact with the yLED device and the
LED ran at a current of 120 mA, producing an output optical power of 10 mW. An image
of one sensor coupled to the LED is shown in Figure 6.4(b), the red luminescence of the
CQD labels can be seen. One of the most common methods for identifying/measuring
fluorescence is imaging systems. The fluorescence results of the fabricated sensors are

discussed below using either a CCD or smart phone camera to image the samples.
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Total system
length = 180 mm

Imaging lens
50 mm

Long-pass filter (500 nm)

58 mm

FIGURE 6.5: (a) Schematic of the CCD imaging system components (not to scale) and
(b) image of the system with the uLED on, scale is 20 mm

6.3 Imaging the sensor with a CCD

A similar imaging system to that described in 2.6.3 was utilised to test the fluorescence
capability of the fabricated sensors. A long-pass filter (Thorlabs, FEL0500), with a
cut-on wavelength of 500 nm, was fixed 60 mm above the sensor surface. An imaging
lens was placed 50 mm above this, followed by a CCD (Thorlabs, DCU244M). The
height of the entire system including the sensor and CCD device was 180 mm. The long
pass filter was added to the setup to avoid any scattered LED light being detected by
the monochromatic sensor. Figure 6.5(a) has a schematic of the sensor setup with the
CCD sensor and Figure 6.5(b) shows an image of this setup in the laboratory. The CCD
settings were maintained at a gain level of 1 and an exposure time of 100 ms. The sensors
were imaged with both the LED switched on and off, producing ‘on’ and ‘dark’ images.
Images are saved in a TIFF format to avoid any losses with compression. The images
consist of intensity values ranging from 0 to 255 relative counts, with 0 representing no

light reaching the sensor and 255 representing pixel saturation.

6.3.1 Image analysis

The resultant sensor image and dark image were imported into MATLAB and the differ-
ence between them taken as the true sample image, shown in Figure 6.6(a). This image
is then binarized using an adaptive thresholding method. The resultant regions of pixels
with a reading of 1 are then closed and filled like shown in Figure 6.6(b). These regions
are overlapped with the original image (a) and the average intensity of each region on

the original image is recorded.
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(b)

FIGURE 6.6: (a) Image taken of a sensor surface using the CCD and (b) the subse-
quently analysed image highlighting the regions of fluorescence, scale is 5 mm

6.3.2 Results

The mean pixel intensity for each CQD region was plotted against the molar concen-
tration, shown in Figure 6.7. The mean intensity for each region was averaged for each
concentration over the three waveguides, the errors represent the SD of these averages.
For concentrations of 100 to 770 nM, each region has a mean intensity value between 120
and 160, with an average SD of 6%. There is a small increasing trend in mean intensity
with increasing concentration. Between 100 nM and 40 nM there is a large drop in mean
intensity down to 50 units. Inset of Figure 6.7 shows the low concentration region of
the graph on a larger scale with concentrations ranging from 0.4 nM to 40 nM. This
region again follows a trend of decreasing intensity values with decreasing CQD molar
concentrations. It can be seen that the overall trend is a linear increase in intensity with
increasing CQD concentration, saturating at high intensity levels due to the sensitivity
of the CCD sensor. Concentrations of more than 100 nM cause the sensor to saturate,

while concentrations below this level follow the linear trend.

From these results, it can be seen that the designed platform works effectively as a
fluorescent sensor and a CCD imaging system can be utilised to qualify that there is
a fluorescent sample present on the waveguide. The CCD imaging system has been
shown to detect CQDs down to a molar concentration of 0.4 nM. It is worth noting that

concentrations less than 20 nM are not visible to the eye.
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FIGURE 6.7: Mean pixel intensity of fluorescent regions sensors plotted against the
CQD molar concentration of these regions, inset is a scaled graph of the 0 to 40 nM
results

6.4 Smart phone imaging

A CCD sensor was utilised to image the fluorescent sensor. CCDs are effective and
sensitive to light, however, they are expensive. The CCD utilised throughout this thesis
costs over £2000. As the miniaturised design of the waveguide is ideal for POC diagnostic
systems, the imaging device should also be small, portable and sturdy. An ideal imaging
system which is widely available is the camera in a smart phone [20]. Smart phones use
CMOS sensors due to their lower power consumption and higher integration with smaller
components. Due to the widespread use of CMOS sensors, heavy investments were made
in the fabrication and manufacturing processes resulting in these sensors being almost
as sensitive as their CCD counterparts [21]. Smart phone based imaging platforms have

been shown to detect bacteria and proteins from a range of samples [18, 22].

