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Abstract 
Lanthanide-doped materials have been studied for decades for their unique 

photophysical properties derived from their f-block orbitals. More recently, the 

prominence of techniques allowing for the study and characterization of nanoscale 

materials has led to a renewed interest in these materials on the nanoscale. This work 

has led to a wealth of studies on the synthesis and characterization of a number of 

lanthanide doped nanomaterials as well as numerous proposals and preliminary 

demonstrations of their applications. This dissertation focuses on three key aspects of 

this field: (1) a synthetic means to controlling the relative intensities of the emissive 

bands in upconversion nanoparticles (UCNPs) (2) the development of a 3D imaging 

modalities that leverage the unique photophysical properties of upconverting 

nanomaterials and (3) the application of scintillating nanoscale radiation detection 

materials as an alternative to the single-crystal bulk lanthanide doped materials and 

plastic scintillators currently employed. 

In many proposed applications of upconverting nanomaterials, the relative 

intensities of emission bands are a key component. For instance, security inks rely on 

measuring the ratio of the green and red emission peaks to distinguish between 

authentic and counterfeit materials. While multiple upconversion compositions have 

been identified with varying relative emission intensities, there has been little study into 

effective means of synthetically manipulating the intensities of these emission bands 
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within a single composition. Research presented here focuses on understanding the 

fundamental influences on the coprecipitation reaction method and ultimately 

manipulating the synthetic techniques to achieve meaningful changes in the emission 

properties without changing the overall composition of the nanoparticle. An injection 

reaction method is developed that allows for manipulating the interionic distance 

between sensitizer and activator pairs resulting in a significant decrease in the red 

emission. It is further shown that this change in interionic distance is a likely overlooked 

contributing factor in the emission properties of other compositions that have been 

studied. This work represents the first steps towards designing application specific 

emission properties via synthetic control rather than developing applications specific 

nanomaterial compositions.  

Owing to their NIR excitation, lack of tissue autofluorescence, and photostability 

UCNPs are a promising target for bio-imaging applications. Past studies have 

demonstrated the potential for UCNPs for cellular, tissue and whole body imaging. 

However, an imaging system that fully incorporates these materials and leverages their 

properties to improve upon existing imaging capabilities has yet to be shown. An optical 

emission computed tomography imaging (OECT) system is modified to enable NIR 

excitation and imaging of the upconversion signal. Using this system, the first 3D 

modeled upconversion imaging is demonstrated. By coupling the transmission and 

upconversion signals in this imaging modality, precise structural imaging is possible 
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and background free images of both the bronchial pathways in the lungs as well as 

white pulp structures in the spleen are shown using upconversion enhanced OECT.  

In addition to upconversion processes, the f-block orbitals can also be utilized in 

scintillation processed to convert ionizing radiation into visible light. Typically, 

lanthanide based single crystals are used in the bulk for developing large radiation 

detectors. However, recent advances in the Therien lab have seen the development of 

nanoscale [Y2O3] nanomaterials and their incorporation into a fiber optic detector 

(nanoFOD). This detector is shown here to function as a quality assurance tool in 

monitoring brachytherapy radiation treatments. Further, using the 3D printing method 

of fused deposition modeling, this scintillating nanomaterial is incorporated into a first 

of its kind low-cost radiation-imaging screen. In both applications, the nanomaterial is 

demonstrated to be highly effective at detecting and monitoring radiation. The low cost, 

and ease of manufacture for these devices as well as their instantaneous detection of 

radiation dose rates are a significant improvement over the current detector technologies 

employed.  
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1 Introduction 

1.1 Types of Lanthanide-doped Materials and f-Block orbitals 

Lanthanide doped nanomaterials can be broadly separated into two categories: 

(1) Upconversion nanomaterials, which convert the low frequency photons of NIR light 

into higher frequency NIR, visible or UV emission1 and (2) Scintillating nanomaterials 

that absorb high energy ionizing radiation and subsequently emit photons that typically 

lie in the UV and visible spectral domains.2 Both these phenomena in lanthanide 

materials derive from their f-block orbitals. These orbitals lie beneath the valence shell 

orbitals (Figure 1-1A) of the lanthanide ions, giving rise to well shielded energy levels 

with minimal interaction with the host lattice. As such, these materials have emission 

peaks centered at known energies (Figure 1-1B) that are not shifted by either the choice 

of host lattice, ligands on the material surface, or surrounding molecules. Because of 

this, these materials can be designed with reliable emission properties suited to a range 

of applications. Each process, upconversion and scintillation, will be detailed in the 

following sections as well as overviewing their current use in biological imaging and 

radiation detection.  
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Figure 1-1 (A) Diagram of the orbital levels in Ln3+ ions in an inorganic host crystal. 
(B) Common Upconversion sensitizer-activator pairs and their emissions. 

1.1.1 Upconversion Nanomaterials 

Energy Transfer Upconversion (ETU) relies on sequential energy absorption and 

transfer between ions within a crystal matrix.1,3 In the case of lanthanide-based 

upconversion, the 4fà4f transitions through which these energy transfer processes are 

conducted are Laporte forbidden, and oftentimes spin forbidden In addition, the f-

orbitals lie beneath the valence shell orbitals resulting in further restriction of the 

transitions resulting in long lived lifetimes (>10 us), which permit sufficient time for 

subsequent energy absorption and transfer processes, depicted in Figure 1-2, to occur 
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and thus build up excited state populations in higher energy states. Sequential energy 

transfer is further aided by the quasi-resonant, “ladder-like” energy levels of the 

emitting (activator) ions. By having energy levels available with consistent energetic 

spacing, each successive energy state can be populated using the same excitation energy 

from the absorbing (sensitizer) ion. In this fashion, upconversion provides a means for 

producing transitions that are anti-Stokes to the excitation wavelengths, resulting in 

large shifts (1,000s of cm-1) between absorption and emission spectra.   

 

Figure 1-2 Simplified energy transfer mechanisms involved in upconversion 
processes. Note that dashed lines refer to energy absorption, dotted lines to energy 

transfer and solid lines to emission. 

One way upconversion is achieved is through the use of rare earth ions doped 

into a fluoride or oxide crystal lattice. In lanthanide-based upconversion, several ion 

pairs have been well characterized. For the sensitizer, Yb3+ is commonly used due to its 

single f-block excited state with a strong absorptive cross section (when compared to 

other lanthanide ions) centered at 980 nm. In addition to this, the corresponding 
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relaxation to ground state of Yb3+ is similar in energy to the intra-ion transitions of other 

lanthanide ions. While the energy levels between ions are similar, it is important to 

distinguish that these processes are not resonant, differing in energy by several hundred 

wavenumbers. Small energetic mismatches between f-block states can be overcome due 

to coupling of these energy transfers with the phonon modes of the host crystal matrix, 

either absorbing excess energy or contributing vibrational energy.  

The emissive nature of UCNPs serves as a strong contrast to standard emissive 

organic molecules.4 Typically, a molecule would be excited to one of a number of 

allowed excited Sn states. Relaxation would then occur, according to Kasha’s Rule, back 

to an excited S1 state before a radiative or non-radiative decay to the ground state. These 

distinctions in the excited state dynamics leads to several key differences between 

inorganic upconverters and organic chromophores. First, as mentioned above, the 

nature of the f-orbitals and their transitions leads to long-lived excited states and thus 

emissive lifetimes on the order of micro- or milliseconds rather than the nanosecond 

lifetimes seen for the allowed transitions in molecules. A second important feature is the 

multiple emission bands seen for upconverters. Upconverters are characterized by 

multiple sharp emission lines. This behavior is, again, a result of the nature of the intra-

ion, 4f-4f atomic transitions. In this case, the long duration of each energy transfer makes 

it possible for an ion to emit from a low energy excited state before undergoing 

additional ETU processes to reach an emitting state of higher energy. Similarly, while 
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populating higher energy states, relaxation to lower states is also restricted, due to the 

forbidden nature of the transitions, and thus higher energy states are able to emit rather 

than non-radiatively relax to lower states. In this way, it is standard for UCNPs to have 

multiple distinct emission peaks in the UV-vis-NIR range. Organic chromophores, on 

the other hand, have typical emission bands characterized by the S1àS0 transition and 

broadened by vibrational levels within each state. Like upconverters, the emission from 

organic molecules is shifted with respect to the excitation. However, in this case the shift 

is a Stokes shift of 10s of nm rather than the significantly larger Anti-Stokes shifts of 

upconversion processes. While intersystem crossing between excited S1 and triplet T1 

provides a means to both longer lifetimes as well as larger Stokes shifts, neither is as 

dramatic as that seen through upconversion.  