6.4.1 Smart phone setup

A Samsung Galaxy S9 [23] was utilised as the camera. This smart phone was placed
100 mm from the PDMS sensor surface. A long pass filter (Thorlabs, FEL0500) with a

cut-on wavelength of 500 nm was secured over the camera lens to avoid any scattered
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Mobile phone with CMOS sensor

B I

Long-pass filter (500 nm)

Total system
length =90 mm

FIGURE 6.8: (a) Schematic of the smart phone imaging system components (not to
scale) and (b) image of the system with the gLED on, scale is 50 mm

LED light reaching the camera. The phones inbuilt camera application was used in

PRO-mode to allow the exposure time, ISO setting and focus to be manually adjusted.

The exposure time determines how long the sensor collects light for, and ranges from
41 ps to capture very high light images all the way through to 10 seconds to capture
very low light images. The ISO value ranges from 50 to 800, with an increasing value
being more sensitive to light, so therefore useful in dark environments. The exposure
time for the camera was fixed at 250 ms, the ISO value was set to 800, the camera was
fixed at a 2x zoom to capture as little background as possible. With these settings the
background pixel noise was determined to be 2.1 + 0.8 relative intensity units. The
sensors were imaged with both the LED switched on and off, producing ‘on’ and ‘dark’
images. Unlike the CCD, these images were saved in a compressed format, JPEG as
this is the only save setting available using the inbuilt camera application. The images
consist of intensity values ranging from 0 to 255 relative counts, with 0 representing no

light reaching the sensor and 255 representing pixel saturation.

(a) (b)

FIGURE 6.9: (a) Image taken of a sensor surface using the smart phone camera and
(b) the subsequently analysed image highlighting the regions of fluorescence, scale is 5
mm
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6.4.2 Image analysis

The resultant sensor image and dark image were imported into MATLAB and the dif-
ference between them taken as the true sample image, shown in Figure 6.9(a). Unlike
the CCD sensor which was a monochrome detector, the camera captures the image in
red-green-blue (RGB) with the CQDs showing as red. The resultant RGB image is then
converted to grey-scale to allow image binarization to take place. This image is binarized
using an adaptive thresholding method and remaining regions with less than 100 pixels
are also set to zero. The remaining regions of pixels with a reading of 1 are then closed
and filled like shown in Figure 6.9(b). These regions are overlapped with the original

image (a) and the average intensity of each region in the true sample image is recorded.

6.4.3 Smart phone results

The mean pixel intensity for each CQD region was plotted against the molar concentra-
tion, shown in Figure 6.10. The mean intensity for each region was averaged for each
concentration over the three waveguides, the errors represent the standard deviation of
these averages. For higher concentrations of CQDs, 100 nM and more, the mean inten-
sity is clearly saturated. This is different from the CCD due to the exposure time of
the camera being 1.5x longer than that of the CCD. This allows for more light to be
captured resulting in pixels with higher intensity values. The inset of Figure 6.10 shows

the pixel intensity for the lower CQD concentrations of 0.4 nM to 40 nM.

This follows a trend of hyperbolic saturation, a response seen in many biological reac-
tions. From these results, it can be seen that the smart phone camera is an effective
imaging system for the designed TIRF platform. Using images taken of sensors fabri-

cated with CQDs, concentrations down to 0.4 nM have been detected.
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FIGURE 6.10: Mean pixel intensity of fluorescent regions sensors taken with the smart
phone plotted against the CQD molar concentration of these regions, inset is a scaled
graph of the 0 to 40 nM results

6.5 Limit of detection

The smart phone camera system was effective at detecting CQDs with concentrations as
low as 0.4 nM, producing a mean intensity value of 45 units. As this value is higher than
the dark pixel count of 2.1 £+ 0.8, it is natural to assume that lower concentrations of
CQDs could also be detected. In order to determine the limit of detection of the device,
a new sensor was fabricated with lower concentrations. The sensor was fabricated as

described in 6.2.2, with CQD molar concentrations of 16 nM to 20 pM.

6.5.1 Results

Three images were taken of the sensor using the protocols described in 6.4.1. The resul-
tant images were analysed with the same MATLAB script and the mean intensity values
plotted against the concentration as shown in Figure 6.11. The image processing code
was able to identify 14 regions of fluorescence, the lowest concentration region of the sen-
sor, 20 pM, was not identifiable on the images. The resultant response shows hyperbolic
saturation as before with an increase in mean intensity with increased concentration of

the CQD region. Inset shows the concentration below 2 nM, on a pico-Molar scale for
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FIGURE 6.11: Mean pixel intensity of the limit of detection fluorescent sensors taken
with the smart phone plotted against the CQD molar concentration of these regions,
inset is a scaled graph of the 0 to 1600 pM region

ease of reading. It can be seen that the CQDs were detectable down to 80 pM using the
smart phone camera on the chosen settings. This is a much lower detection limit that
what has been published with similar CQDs on a typical fluorescence imaging method

using a smart phone [24].

6.6 Summary

The edge-lit elastomeric membrane has been shown to be an effective platform for a
POC evanescent waveguide sensor. The system was used effectively to detect CQD
molar concentrations down to 80 pM using a smart phone camera to image the device.
Multiple improvements could be made to the device, and the analysis, to possibly detect
lower concentrations. The current method of analysis depends on MATLAB software
identifying regions of higher pixel intensity than the background. Although this was
effective, a better method of doing this would be to have the samples in a micro-well
structure on the PDMS surface. PDMS is widely fabricated into both micro-wells and
channels due to its material properties. These micro-wells would always be in the same
place; therefore the software could highlight the identifying regions to be the same size.

This would produce a more repeatable analysis method and may allow for identification
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of lower concentration regions that may not have been identified due to the limits of the
current method. The use of micro-wells could allow for device multiplexing, an essential
capability of POC devices [25].

As well as improving the fluorescent sensor device, the imaging system could also be
improved upon. The images from the smart phone are currently saved as JPEGs, this
means the images are compressed when taken therefore, valuable information may be
getting lost. Applications are available and can be produced to allow for smart phones
to take RAW images - these images have larger file sizes, however, none of the pixel data
is compressed and therefore lost. In order for the device to be used as a biosensor, these

capabilities have to be introduced.

Ultimately, this proof of concept device was effective in identifying fluorescent CQD
markers to a concentration of 80 pM, lower that any reported in literature [24]. Further
improvements to the system itself, via the incorporation of micro-wells, image capture
and analysis improvements and the use of CQD markers to identify biological analytes

makes the device a possible sensor to be used at POC and in the field.
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Chapter 7

Conclusions

The work presented here focused on the design of a wearable device for phototherapy.
The device utilised a PDMS membrane, edge-lit with LEDs or uLEDs with blue or UV
wavelengths. Nanoparticle substrates were used to extract light from the surface of the

membrane.

Chapter 1 gave an introduction into the use of light therapy as a treatment for skin
disorders and other conditions. The different dermatological conditions which can be
treated with different wavelengths of light were discussed as was the use of photosensi-
tisers with light treatment to increase the effect. The benefits of at-home phototherapy
and phototherapy devices that have previously been, or are currently on, the market
were discussed and compared. The use of devices with LED arrays were mentioned and
the challenges associated with these arrays were discussed. This led into the benefits
of other system designs, for example, the use of polymer optical fibres, which allow for

conformability over treatment areas [1].

The first chapter then discussed our design for a wearable phototherapy device. The
device utilised LEDs due to their low-cost design, miniaturisation capability and high
efficiency. These LEDs are used in an edge-lit format to avoid light uniformity issues
as seen with LED arrays [2]. The background physics of LEDs and their fabrication
was presented. The use of pLLEDs were introduced as these allow for thin elastomeric

membranes to be utilised, improving the wearability of the device.

The second chapter focused on validating the device design using a broad area blue
LED. The LED was coupled into the edge of a 1 mm thick PDMS membrane. The
use of PDMS made the device flexible. The effect of coupling the LED into the PDMS
membrane was shown by optical simulation software. The system for measuring the light

output from the top surface as irradiance (mW /cm?) was described with the laboratory

153



Chapter 7 154

setup and the methods required. The light output from the top surface of the membrane
when coupled to the LED was low, as most of the light was guided in the membrane via

total internal reflection.