Upconverting materials offer a number of benefits apart from their long lifetimes 

and large anti-Stokes shift such as photostability, sharp emission lines, and NIR 

excitation, which together make them an attractive option for biological imaging.5 

Current methods for controlling the emissive properties of upconversion nanomaterials 

will be outlined in section 1.2 and the application of upconverting nanomaterials to bio-

imaging will be discussed in section 1.3.  

1.1.2 Lanthanide-doped Inorganic Scintillators  

Scintillation emission derives from the absorption of X-ray excitation, subsequent 

energy migration and finally emission;6 the general mechanism is shown in Figure 1-3. 
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Initial electron-hole pairs (e--h+) are formed upon the absorption of high-energy X-ray 

photons. Next, thermalization occurs whereby generation of additional e--h+ pairs in the 

conduction and valence band, dissipates excess energy in the excited state. These 

charged pairs are trapped within the conduction and valence band where they relax into 

f-block orbitals before recombining to emit light in the UV or visible region. These 

processes have been well characterized in the bulk phase for lanthanide-doped inorganic 

scintillators.  

 

Figure 1-3 Basic scintillation mechanism showing the high-energy absorbance of X-
ray excitation, thermalization, migration and recombination of e--h+ pairs in 

lanthanide-doped inorganic scintillators. 

Due to their radiation hardness, chemical stability and emission peaks that 

overlap with conventional photomultiplier tubes (PMTs), bulk, single crystal, 

lanthanide-doped inorganic scintillators have been well characterized as radiation 
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detection materials over the years.6,7 However, due to the difficulty and cost associated 

with their crystal growth, they have not been widely adapted in the field.   

Nanoscale lanthanide-doped materials, on the other hand, benefit from low cost 

and simple synthesis. Despite this, little has been done to evaluate nanoscale inorganic 

scintillators. As such, little is known about their X-ray absorptivity, scintillation yields, 

energy dependence, etc. on the nanoscale. Still, early experiments suggest that nanoscale 

scintillators may have higher radiative efficiencies than their bulk counterparts.8 The 

characterization and utilization of nanoscale materials for scintillation is slowly gaining 

traction but little has been done to incorporate these materials into radiation detection 

device architectures.9-12 

1.2 Control of the Emission Properties in Upconversion 
Nanomaterials 

One distinct property of upconversion nanoparticles is their set emission 

wavelengths, which derive from their well-shielded f-block orbitals only weakly 

interacting with the host lattice. Compared to other fluorescent nanomaterials the peak 

wavelengths of the emission lines in upconversion are determined by the activator ion 

itself and are not spectrally shifted due to changes in size, aspect ratio, host lattice, etc. 

For instance, in gold nanoparticles the aspect ratio can be tuned to red-shift the 

plasmonic bands and achieve changes in the absorption or emission. Similarly, changes 

in quantum dot size can shift their emission spectra. However, because UCNPs have set 
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emission lines, a significant amount of effort has been put into ways to manipulate and 

control the emissive intensity of their emission peaks.  

For the majority of upconverting nanomaterials, Yb is used as the activator ion 

due to its simple, single excitation energy level and possessing the largest 980 nm 

absorptive cross section of the lanthanide ions. While other lanthanide ions, such as Nd 

and Er, have been used as the absorptive centers for varying applications their use is 

generally an exception rather than the norm. On the other hand, variation of the 

emissive activator ion can lead to distinct differences in the spectral absorption and 

emission lines of the resulting UCNP. As shown in Figure 1-1B, different activator ions 

manifest different spectral lines as a result in the differences in the splitting of the f-

orbital energy levels.13 Importantly, these differences in energy in the f-orbitals either 

facilitate or hinder the range of different energy transfer processes that occur within 

upconversion materials (Figure 1-4)14 and lead to different emission spectra that can be 

selected for different applications. For instance, the UV and NIR emission of Tm3+ make 

it an ideal selection for in vivo drug activation (UV) and whole body imaging (NIR). 

Meanwhile, the green and red emission of Er3+ makes it easily adaptable to cell imaging 

systems that rely on visible emitting fluorophores.  
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process. In section 6, we highlight the emerging applications of
these UC nanocrystals in biological sciences.

2. Dopant/host selection criteria

Inorganic crystals in most cases do not exhibit UC lumines-
cence at room temperature. Therefore, research is mainly
directed to systems that are composed of a crystalline host
and lanthanide dopants added to the host lattice in low
concentrations. This is especially important when having in
mind the potential preparation of new nanomaterials with well
defined optical properties. The dopants are usually in the form
of localized luminescent centers. In the case of the sensitized
luminescence, the dopant ion radiates upon its excitation to a
higher energetic state obtained from the non-radiative transfer
of the energy from another dopant ion. The ion that emits the
radiation is called an activator, while the donator of the energy
is the sensitizer. Although UC can be expected in principle
from most lanthanide-doped crystalline host materials,
efficient UC only occurs by using a small number of well
selected dopant–host combinations.

2.1 Activators

The requirement of multiple metastable levels for UC makes
the lanthanides well-suited for this application. The lantha-
nides, which are associated with the filling of the 4f-shell,
commence with the element lanthanum (La) and end with the
element lutetium (Lu). They essentially exist in their most
stable oxidation state as trivalent ions (Ln3+). The shielding of
the 4f electrons of Ln3+ by the completed filled 5s2 and 5p6

sub-shells results in weak electron–phonon coupling that is
responsible for important phenomena such as sharp and
narrow f–f transition bands. In addition, the f–f transitions
are Laporte forbidden, resulting in low transition probabilities
and substantially long-lived (up to 0.1 s) excited states.1 With
the exception of La3+, Ce3+, Yb3+, and Lu3+, the lanthanide
ions commonly have more than one excited 4f energy level.

As a consequence, UC emission can be theoretically expected
for most lanthanide ions. However, to generate practically
useful UC emission, the energy difference between each excited
level and its lower-lying intermediate level (ground level)
should be close enough to facilitate photon absorption and
energy transfer steps involved in UC processes. Er3+, Tm3+,
and Ho3+ typically feature such ladder-like arranged energy
levels and are thus frequently used activators (Fig. 2). For
example, the energy difference in Er3+ (B10 350 cm!1)
between the 4I11/2 and 4I15/2 levels is similar to that
(B10 370 cm!1) between the 4F7/2 and

4I11/2 levels. Thus, the
energy levels of 4I15/2,

4I11/2, and
4F7/2 can be used to generate

UC emission using B970 nm excitation. Instead of being
directly excited to the 4F7/2 state, Er3+ ion in the 4I11/2 state
can relax to the 4I13/2 state, followed by excitation to the 4F9/2

state with phonon-assisted energy transfer.
Non-radiative multiphonon relaxation rate between energy

levels is another important factor that dictates the population
of intermediate and emitting levels and subsequently deter-
mines the efficiency of the UC process. The multiphonon
relaxation rate constant knr for 4f levels of lanthanide ions is
described as7

knr / exp !b DE
!homax

! "

where b is an empirical constant of the host, DE is the energy
gap between the populated level and the next lower-lying
energy level of a lanthanide ion, and h!omax is the highest-
energy vibrational mode of the host lattice. The energy gap
law implies that the multiphonon relaxation rate constant
decreases exponentially with increasing energy gap. As shown
in Fig. 2, Er3+ and Tm3+ have relatively large energy gaps
and thus low probabilities of non-radiative transitions among
various excited levels of the ions. In agreement with the energy
gap law, the most efficient UC nanocrystals known to date are
obtained with Er3+ and Tm3+ as the activators.

Fig. 2 Schematic energy level diagrams showing typical UC processes for Er3+, Tm3+, and Ho3+. The dashed-dotted, dotted, and full arrows

represent excitation, multiphonon relaxation, and emission processes, respectively. The excitation originates from either direct photo excitation or

energy transfer. Since energy transfer can occur with the assistance of phonons, the energy differences between each key excited level and its key

lower-lying level can be a little inconsistent. The 2S+1LJ notations used to label the f levels refer to spin (S), orbital (L) and angular (J) momentum

quantum numbers respectively according to the Russel–Saunders notation.

978 | Chem. Soc. Rev., 2009, 38, 976–989 This journal is "c The Royal Society of Chemistry 2009

 

Figure 1-4 Energy level diagrams for Er, Tm and Ho with the excitation (red, dash-
dot), multiphonon relaxation (black, dotted) and emission processes (blue, solid) 

shown. Reprinted from reference 14. 