This chapter then introduced the use of various methods to extract light from an edge-
lit device. The effect of high refractive index light scattering nanoparticles was tested
experimentally, using 20 nm TiO, particles. These particles were homogenously mixed
with PDMS at different concentration weights to create extraction substrates. These
substrates were then used to effectively extract light from the membrane; however, it
was not extracted uniformly over the area of the scatter substrate (15 x 15 mm?). A
CCD imaging system was introduced as a method of producing irradiance maps of the
extraction substrates. This allowed for the irradiance over the entire extraction substrate
to be shown. This method was discussed and irradiance maps for each concentration
of TiOy were produced. From these irradiance maps the output optical power of the
substrates was estimated, and in turn, the efficiency of each substrate based on the LED
optical power. This chapter closed with a method of obtaining uniform irradiance using

a TiO9 substrate of increasing thickness with increasing distance from the LED.

Chapter 3 utilised similar methods to Chapter 2, however, used a blue-emitting uLED ar-
ray. The array consisted of a 1 x 10 linear geometry with each pixel being 100 x 100 zm?.
The design of the pLED array and the PCB for electrical contacting of the array were
discussed in detail. The electrical and optical characteristics of the pLED array were
presented. The effect of coupling the array to a 1 mm thick PDMS membrane was
shown by optical simulations. The same extraction substrates of Chapter 2 were used to
extract the yLED light and the output irradiance measured by spectrometer and imag-
ing methods. The results were compared to the broad LED results and produced an
increased efficiency with the pLED due to more of the light being coupled into the mem-
brane. Extraction substrates with increasing concentrations of TiO2 were fabricated to
obtain uniform emission from a thinner device. A uniform irradiance of 1 mW/cm?
was obtained with this sample, at a yLED input current of 120 mA and supply volt-
age of 3.24 V. The chapter then finished with a mathematically derived equation for

determining the concentration gradient for different lengths of extraction substrate.

The ability of the device platform to operate at other wavelengths was shown in Chap-
ter 4. Firstly, a broad area UVA LED, with a peak wavelength of 383 nm, was used as
the source and light extracted using the TiOy substrates. This extraction was compared
to the blue LED results and it was determined that the wavelength of the source light
changed the effect of the concentration of TiOg. This is due to light scattering being
dependent upon wavelength, more light is scattered with a shorter wavelength than a

longer wavelength [3]. For uniform irradiance with a tapered substrate the concentration
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of TiO2 had to be lowered to 0.04% compared to the blue LEDs which showed uniform
irradiance with a 0.05% tapered substrate. Therefore, although not tested, the concen-
tration gradient of TiOg required for uniform emission from a flat substrate would be
different than that of the blue device. For the wavelength to be decreased further, for
example 311 nm UVB, the extraction substrate may need to be changed. TiO2 begins
to absorb in the UV [4], so the extraction effect would decrease. Other nanoparticles
with larger band gaps or a porous PDMS substrate could be utilised to maintain a high

light extraction.

Colour converter films were fabricated using CQDs and PDMS. These films were used
to convert the blue pLED light into red light through down-conversion. By utilising a
combination of a TiOy extraction substrate and a colour converting substrate, uniform
emission peaking at 634 nm was achieved. Furthermore, by using a different concentra-
tion of extraction substrate, uniform emission at blue and red wavelengths was obtained
simultaneously. This demonstrates the potential of the device for multiwavelength emis-
sion, used in some treatments to get the benefits of both [5]. Although colour converters
were effective in producing a different wavelength, the samples fabricated here were
made from cadmium-based quantum dots. These are toxic to the human body, they are
contained in a polymer matrix, however, it would be a necessity to use quantum dots

that do not contain cadmium [6].

In Chapter 5, more properties of the pLED device were discussed. The extraction was
increased greatly by applying a reflective layer to the under-side and end of the PDMS
membrane. A flexible mirror-like substrate was used to maintain device conformability,
while providing an average increase of 66% in the output irradiance. A uniform irradi-
ance of 1.7 mW /cm? was obtained using the concentration gradient extraction substrate
and the reflective layer, an increase from 1.0 mW /cm?2. The effect of curvature on the
uniform irradiance output was tested at different curvature values. This determined

2

that, with an extraction substrate of 15 x 15 mm?®, a uniform irradiance was obtained

down to at least 55% curvature.

In this chapter, further device improvements were tested, including the use of a secondary
waveguiding layer. The waveguiding layer couples the pLED light so it is emitted further
down the PDMS membrane. This resulted in less light being lost initially close to the
uLED and allows for the source to be moved further away from the treatment area,
reducing the pain effect caused by excess heating [7]. Another possibility for this design
is for structured illumination over different treatment areas, reducing the areas of skin

being treated unnecessarily.

Here, the uLLED device was shown to couple effectively to a 500 pm thick PDMS mem-

brane. As well as showing that coupling to thinner membranes was possible, this also
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showed the importance of the surface properties of the membrane input facet. The op-
tical clarity is very important when coupling light as a rough surface will scatter more

light, reducing the amount of light that can be extracted.

Double-ended injection was also looked at as a method of increasing the irradiance
output. It was a very effective method and produced a uniform irradiance of 3.6 mW /cm?
over the 15 mm length of extraction substrate. However, by adding sources at either end
of the PDMS membrane, the flexibility was decreased. This reduced the conformability
of the device for treatment areas. Nonetheless, it is a viable option for producing uniform
emission with less fabrication time required as it utilises a single concentration of TiOq,

rather than a concentration gradient.

The final chapter introduced an alternative use for the edge-lit PDMS membrane. In-
stead of extracting light from the membrane surface, it was used as an evanescent waveg-
uide to detect fluorescent materials. This proof of concept test was used to identify CQD
molar concentrations down to 80 pM. A smart phone camera was used as the sensor with
image processing being carried out in MATLAB to identify the CQD regions and mea-
sure the intensity associated with each region. This identified lower CQD concentrations
than what has been detected with similar CQDs and direct illumination and fluorescent
measurement using a smart phone [8]. This method of fluorescence sensing could be

utilised as a biosensor to detect certain biomarkers for clinical use.

7.1 Future work

The device designed in this thesis has been shown to have potential for a photother-
apy device at a range of different wavelengths (UVA, blue and/or red). In order to be
accessible to the full phototherapy market, the device also has to be effective at UVB
wavelengths, in particular 311 nm, which is the gold-standard for psoriasis treatment [9)].
UV wavelengths are also being explored for other benefits including the localised pro-

duction of nitric oxide which leads to benefits with the cardiovascular system [10].

The results presented in this thesis utilised butt-coupling of the yLED device and the
PDMS membrane requiring alignment in a laboratory set up. For a flexible device that
can be used outwith the laboratory, the PDMS membrane and the array have to be
aligned and “glued”. Different methods could be used to achieve this, with the most
obvious connection layer being a glue, such as an epoxy. However, epoxy has a higher
refractive index than PDMS and would lead to a change in the coupled pLED light.
An alternative is to use PDMS to stick the two components together, reducing any

refractive index losses. A thin layer of uncured PDMS can be applied to the input facet
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FI1GURE 7.1: Image of a PDMS membrane attached to the pLED with a PDMS inter-
face, scale is 10 mm

of the PDMS membrane. PDMS has a working time of at least 2 hours before it cures.
The membrane can then be aligned to the pLED using the same setup described in
Chapter 2. When the yLED is aligned with the membrane the PDMS can be cured
by increasing the current supplied to the device. This increased current leads to an
increased surface temperature of the sapphire, resulting in the PDMS curing, attaching
the PDMS membrane and pLED array. An image of a PDMS membrane attached to
the pLED array is given in Figure 7.1. As can be seen, the PDMS membrane remains in
contact with the pLED device when not held on a flat surface and the light within the
PDMS membrane is still guided and can be extracted with a TiOy extraction substrate

as shown.

The device designed produces a uniform optical power of more than 1 mW, over an area
more than 2 cm? when the blue uLED is utilised as the source. This has been shown
to increase to 9.8 mW over the area when light is injected from both ends of the PDMS
membrane. A similar increase could be produced by utilising a uLED device with more
pixels. This would result in a higher current needed to produce the same optical power
output from the individual pixels, but would also result in more light being coupled into

the membrane which could then be extracted.

For the device to become truly wearable the electronics themselves would have to also
be flexible. The pyLLED device has been tested when bonded to a rigid PCB to allow
electrical contacting. Future contacting of the device will utilise a flexible circuit board,
these circuit boards are made from a flexible polyimide substrate [11]. The design of

these boards is given in Figure 7.2 and consists of a 25 mm long flexible substrate with
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Contact

pads for Contact

battery pads for
uULED

connections

«—_———_—’

25 mm

FIGURE 7.2: Schematic of the flexible PCBs for contacting the uLED arrays and
battery supply

contact pads to connect a battery power supply and contact pads for the uLED array
at the end of the board to allow the edge of the device to be flush with the skin.