Because the upconversion mechanism is linked to dipole-dipole resonance 

between the sensitizer and activator and there is no overlap of the wavefunctions of the 

sensitizer and activator, the efficiency of the energy transfer mechanism is typically 

described by the Förster energy transfer mechanism and is proportional to 1/R6, with R 

being the distance between the two ions.15,16 Additionally, as dopant concentration 

changes, other energy transfer pathways may become more or less efficient. Such 

processes such as energy back transfer from the activator to the sensitizer or cross-

relaxation between two activator ions are also distance dependent. As a result, changes 

in the interionic distances of the dopants via changes in concentration result in changes 

in the emission pattern of UCNPs and changes in the efficiency of the numerous 

transitions involved. Because of this, manipulation of these transition efficiencies is the 

primary means by which changes in emission intensities can occur. Common techniques 
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for varying the relative intensity of the emission peaks include variation in the molar 

percentage of the dopant ion, introduction of new energy levels through co-doping, and 

careful selection of host lattice. 

1.2.1 Dopant Concentration 

The changes in emission profiles as dopant concentration changes have been tied 

to the interionic distances between the sensitizer and activator. By varying the dopant 

concentrations, a wide range of perceived colors can be obtained by altering the 

efficiency of the multiple branching energy transfer pathways involved in upconversion. 

A notable example of this is work by Wang in which the relative percentages of Tm3+, 

Er3+ and Yb3+ were varied in a NaYF4 host matrix to achieve a wide range of colors from 

blue to red as well as white light (Figure 1-5).17 It is important to note that this range of 

colors comes not from a change in the emission wavelength but rather a perceived 

change as the relative intensities of the red, green and blue emissions change, much in 

the same way that RGB pixels can generate a wide range of colors.  

Characterization,and,Optimization,of,Photophysical,Properties,Relating,
to,Upconversion,

,
A,Prelim,by,Brian,Langloss,

,
Abstract:,,Upconverting,nanoparticles,(UCNPs),of,NaGdF4,,codoped,with,Yb3+,and,Er3+,,are,synthesized,
using,a,coprecipitation,method,from,rare,earth,chlorides.,,These,particles,are,evaluated,for,upconversion,
luminescence,properties,(dependent,on,particle,size,and,dopant,concentrations),as,well,as,characterized,
by,power,dependence.,,Further,study,was,performed,to,determine,the,quantum,yields,of,NaYF4,particles,

doped,with,Yb3+,and,Er3+,differing,in,dimensions.,,Lastly,,future,studies,are,outlined,towards,the,
synthesis,of,nanoparticle,architectures,designed,to,study,the,photophysical,processes,of,upconverterJ

plasmonic,coupling,and,energy,transfer.,
,
Introduction:,,

Energy, Transfer, Upconversion, (ETU),
relies, on, sequential, energy, absorption, and,
transfer,between,ions,within,a,crystal,matrix1.,In,
the, case, of, lanthanideJbased, upconversion,, the,
4f!4f, transitions, through, which, these, energy,
transfer, processes, are, conducted, are,
traditionally, spin, and, Laporte, forbidden., , In,
addition,, the, fJorbitals, lie, beneath, the, valence,
shell, orbitals, resulting, in, further, delay, of, the,
transitions, resulting, in, long, lived, lifetimes,
(>10μs),, which, permit, sufficient, time, for,
subsequent, energy, absorption, and, transfer,
processes,, as, seen, in, Figure, 1a2,, to, occur, and,
thus,build,up,excited,state,populations,in,higher,
energy, states., Sequential, energy, transfer, is,
further, aided, by, the, quasiJresonant,, “ladderJ
like”, energy, levels, of, the, emitting, (activator),
ions., By, having, energy, levels, available, with,
consistent, energetic, spacing,, each, successive,
energy,state,can,be,populated,using,subsequent,
excitation,energy,from,the,absorbing,(sensitizer),
ion., In, this, fashion,, upconversion, provides, a,
means, for, producing, transitions, that, are, antiJ
Stokes,to,the,excitation,wavelengths,,resulting,in,
large,shifts,(1,000s,of,cmJ1),between,absorption,
and,emission,spectra.,,,,,

One, way, upconversion, is, achieved, is,
through, the,use,of, rare, earth, ions,doped, into, a,
fluoride, or, oxide, crystal, lattice., , In, lanthanideJ
based,upconversion,,several,ion,pairs,have,been,

well, characterized., For, the, sensitizer,, Yb3+, is,
used,due,to,its,single,fJblock,excited,state,with,a,
strong,absorptive,cross,section,(when,compared,
to,other,lanthanide,ions),centered,at,980,nm.,,In,
addition,to,this,, the,corresponding,relaxation,to,
ground, state, of, Yb3+, is, similar, in, energy, to, the,
intraJion, transitions, of, other, lanthanide, ions.,
While,the,energy,levels,between,ions,are,similar,,
it, is, important, to, distinguish, that, these,
processes, are, not, resonant,, differing, in, energy,
by, several, hundred, wavenumbers., Small,

Figure,1:,a.,common,processes,involved,in,upconversion,b.,
Emission,ranges,of,Tm3+,,Er3+,,and,Ho3+,and,c.,visualization,of,
tunable,emission,color,from,adjusting,dopant,concentrations,from,
Ref,3,

 

Figure 1-5 Visualization of tunable emission color in NaYF4 through variation in Yb, 
Er and Tm dopants. Reprinted from reference 17. 
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1.2.2 Introduction of Co-Dopants 

In addition to a single activator ion, additional dopants can be included to assist 

in modulating the energy pathways. These codopants fall into three broad categories: (1) 

lanthanide ions used for their simultaneous emission with the original activator, (2) 

lanthanide ions used to generate cross-relaxation energy transfers with the activator, 

and (3) transition metal ions that provide intermediate energy levels in energy migration 

mechanisms.  In Figure 1-5, the range in color comes from the relative emission intensity 

of the simultaneous emission of Er3+ and Tm3+ in the samples. Lanthanide ions can also 

be used for their cross relaxation with the emissive ion rather than their own emissive 

properties; this is commonly the case in Ce-doping. In this case, Ce-Er cross relaxation 

occurs to depopulate the red emitting 4I11/2 energy level in Er3+ and reduces the relative 

intensity of the red emission in Er3+ doped samples.18,19 Lastly, transition metal ions can 

be used to modulate the energy transfer pathways and provide intermediary energy 

levels, which direct EnT mechanisms to a specific emitting state. One example of this is 

in the upconverting KMnF3 structure, known for it’s prominent red emission (Figure 1-

6).20 In this composition, the excited state of the Mn2+ ion serves as an intermediate to 

assist the relaxation of the higher energy blue and green emitting states in Tm3+, Er3+, and 

Ho3+ to their respective lower-lying red and NIR emitting states as shown in Figure 1-6. 
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Figure 2a displays the room-temperature UC emission
spectrum of the irradiated KMnF3 nanocrystals. A narrow-
band visible emission centered at 660 nm was observed, in
stark contrast to Yb3+/Er3+ co-doped NaYF4 and LaF3

nanocrystals, which typically show a set of emission bands in
the visible spectral region. The single-band UC emission can
be ascribed to nonradiative energy transfer from the 2H9/2 and
4S3/2 levels of Er3+ to the 4T1 level of Mn2+, followed by back-
energy transfer to the 4F9/2 level of Er3+ (Figure 2b).[9c,d] The
complete disappearance of blue and green emissions of Er3+

suggests an extremely efficient exchange-energy transfer
process between the Er3+ and Mn2+ ions, which can be largely
attributed to the close proximity and effective mixing of wave
functions of the Er3+ and Mn2+ ions in the crystal host lattices.
The low-temperature (10 K) UC emission spectrum of the
KMnF3:Yb/Er (18:2 mol %) nanocrystals also showed a
single-band emission (Figure S3), indicating that the phonon
participation in the transfer process has only a marginal effect
on the emission. To investigate the compositional effect of the
irradiation, we have synthesized KMnF3 nanocrystals co-
doped with Yb3+/Ho3+ and Yb3+/Tm3+, respectively. Impor-

tantly, these nanocrystals also displayed single-band emis-
sions involving the 5F5!5I8 transition in Ho3+ and the 3H4!
3H6 transition in Tm3+ (Figure 2b,c). The full width at half
maximum (FWHM) has also been measured to be 20, 23, and
35 nm for KMnF3:Yb/Er, KMnF3:Yb/Ho, and KMnF3:Yb/Tm
nanocrystal systems, respectively.

Significantly, the single-band feature of the KMnF3:Yb/Er
nanocrystals remained the same on increasing the pump
power (Figure 3a). In contrast, NaYF4:Yb/Er nanocrystals
showed multipeak emissions with relative intensity ratios
closely associated with the pump power (Figure 3a). The red
emission intensity of the KMnF3:Yb/Er nanocrystals was
found to be substantially higher than that of the NaYF4:Yb/Er
nanocrystals of similar particle size irrespective of the pump
power (Figure 3 b).