The use of flexible PCBs will increase the wearability of the device, however, it will still
have to be connected to a battery to supply the voltage required to power the uLEDs.
A more wearable alternative would be to use a wireless power supply, like those used
in [12] and [13]. These devices work by using near-field communication between two
antennas, a transmitting antenna on a nearby power supply and receiving antenna on
the flexible device. This method allows for completely flexible substrates, however, the
power transfer is not fully efficient. Maximum power transfer efficiencies of 21.5% with a
5 mm distance between the antenna have been demonstrated [12]. The efficiency of power
transfer decays with increasing distance between the antenna. Further improvements in
power transfer and increased antenna distance would have to be made before the method

could be fully utilised in our wearable device design.

Though not discussed the device designed could also be used for non-healthcare related
illumination. For example, structured illumination using secondary embedded waveg-

uides, colour converters and/or light extracting substrates.

7.2 Discussion on an optimal device

In Section 1.6, the device design and aims were discussed. The initial device objectives
were to have an irradiance output of at least 1 mW/cm? over an area of 1 cm? with
a uniformity error of less than 15% over the emission area. This was achieved with
different device designs utilising the uLED array. Although this irradiance value is less
than other devices on the market [14, 15]. The device is less obtrusive than these other

devices, allowing it to be worn for longer to reach the required light dose. Throughout
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this thesis, a range of different devices utilising the edge-lit illumination technique have
been discussed. A number of future improvements could be made to finalise the optimal

device.

Based on the results produced, the ideal device would have uLEDs at one end of the
elastomeric membrane. Although much higher device irradiances were obtained when
light is input from both ends of the device, the flexibility of the device was decreased.
As one of the main design identifiers for the device is flexibility, this would not be as

suitable.

For a blue light emissive device, the best irradiance with light input at one side was
1.0 mW/cm?. The ideal device would also have a reflective layer, this was shown in
Section 5.1.5 to increase the irradiance by over 65% to 1.7 mW /cm?. This is lower
than the irradiance value of currently available visible light phototherapy devices. For
example, the Ambulight device produced an irradiance of 7 mW/cm?. In order to
meet the required maximum light dosage of 75 J/cm?, the device had to be worn for
3 hours [15]. With our maximum irradiance of 1.7 mW/cm?, the device would have
to be worn for 12 hours to meet the required maximum dose. This could be improved
upon by adding additional pLED arrays to the same side of the device, as more light
is added to the device, more can be extracted. Using a best-case scenario, with an
additional 10 pixel array the irradiance output would be doubled to 3.4 mW /cm?. With

this irradiance, the device could be worn for 6 hours to maintain the required maximum

light dose for PDT, 75 J/cm?.

In order for a device to be worn for this required dose, the correct power would have
to be supplied. As discussed in Section 7.1, the power supply to the device also has to
be wearable. Though inductive charging of a nearby battery could provide a wearable
option, this is not yet efficient enough to power this wearable device for a long time.
The most reasonable solution is to use a rechargeable lithium-ion battery with wired
recharging. For example, a 3.2 V lithium ion battery with a volume of 5 x 3 x 1 cm® and
a charge of 1800 mAh, would run one uLLED array for 18 hours at the output current of
100 mA. This would be enough to produce the required light dose for PDT.

The ideal device would also be available at UV wavelengths. Although not carried out
as part of this thesis, uLED arrays with UVC wavelengths have been fabricated [16].
These are less efficient than their blue counterparts, but research on UV band gap semi-
conductors suggests that the efficiency is improving. For a UVA wavelength of 360 nm,
the maximum light dosage utilised for PUVA treatment in the UK is 15 J/cm? [17]. As-
suming the improvements in UV semiconductors and the use of a concentration gradient
similar to that used with the blue uLEDs, and a similar reflectivity effect, the maximum

irradiance of the device could be 1.7 mW/ecm?. With this irradiance the device would
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be worn for 2.5 hours to reach the maximum light dose of 15 J/cm?. The initial starting
dose for Type I skin is 0.5 J/cm?, to reach this the device would be required to be
worn for only 5 minutes. Although these values are more realistic for a wearable device,
further optimisation has to be carried out and the final UV device will require much

input from clinicians due to the risk/benefit nature of UV phototherapy.

Ideally, market research should be employed to determine the device potential and help
guide the future work to produce an ideal wearable phototherapy device that meets the

requirements of both patients and clinicians.
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