In a further set of experiments, we examined the photo-
luminescence properties of the KMnF3:Yb/Er nanocrystals as
a function of dopant concentration (Figure S4). As shown in
Figure S4a, the KMnF3 nanocrystals doped with different
amounts of Yb3+/Er3+ (0–18 : 2–5 mol%) all displayed a
single-band emission centered at 660 nm, thus confirming
the dominant effect of energy transfer process between the
Er3+ and Mn2+ ions. It is noted that the KMnF3:Yb/Er
(18:2 mol%) nanocrystals hydrothermally prepared by Li and
co-workers show a weak green emission at 540 nm in addition
to the dominant 660 nm red emission.[9b] We attributed the
additional emission band to an insufficient energy transfer
process between the Er3+ and Mn2+ ions, possibly caused by
segregation of dopant ions from the host lattices. The

Figure 2. Room-temperature UC emission spectra of solutions contain-
ing: a) KMnF3:Yb/Er (18:2 mol%), b) KMnF3:Yb/Ho (18:2 mol%), and
c) KMnF3:Yb/Tm (18:2 mol%) nanocrystals in cyclohexane (insets:
proposed energy transfer mechanisms and corresponding luminescent
photos of the colloidal solutions). All spectra were recorded under
excitation of a 980 nm CW diode laser at a power density of
10 Wcm!2.

Figure 3. a) Pump-power-dependent UC emission spectra of solutions
containing KMnF3:Yb/Er (18:2 mol%) and NaYF4:Yb/Er (18:2 mol%)
nanocrystals. All spectra were recorded at room temperature under
excitation of a 980 nm CW diode laser at a power density of
10 Wcm!2. b) Emission intensity comparison of the red emission from
the KMnF3 and NaYF4 nanocrystals as a function of pump power.

Communications
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Figure 1-6 Emission spectra and proposed mechanisms for KMnF3 with (a) Yb/Er 
dopants, (b) Yb/Ho dopants and (c) Yb/Tm dopants. Reprinted from reference 20. 

1.2.3 Host Lattice 

While the host lattice cannot spectrally shift the emission wavelengths of the 

lanthanide ions, it can affect the efficiencies of the various energy transfer processes 

involved in upconversion. For instance, for comparable samples of 20% Yb and 2% Er 

different matrices are seen to facilitate different and distinct emission colors: NaYF4 is 

seen to be green,21 NaMgF3 red,22 and CaYF3 yellow.23 The affect of the host material is 

related to two main properties: (1) the lattice constants, which define the distance 

between dopant sites and (2) phonon energies enabling or hindering energy transfer 
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processes as well as contributing to non-radiative relaxations. In addition to different 

host lattices, the crystal structure of a given host lattice has been shown to influence the 

emission properties. These crystal structure based differences are a result of changes in 

spacing of lattice sites, symmetry of the dopant sites and their coordination number.24 

For example, the hexagonal (β) phase of the common upconversion material NaYF4 can 

be more emissive than the cubic (α) phase by more than two orders of magnitude.21 

1.2.4 Conclusions  

It is important to note that in all the cases mentioned above, changes in the 

relative intensities of the emission peaks come as a result in changes in the overall 

UCNP composition. Whether through changes in dopant concentration, host lattice, or 

surface passivation, each of these methods affects the stoichiometric ratio of the 

constituents. To date, no current methods exist to manipulate these emission intensities 

directly while maintaining a consistent overall elemental composition. Addressing this 

challenge is the focus of chapter 2 of this dissertation.  

1.3 Bio-imaging of Upconversion Nanoparticles  

The first use of upconversion nanoparticles in biological imaging was performed 

in 1999.25 Since then, numerous works have described the use of UCNPs as bio-imaging 

tools. Owing to their NIR excitation in the biological window, UCNPs offer good tissue 

penetration. Similarly, their NIR excitation does not excite endogenous proteins and 

therefore does not result in tissue auto-fluorescence. In addition to their optical imaging 
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utility, UCNPs offer a range of potential imaging modalities. Amongst others, 

gadolinium has been incorporated into UCNPs to provide MRI contrast.26-28 Likewise, 

CT imaging has been observed with various materials,29-31 and radiolabelling of either 

the lattice itself or surface ligands has allowed for radioimaging.32,33 Indeed, UCNPs 

have been shown to be a robust imaging platform with the most ambitious reports 

suggesting up to six imaging modalities from a single composition.34 In addition to 

imaging, UCNPs have been utilized as sensors to monitor biological conditions such as 

hypoxia35 or pH.36 Despite the many potential bio-applications, for simplicity’s sake this 

work will focus on the imaging of UCNPs in both in and ex vivo whole tissue.   

A simple demonstration of UCNPs in whole tissue biological imaging involves 

subcutaneous injection and subsequent imaging. Such studies have shown the ability to 

detect UCNPs through living tissue and penetration depths up to 10mm have been 

reported. Additionally, these optical images of UC luminescence can be overlain with 

brightfield or X-ray imaging to localize the signal within the body (Figure 1-7).37 While 

these studies demonstrate the ability to detect UCNPs through tissue, their generally 

high concentration localized around a single injection spot does not mimic the bio-

distribution levels that would realistically be seen in real world applications.  
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Figure 1-7 Overlay images of subcutaneously injected UCNP at 980nm excitation with 
(A) brightfield and (B) X-ray images of a mouse showing nanoparticles at the 

injection site. Recreated from reference 37. 

An improvement in subcutaneous injections of UCNPs is the imaging of 

circulating particles injected intravenously. Typically, injection of 100-200 µL of a 1 or 2 

mg/mL solution are sufficient to obtain luminescent signal from the UCNPs in vivo. 

Circulation times as short as 30 minutes and as long as 3 months have been used with 

shorter time points favoring signal from lungs and GI tract while longer time points 

show increased signal from the spleen and liver.38 For intravenous injections, both whole 

body imaging as well as imaging of excised tissue is common (Figure 1-8A) to evaluate 

the biodistribution of these nanomaterials within the body. Notably, these intravenous 

injections are commonly used to demonstrate the potential for targeting of UCNPs to 

specific organs of interest. One strong example is the targeting of intracranial 

glioblastoma using antibody-conjugated NaYF4:Yb/Tm/Gd.39 In this study, the ability of 
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funtionalized UCNPs to cross the blood-brain barrier and target the glioblastoma where 

it could then function as a duel optical/MRI imaging agent to assist in surgical resection 

of the entire tumor. In addition to optical imaging, intravenous injections allow for the 

demonstration of other imaging modalities such as whole body CT (Figure 1-8B) and 

MRI (Figure 1-8C) imaging where the high attenuation of the UCNPs or their Gd3+ 

imbued magnetic properties serve as a contrast to surrounding tissue.  

 

Figure 1-8 Imaging of UCNPs following intravenous injection using three separate 
modalities. (A) NaLuF4:Yb/Er after 1.5 hrs circulation optically imaged in vivo and ex 
vivo and overlayed on brightfield images.40 (B) CT reconstruction of NaYF4:Yb/Er - 
ZnO core – shell UCNP before (left) and 1hr after (right) injection.29 (C)T2-weighted 

MRI imaging of NaYF4:Yb/Er/Gd before (left) and 1hr after (right) injection.30 Arrows 
highlight the negative contrast regions of the liver and tumor in which UCNPs were 

detected. Images were reconstructed from references 40, 29 and 30 respectively. 

 Importantly, while many reports have shown initial utility of UCNPs in 

biological imaging they have focused mainly on proof-of-concept demonstrations of 

different imaging modalities or monitoring bio-distribution of functionalized and 

unfunctionalized UCNPs. There are few studies that seek to further develop imaging 

modalities beyond the initial proof-of-concept to fully leverage the  
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Figure 1-9 Ex vivo high resolution X-ray imaging of a mouse lung (A) with and (B) 
without NaLuF4:Yb/Er/Gd highlighting the blood vasculature seen using UCNPs. 

Recreated from reference 37. 

unique photophysical properties of these materials and their potential to provide high 

resolution structural information in whole tissue free from background 

autofluorescence. Some groups have shown this ability in other imaging modalities, 

such as X-ray imaging (Figure 1-9), whereby the large radiation cross section of the 

materials compared to the surrounding tissue has been used to image blood vessels in 

the lungs. However, their use as an optical imaging agent to visualize biological 

structures is, to date, lacking. Chapter 3 will focus on work performed to rectify this by 

incorporating UCNPs into the 3D imaging modality known as optical emission 

computed tomography. By adapting upconverters for use as an imaging agent in OECT 

we seek to improve resolution of the images and increase the potential tissue size for 

imaging. 



 

18 

1.4 Applications for Lanthanide-doped NanoScintillators in 
Radiation Dose Detection and Imaging  

For clinical radiation treatment, few options exist for monitoring of radiation 

dose rate in real time. Current radiation detectors such as MOSFETS, ion chambers and 

TLDs all possess limiting drawbacks to their application.  

MOSFETS, for instance, have limited lifetimes of 16-20 Gray (Gy, absorbed 

radiation by tissue (J/kg)) due to accumulated radiation damage.41 Along with their 

limited radiation exposure, MOSFETS also suffer from angular dependence making 

them impractical for use in radial fields such as those used in CT scans.42 Additionally, 

MOSFETS serve as integrating detectors where absorbed dose is determined by 

subtraction of the final voltage from the initial voltage. As such, they cannot be used to 

monitor dose rates in real time.  

Thermo-luminescent dosimeters (TLDs) are another widespread option for 

radiation dosimetry. However, they suffer similar limitations as MOSFETS. Time 

consuming pre- and post- exposure processing prevents their use in real time.43 Prior to 

radiation exposure TLDs must undergo an annealing process, which can take several 

hours. Following their exposure, stabilization times of 24 h or more are needed as well 

as costly TLD readers to subsequently measure the delivered dose. Further, following 

radiation exposure, TLDs must be kept free from exposure to subsequent UV or visible 

light to prevent errors in signal.44 Their time consuming processing, sensitivity to UV 
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and visible light, and requirement for TLD annealing and reading equipment prevents 

their utilization as a real time dose rate monitoring system.  

Ion-chambers are generally considered the gold standard for dosimetry and can, 

in fact, perform measurements near real time. Additionally, they can detect a range of 

ionizing radiation from X-ray to gamma ray energy with minimal degradation. 

However, their large size (≥ 1 cm diameter) limits their application in radiation 

treatment, as the radiation attenuation can be significant even at distances of less than 1 

mm.  

Given the limitations of current radiation dosimeters, there is a significant unmet 

need for low cost, real time dosimetry in the medical field. Previous work in the Therien 

lab has focused on adapting [Y2O3:Eu/Li] nanoparticles to address this concern.45,46 Bulk 

[Y2O3:Eu] has been used in the past in cathode ray televisions as the red-emitting 

phosphor as well as in a wider array of X-ray CT detectors.47,48 This material has a sharp 

emission peak centered at 611nm, well suited to the spectral range of modern detectors 

such as CCD cameras and photodiodes, which offer superior sensitivity as compared to 

the PMTs used for bulk UV-emitting scintillators. Nanoscale [Y2O3:Eu/Li] synthesized 

using the thermal decomposition model has been shown to not decompose under 

constant X-ray irradiation, not possess scintillation intensity saturation at exposures up 

to 4 Roentgen per second (the highest exposure evaluated) and respond linearly to a 

range of excitation energies from 40-220 kVp.45 Further, this nanomaterial has been 
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incorporated into a prototype fiber-optic detector based on a detection element 

composed of nanoscale scintillators (nanoFOD) and used to track radiation dose in real 

time. This device has additionally been used to measure the beam-width and monitor 

the dose rate of a micro-planar X-ray beam.49 Both these studies demonstrate the 

feasibility of this device to monitor radiation dose in real time over distances on a sub-

millimeter scale. 

Chapter 5 of this dissertation will focus on continuing the evaluation of the 

nanoFOD in clinical applications. The first section of the chapter will focus on the 

clinical use of the nanoFOD in brachytherapy treatments of gynecological cancer using 

the simple vaginal cylinder geometry. This represents the first of three nearly completed 

clinical trials. The second two are ongoing (as such are not included here), having gone 

through patient accrual and data collection, and include a study on the more complex 

geometry of tandem and ovoid brachytherapy treatments as well as the use of the 

nanoFOD in external beam irradiation treatments. In addition to the nanoFOD, the 

second half of chapter 5 focuses on the incorporation of the [Y2O3:Eu/Li] nanomaterial 

into novel solid-state detectors fabricated using 3D printing technology. By doing so, a 

low-cost radiation-imaging screen is realized. Additionally, this radiation screen can be 

successfully imaged using a simple web camera. This overall low cost system has the 

potential to drastically reduce costs in imaging the treatment fields used in radiation 

therapy from tens of thousands of dollars per detector screen to only a few hundred 
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dollars. This savings would allow for improved radiation monitoring, more frequent 

calibration of instruments, and reduce the cost of treatment delivery. 
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2 Two Methods for Controlling Interionic Yb-Er 
Distance as a means of Modulating Relative Emission 
Intensities in NaYF4:Yb/Er  

Here we report on two synthetic approaches to modulating the dopant 

distribution of Yb and Er ions in NaYF4 upconverters. The distribution of Yb and Er 

within the nanocrystal is monitored via comparison of the ICP-AES and XPS 

compositional analysis. Changes in the dopant distribution are shown to result in 

changes in the quantum yields and radiant flux of the green (540nm) and red (655nm) 

emission bands. In the first approach, we develop a novel synthetic method of delayed-

injection coprecipitation reaction that allows for the first seen control over the dopant 

distribution within a single host lattice composition. In this way, we are able to 

modulate the relative Yb and Er dopant distribution by staggering the time points when 

each ion is available to be included within the crystal structure and by so doing tailor the 

emission profile. In the second method, Ce codoping is used to modulate the 

distribution of the Yb and Er dopants. Ce doping at 7mol% is enough to establish a 

change in dopant distribution and changes in dopant distribution continue up to 21% Ce 

doping, the highest percentage tested here. In both cases, we show that increased 

distance, as determined by changes in relative distribution seen in ICP-AES and XPS 

analysis, between Yb-Er ions results in a decrease in the steady state emission of the 4F9/2 

à 4I15/2 derived signal of an order of magnitude for the injection synthesis and two 

orders of magnitude for the Ce-doping method. Additionally, a 2-fold and 10-fold 
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increase in the steady-state NIR emission intensity as compared to the control sample is 

seen for the injection and Ce-doping methods respectively. This work highlights the 

importance of dopant distribution within UCNP structures and offers two methods of 

modulating the Yb and Er distribution within the nanocrystal. By doing so, we open the 

potential for precise control of emission properties in an UCNP without the need to 

change the overall material composition. 

2.1.1 Introduction 

Upconverting nanoparticles (UCNPs) have gained much attention over the years 

due to their unique property of absorbing multiple NIR photons and emitting higher 

energy NIR, visible or UV photons.3 Materials exhibiting this upconversion 

phenomenon have several advantageous properties including their chemical stability, 

multiple narrow emission peaks, superior tissue penetration, and long-term 

photostability.5 Given their beneficial properties, UCNPs have found applications in a 

wide range of fields such as bio-imaging, therapeutics, security inks, and electronic 

displays.28,50-54  

In many upconversion applications, the relative intensities of the upconversion 

emission peaks are a key component. For instance, anti-counterfeiting security inks rely 

on a defined ratio between emission peaks to distinguish between “real” and 

“counterfeit” technologies.51,52,54 Thermonostic applications monitor the difference in 

change between the green and red emission peaks to measure temperature. And 
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electronic displays rely on relative emission intensities to produce a range of colors.53 As 

such, developing new methods for modulating the relative emission intensities of the 

upconversion emission bands is of practical importance. 

Previous methods for manipulating the relative intensities of the emission bands 

have focused on the selection and concentration of dopant ions in the nanomaterial. For 

instance, it has shown that by controlling the concentrations of Tm3+, Er3+ and Ho3+ 

within a [NaYF4] host lattice a wide range of colors ranging from blue to red as well as 

white light can be achieved.17 In addition to controlling the concentrations of the 

sensitizer and activator ions, introduction of additional doping ions can introduce new 

energetic levels and pathways for energy transfer (EnT) within the crystal lattice. For 

instance, a recent report showed that inclusion of Eu3+ in [Lu2O3: Yb/Ho] UCNPs 

resulted in a nearly 6-fold increase in the relative intensity of the green emission as 

compared to an Eu3+ free standard.55   

In addition to dopant selection and their concentration studies have indicated 

that the dopant distribution within the crystal structure has an impact on the relative 

emission intensities. Due to the distance dependence of EnT and the multiple competing 

pathways involved in upconversion, small changes in the interionic distances of the 

dopants can result in changes in the relative intensities of the resultant upconversion 

emission bands. As one example, changes in the dopant percentage in Yb-Er doped Y2O3 

resulted in pronounced red emission.56  It was argued that changes in the inter-ionic 
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distances for sensitizers and activators changed with the changing dopant concentration 

and that shorter sensitizer-activator distances favored red emission pathways.56   

Along with this, further work has shown that when Y, Nd or Tb ions were doped 

into NaGdF4 they all exhibited asymmetrical distribution, a phenomenon attributed to 

their relative reactivity.57 Additionally, numerous studies have looked at the reactivity of 

the lanthanide ions in series to evaluate their final morphology in [NaLnF4], where Ln is 

any lanthanide ion.  

Despite this information that the dopant distribution can affect emissive 

properties and their relative reactivity can affect how ions are distributed throughout 

the crystal structure, no studies exist detailing a synthetic means to actively control 

dopant distribution throughout the UCNP. Rather, research has focused on evaluation 

and screening of upconversion compositions and dopant concentrations as a means to 

different emission profiles. Here we present a simple synthetic means of modulating the 

dopant distribution within a single UCNP composition and analyze the effect the 

resultant distribution change has on the emissive properties. We show, for the first time, 

that by tuning the dopant distribution within the host lattice, it is possible to tune the 

relative intensities of the emission peaks without changing the overall composition. 

Additionally, we analyze a Ce-codoped sample with similar emissive characteristics and 

show it has a similar dopant distribution as our synthetically manipulated composition. 

This work is the first to show sensitizer-activator distance to be a co-factor in 
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modulating the emission pathways of Ce-doped UCNPs. This work emphasizes the 

importance of understanding the distribution of dopant ions within the host lattice and 

provides the first means of synthetically manipulating their distribution to achieve 

different emission properties in a single NaYF4 composition.  

2.1.2 Results and discussion 

Two methods of synthesizing [NaY0.78F4:Yb0.20Er0.02] were employed. The first was 

a standard (s-) coprecipitation method as reported in literature resulting in 30 nm 

hexagonal phase nanoparticles (Figure 2-1A).58 The second was modified from this 

standard procedure to allow for injection (i-) of the rare earth materials to control dopant 

distribution. In this reaction, half of the total Yttrium and the total Er content were 

reserved from the initial reaction solution. The reaction then proceeded as in the 

standard method with all other conditions kept constant. During the high temperature 

nanoparticle growth phase of the reaction, dropwise injection of yttrium and erbium in 

the form of oleates dissolved in oleic acid and octadecene were made to achieve the final 

stoichiometric quantities of the final composition. The first injection was of 25% of the 

final Yttrium quantity 30minutes into the growth phase of the reaction. This injection 

serves to allow yttrium to incorporate onto the surface of the initial ytterbium-doped as 

a “spacer” that will act separate the erbium from the ytterbium in the host lattice. The 

second injection occurred at 90 minutes and included the erbium and remaining 25% of 

yttrium. The final particles were seen to be 30 nm in size (Figure 2-1B) and in the 



 

27 

hexagonal phase confirming the success of this reaction to mimic the physical 

characteristics of the standard coprecipitation reaction.  

 

Figure 2-1 (A) TEM image of s-[NaY0.78F4:Yb0.20Er0.02] and average particle size. (B) TEM 
image of i-[NaY0.78F4:Yb0.20Er0.02] and average particle size. (C) Visible emission spectra 
of a 1mg/ml solution of each composition in toluene under 980nm excitation. (D) NIR 

emission spectra of the same 

To confirm the successful manipulation of the dopant distribution, compositional 

analysis from inductively coupled plasma atomic emission spectroscopy (ICP-AES), 

which analyses the entire composition, and X-ray photoelectric spectroscopy (XPS), 

which analyzes the surface of the particle, were compared. Given that XPS only analyzes 

the first few nm of the nanoparticle surface, variation in the XPS data as compared to the 
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ICP-AES date would indicate uneven distribution of dopants throughout the 

nanoparticle. In this case, increases in dopant percentage in the XPS would correspond 

to more surface localized dopants while decreases would refer to more core localized 

dopants. Table 2-1 shows the results from both compositional analyses for the Y, Yb and 

Er components. ICP-AES data confirms an overall composition close to that of the 

stoichiometric 20% Yb and 2% Er intended for both the s-[NaY0.78F4:Yb0.20Er0.02] and i-

[NaY0.78F4:Yb0.20Er0.02] nanoparticles. However, XPS data for the two compositions 

highlights that changes in the reaction were successful at changing the dopant  

Table 2-1 Compositional data for s-[NaY0.78F4:Yb0.20Er0.02] and i-[NaY0.78F4:Yb0.20Er0.02] 
analysis via ICP-AES and XPS 

Composition Analysis Y % Yb % Er % 
s-[NaY0.78F4:Yb0.20Er0.02] ICP-AES 

XPS 
77.14 
83.70 

21.07 
13.17 

1.79 
3.13 

i-[NaY0.78F4:Yb0.20Er0.02] ICP-AES 
XPS 

79.61 
85.39 

18.67 
9.00 

1.71 
5.62 

 

distribution. For s-[NaY0.78F4:Yb0.20Er0.02], XPS data is shows that a small variation in 

dopant distribution exists. Namely that Er is more focused towards the surface (Er % 

1.79 for ICP-AES vs. 3.13 for XPS) and Yb is more focused towards the core of the 

nanoparticle (Yb% 21.07 for ICP-AES vs. 13.17 for XPS). Compared to the ICP-AES data, 

the XPS data for the i-[NaY0.78F4:Yb0.20Er0.02] shows a higher amount of Er and a decreased 

amount of Yb. Notably, the surface Er composition for our injection reaction (5.62%) is 

nearly double that of the standard reaction (3.13%) indicating that we were in fact able 
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to favor asymmetric distribution of Er throughout the crystal structure through our 

injection reactions. This matches the intent of our reaction scheme and shows that the 

relative positions of the dopants can be modulated while maintaining particle 

morphology of the overall reaction.  

 

Figure 2-2 Energy Level Diagram of Yb and Er ions. The basic energy transfer 
pathways and emission lines are indicated 

Changes in the emission intensity can be seen in the emission data for the UV/Vis 

(Figure 2-1C) and the NIR (Figure 2-1D) regions. No significant change can be seen in 

the emission intensity of 2H11/2 , 4S3/2 à 4I15/2 (Green) or the 2H9/2 à 4I15/2 (Blue) transitions. 

However, the red emission signal of i-[NaY0.78F4:Yb0.20Er0.02] derived from the 4F9/2 à 4I15/2 

sees a nearly 5-fold decrease in emission intensity as compared to the s-

[NaY0.78F4:Yb0.20Er0.02] composition. Previous reports have argued that decreases in the 
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average Yb-Er distance result in an increase in the intensity of the red emission.56 Here, 

we suggest the converse is also true. The induced separation of Yb and Er by injecting Er 

late in the reaction results in an increase in the average Yb-Er distance and a decrease in 

the emissive intensity of the red 4F9/2 à 4I15/2 transition. This likely stems from a decrease 

in the probability of a second EnT event from Yb-Er occurring. As such, Er ions that 

have been excited to the 4I11/2 state and then relaxed to the 4I13/2 state will not see the 

secondary EnT event needed to facilitate the 4I13/2 à 4F9/2 transition to the red emitting 

state.  

Given the above proposal that the 4I13/2 à 4F9/2 is less likely to occur as Yb-Er 

distances increase, one would expect an increase in the NIR emission as well due to the 

increased population residing in the NIR emitting 4I13/2 energy level. In fact, the injection 

synthesis also resulted in a change in the NIR region of the spectrum as well. The 

intensity of the 1550nm emission from the 4I13/2 à 4I15/2 transition is doubled for the 

injection reaction as compared to the standard synthesis. This increase likely derives 

from an increase in the population of the 4I13/2 state in Er. Typically, a second energy 

transfer from Yb to Er would facilitate the 4I13/2 à 4F9/2 transition responsible for red 

emission. However, with the increase in Yb-Er distances, this second energy transfer 

becomes less likely to occur resulting in an increase in the NIR emission from the 4I13/2 

state instead.  

To further highlight the importance of compositional characterization, we looked 
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at NaYF4:Yb/Er with cerium co-dopants. Previous reports have shown that inclusion of 

Ce into NaYF4:Yb/Er has similar outcomes on the emission spectra; that is, increased NIR 

emission and decreased red emission is seen as compared to a Ce-free control.18,19 This 

outcome has been attributed to a Ce-facilitated relaxing of the 4I11/2 à 4I13/2 transition to 

populate the NIR state of Er. However, no reports include characterization of the dopant 

distribution within the nanoparticle. Given the similarities in emission properties 

between the reported Ce-doped NaYF4:Yb/Er and our injection synthesis reported here, 

Ce doping is a good candidate to evaluate the need for compositional analysis in 

understanding changes in emission intensity.  

 

Figure 2-3 Optimization of the Green:Red emission ratio in [NaY1-x-yF4:YbxEry] with 7% 
cerium co-doping. In (A) Yb was kept at a constant 20% while Er was varied. In (B) Er 

was kept at a constant 1.4% while Yb was varied. 

[NaY1-x-y-zF4:YbxEryCez] was synthesized using the same coprecipitation method 

as the s-[NaY0.78F4:Yb0.20Er0.02]. The concentrations of each dopant were systematically 

varied to obtain the largest ratio of green:red emission intensity (Figure 2-3), which was 

determined to be [NaY F4:Yb0.71Er0.014Ce0.14]. The inclusion of cerium in the reaction does 

not affect the crystal size or morphology. Figure 2-4B shows the TEM of the resultant 
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nanoparticles, which, at 30nm, are in the same size regime as the standard reaction and 

remain hexagonal phase according to XRD measurements. Importantly, these Ce-doped 

nanoparticles saw an approximately 2.5x increase in the intensity of the NIR emission 

from the 4I13/2 à 4I15/2 transition as well as a 20-fold decrease in the intensity of the 4F9/2 à 

4I15/2 derived red emission as compared to the standard consistent with past reports on 

Ce-doped NaYF4:Yb/Er. This is consistent with previously reported emission spectra18,19 

for Ce-doped NaYF4:Yb/Er and is similar to the effects seen from our injection reaction. 

 

Figure 2-4 (A) TEM image of s-[NaY0.78F4:Yb0.20Er0.02] and average particle size. (B) TEM 
image of [NaY F4:Yb0.71Er0.014Ce0.14] and average particle size. (C) Visible emission 

spectra of a 1mg/ml solution of each composition in toluene under 980nm excitation. 
(D) NIR emission spectra of the same  

The Compositional analysis via ICP-AES and XPS for this Ce-doped composition 

are shown in Table 2-2. The Ce-doped sample shows a similar effect as the i-
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[NaY0.78F4:Yb0.20Er0.02] where XPS shows higher percentages of Er and decreased 

percentages in Yb in the top layers of the nanoparticles. This suggests that the inclusion 

of Ce in the [NaY F4:Yb0.71Er0.014Ce0.14] composition results in an uneven dopant 

distribution within the nanoparticle similar to that created by the injection reactions. 

Interestingly, Ce composition as measured by XPS matches that of the ICP-AES data 

suggesting that the Ce is evenly incorporated throughout the nanoparticle. Previous 

reports on upconversion synthesis have shown the variability in reactivity across the 

lanthanide series24 as well as non-statistical doping57 based on reactivity. Given this, we 

propose the likely explanation that the inclusion of Ce throughout the crystal lattice 

changes the lattice energy resulting in an alteration of the relative reactivity of the Er 

and Yb constituents thus resulting in the change in dopant distribution seen.  

Table 2-2 Compositional data for [NaY F4:Yb0.71Er0.014Ce0.14] analysis via ICP-AES and 
XPS 

Composition Analysis Y % Yb % Er % Ce % 
NaY0.71F4:Yb0.14Er0.014Ce0.07 ICP-AES 77.51 13.83 1.08 7.59 

 XPS 77.29 11.46 5.36 5.89 
 

As mentioned previously, past reports have attributed the decrease in the red 

4F9/2 à 4I15/2 emission and increase in the NIR 4I13/2 à 4I15/2 emission solely to a cross 

relaxation between Er and Ce ions within the crystal lattice. However, given the results 

here we propose the effect is driven by both the cross relaxation as well as the change in 

average interionic distance. The difference in the magnitude of the effect seen (i.e. 5-fold 
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vs. 20-fold decrease in the red emission for i-[NaY0.78F4:Yb0.20Er0.02] and [NaY 

F4:Yb0.71Er0.014Ce0.14] respectively) for injection reactions and Ce-doping can be attributed 

to the two factors involved in the Ce-doped sample. That is, the change in interionic 

distance resulting from Ce-doping likely has a comparable effect as in the injection 

reaction and further reduction in the red emission signal is governed by the Ce-Er cross 

relaxation pathway previously shown.  

2.1.3 Conclusions 

Here we have demonstrated the ability to modulate the interionic distances 

between sensitizer and activator by means of a modified coprecipitation reaction. By 

injection lattice components at controlled points through the reaction a basic 

manipulation of the dopant distribution within the nanocrystal can be achieved. By 

altering this dopant distribution we have shown a change in the relative intensities of 

the green and red emission bands as well as an increase in the NIR emission at 1550nm. 

These changes derive from differences in efficiency of the multiple upconversion 

pathways as a result of changing interionic distance of the sensitizer and activator. 

Further, we’ve shown that in Ce-doped samples that have similar emission properties as 

our i-[NaY0.78F4:Yb0.20Er0.02] see the same change in dopant distribution that we report 

here. As such, we propose that the current understanding of cross relaxation between 

Ce-Er ions is incomplete and the impact of changes in dopant distribution need to be 

considered to fully address the upconversion mechanism involved. 
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The work here introduces a new delayed injection reaction method, which allows 

for manipulation of the sensitizer-activator distance. By doing so, we show for the first 

time the ability to control the emissive properties of a consistent [NaY0.78F4:Yb0.20Er0.02] 

through synthetic manipulation rather than changes in the overall composition. Further 

development of these methods may allow for fine tuning emission bands, in situ core-

shell reactions, or the inclusion of additional lanthanide dopants localized to the surface 

to enhance the UCNP functionality (i.e. Gd for magnetic properties, Nd for lower 

wavelength absorption, etc.). Additionally, this work demonstrates the necessity of 

evaluating the dopant distribution within the nanocrystal rather than simply the overall 

composition when evaluating upconversion nanomaterials 

2.1.4 Methods 

2.1.4.1 Coprecipitation reaction 

Standard Synthesis - In a typical reaction, 2mm total between YCl3, YbCl and ErCl3 

were combined in a two neck round bottom flask. The salts were dissolved in a minimal 

amount of methanol and subsequently dispersed in a mixture of oleic acid and 

octadecene. The reaction mixture was heated to 125°C under vacuum and held for 30 

minutes. Vacuum was release and the reaction placed under argon and heated 10 150°C 

for a further 30 minutes before cooling to room temp. A methanol solution of NaOH and 

NH3F was rapidly injected. The reaction was once again heated to remove methanol and 

the reaction atmosphere was evacuated and refilled 3x with argon before transferring to 
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a salt bath and heating to 315°C for 2 hours. After which, the reaction was cooled to 

room temp and the resultant nanomaterial washed 2x with a 50:50 mixture of ethanol:n-

hexane, 1x with a 50:50 mixture of ethanol: water and finally once with ethanol 

Injection Synthesis - The reaction was performed similarly to above with minor 

modifications. (1) the desired amount of Y and Er to inject was removed from the initial 

reaction mixture. However, total volume of the oleic acid and octadecene was kept 

constant. (2) Stock solutions of yttrium and erbium oleates were made by heating YCl3 

and ErCl3 dispersed in in a 3:2 mixture of oleic acid and octadecene to 150°C under 

argon. (3) At set time points during the high temperature section (2hrs at 315°C) 

appropriate amounts of the stock solutions were injected dropwise at a rate of 1 mL/min 

while maintaining the reaction temperature at 315°C. All other steps remained the same.  

Cerium Doped Synthesis – reactions were carried out identical to the standard 

reactions with only adjustments to the stoichiometric ratio of Y, Yb, and Er necessary to 

account for addition of the CeCl3 inclusion in the 2 mmol overall content.  

2.1.4.2 Compositional Analysis 

Samples for ICP-AES were made by dissolving 2mg of UCNPs in aqua regia. 

Boric acid was added to scavenge residual F- and the solution was quenched with water. 

These samples were submitted to the Environmental and Agricultural Testing Service at 

NC States Department of Soil Science. Analysis gave mg/ml of each constituent ion, 
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which was then back calculated to give mmol/mL and overall compositional 

percentages.  

 For XPS analysis, powders of the nanomaterials were pressed into pellets using 

a Pike Technologies hand press. These pellets were mounted on copper tape and 

inserted into the XPS. Survey scans at 160 eV were run and a total of 10 scans were 

averaged to get the final elemental profile. CasaXPS software was used to analyze the 

percentages of the carbon and oxygen present.  

2.1.4.3 Emission Spectroscopy  

Emission spectra were collected using an Edinburgh fluorimeter. A 980nm laser 

at 1.39 W/cm2 under continuous excitation was used to excite 1 mg/mL solution samples 

in toluene. The resultant spectra were corrected for detector sensitivity using files 

provided by Edinburgh instruments.  
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3 Applications of Lanthanide-Based Nanomaterials in 
Biological Imaging 

Upconverting nanoparticles (UCNPs) have several key characteristics that make 

them attractive for biological imaging. First, their NIR excitation lies on the edge of the 

biological optical window, which allows for greater tissue penetration, up to 10mm in 

depth, as compared to UV or visible excited fluorophores.59,60 Second, the NIR excitation 

is less damaging to tissue compared to UV excitation and does not cause tissue auto 

fluorescence.61,62 This allows for longer imaging times and improves imaging resolution. 

Lastly, many UCNPs have emission lines centered in the UV, visible, and NIR regions.. 

The green and red fluorescent protein (GFP and RFP) derived imaging agents have 

emission peaks covering a range from 480 to 638 nm.63 Common upconversion emission 

peaks, such as the 475 nm emission from Tm3+ or the 540 nm and 650 nm emissions from 

Er3+-doped samples, lie in the same spectral regime allowing them to be imaged using 

current CCD cameras.3 Alternative imaging techniques, like multiphoton excitation or 

confocal imaging can achieve some of these characteristics, but require complex optical 

setups or expensive pulsed lasers to achieve the high flux needed to stimulate 

multiphoton absorption.64-66 However, UCNPs can be imaged using low cost NIR diode 

lasers, the excitation does not result in tissue auto fluorescence as there are no non-linear 

biological absorbers, and their emission spectra have peaks lie within the detection 
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range of common CCD cameras. As such, they can be readily incorporated into current 

bioimaging systems. 

This chapter will highlight work on adapting [NaY0.78F4:Yb0.20Er0.02] for use in 

biological systems as well as the development of this material as a contrast agent for 

optical emission computed tomography imaging.  

3.1 Biocompatible Upconverting Nanoparticles 

This section details ligand exchange procedures for obtaining PAA-coated 

upconverting nanoparticles. Details focus on a simple ligand exchange procedure and 

the problems and solutions associated with this method. 

3.1.1 Background on Biocompatible UCNPs in the Therien Lab 

Previous biocompatible upconversion work in the Therien lab has relied on 

[YbF3:1.2%Tm] nanoparticles synthesized using solvothermal methods. An advantage of 

these particles lies in the fact that their emission spectrum is dominated by UV and NIR 

emission transitions (Figure 3-1). Dr. Jenifer Aryes used this material to engineer drug 

release (triggered by UCNP UV emission) and enable whole body imaging (NIR 

emission). However, for tissue and cellular imaging, an UCNPs with strong emission in 

the visible is ideal as it overlaps with the detection window of the CCDs used in current 

bioimaging systems.  
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Figure 3-1 Emission spectra of PEI-coated [YbF3:Tm] showing strong UV and NIR 
emission bands. Data courtesy of Dr. Jennifer Aryes. 

[NaY0.78F4:Yb0.20Er0.02] is a well characterized upconversion composition exhibiting 

emission in the green and red spectral regimes. However, solvothermal synthesis of 

[NaY0.78F4:Yb0.20Er0.02] results in amorphous, polydisperse UCNPs. Further, size control of 

the resultant UCNPs fabricated by this method is difficult at best. On the other hand, 

thermal decomposition synthesis is a well characterized reaction for 

[NaY0.78F4:Yb0.20Er0.02] resulting in monodisperse UCNPs with readily tunable sizes.67 

However, the UCNPs, as synthesized, have an oleic acid surface ligand that is 

incompatible with biological systems. As such, ligand exchange must occur to enable 

these UCNPs to be used in biological systems.  

Previous group efforts, made water-soluble [NaY0.78F4:Yb0.20Er0.02] by using a 

simple ligand exchange procedure to replace the in situ oleic acid with polyacrylic acid 



 

41 

(PAA). This was done by dispersing the UCNPs in chloroform via sonication, adding an 

excess of PAA and allowing the solution to stir for 48 h at 30 °C.	Subsequent	

centrifugation	and	washing	with	ethanol	resulted	in	water	soluble	[NaY0.78F4:Yb0.20Er0.02]. 

This procedure had been used for several studies of UCNPs within the Therien lab, such 

as quantum yield (QY) and radiant flux measurements in organic and polar solvents.68 

However, as will be discussed, this procedure allowed for water solubility but did not 

allow for biocompatible UCNPs. As it turned out, UCNPs coated in PAA using this 

method proved to be toxic when evaluating them via clonogenic studies (Figure 3-2).  

 

Figure 3-2 Clonogenic data for PAA-coated UCNP using the initial ligand exchange 
method of sonication in chloroform. 
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3.1.2 Causes and Solutions of toxicity for PAA-coated UCNPs  

Figure 3-3 shows the structures of oleic acid and acrylic. From structural data, we 

can determine that oleic acid has a 90%/10% composition of carbon/oxygen respectively. 

PAA, on the other hand, has a 55%/45% composition of the two elements. As the 

[NaY0.78F4:Yb0.20Er0.02] crystal structure has no carbon or oxygen included, evaluation of 

the compositional percentages of these two elements provides a means of characterizing 

the surface ligand of the UCNPs.  

 

Figure 3-3 Structures of two main ligands: oleic acid and acrylic acid. Compositional 
percentages of carbon and oxygen as measured by XRD are noted. 

X-ray photoelectric spectroscopy (XPS) was used to evaluate the composition of 

the surface ligands of the toxic PAA-coated [NaY0.78F4:Yb0.20Er0.02]. Analysis of the peak 

areas in the XPS spectra revealed carbon and oxygen percentages of 80.8% and 19.2% 

respectively. As compared to the as synthesized oleic acid coated [NaY0.78F4:Yb0.20Er0.02], 

which had XRD measured carbon and oxygen percentages of 89.8% and 10.2%, this 

suggests minimal change in the composition of the surface ligand. The slight shift in 

carbon and oxygen percentages does indicate that some PAA is, in fact, associated with 
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the nanoparticle surface through this ligand exchange process. However, it is far from 

the 55%/45% of carbon and oxygen that would be expected. As such, the toxicity of these 

“PAA-coated” nanoparticles is likely attributed to the inefficient ligand exchange 

procedure.  

Numerous ligand exchange procedures have been reported in literature.69-73 One 

method, in particular, is attractive due to its similar sonication and centrifugation steps 

as our previous method, ease of oleic acid removal, and ability to tune the surface charge 

of the UCNP during the exchange procedure to allow for either positively or negatively 

charged ligands on the nanoparticle surface.69 This is especially important as simple 

ligands such as PAA or poly(ethylene imine) (PEI) possess multiple functional groups 

that can be readily modified to attach additional functional structures such as drug 

motifs or large antibodies for targeting. As such, this simple procedure allows for a “one 

size fits all” ligand exchange method whereby appropriate surface functionalization can 

be achieved for a given application using the same initial procedure to prepare a PAA or 

PEI coated surface. 

In brief, the exchange procedure involves suspending the as synthesized oleic 

acid-coated nanoparticles in an aqueous HCl solution at pH 4 via sonication for 1 h. To 

this was then added a solution of PAA in aqueous HCl (pH 4) and sonication continued 

for an additional hour. n-Hexane was added to the solution to remove the oleic acid 

from the aqueous layer and the entire solution was centrifuged at 20,500 x g for 20 min. 
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The supernatant was discarded and the pellet was suspended in the aqueous pH 4 

solution and sonicated for 30 min before again adding n-hexane and centrifuging. The 

pellet was subsequently washed using DI water. The washing procedure was monitored 

via pH and zeta potential to ensure the resultant particles were well dispersed and all 

residual acid was removed.  

 

Figure 3-4 Clonogenic data for PAA-coated UCNPs without using an n-hexane wash 
as compared to the as synthesized oleic acid coated particles. 

It should be noted that the n-hexane wash is of vital importance to the bio-

toxicity outcome of the ligand exchange procedure. Without the n-hexane wash, 

particles saw no difference in toxicity as compared to the original exchange procedure 

(Figure 3-4). Interestingly, XPS measurements of UCNPs undergoing the new ligand 

exchange procedure without the n-hexane wash still show the expected 60/40% 

carbon/oxygen percentages confirming that PAA has in fact replaced the oleic acid. 
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However, measurement of the zeta potential reveals that these nanoparticles have a 

positive surface charge of 25mV. Typically, materials with zeta potentials less than ±30 

are generally considered unstable in solution and likely to aggregate.74 As such, the 

particle aggregation of these materials in solution is likely the cause of their toxicity. 

Inclusion of the n-hexane wash prevents this by ensuring removal of residual oleic acid, 

which may cause aggregation, and yields particles with a measured surface potential of  

-45 mV (Figure 3-5).  

 

Figure 3-5 Zeta potential measurements of PAA-coated UCNPs using the new HCl 
treated ligand exchange method.  Zeta potential was measured over the pH range 

observed in the ligand exchange procedure. 

After the n-hexane wash, subsequent washes with DI water are required. Figure 

3-6A tracks the pH of the ligand exchange reaction after each washing step. For the 

ligand exchange procedure, it was found that the amount of PAA used has no bearing 

on the final outcome and 1, 10 and 50x PAA by weight compared to the nanoparticle 

weight were used. As can be seen, the initial pH of 4 is reduced to a pH of 4.8-5 over the 

course of 9 total washing iterations (washing steps 1 and 2 are the n-hexane washes, 3-9 
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are DI water). Leveling off of the pH curve started with wash number 7 and little change 

was seen by wash number 9 indicating complete removal of excess acid from the ligand 

exchange procedure. This DI washing step was highly uniform with differences 

typically on the order of 0.2 pH between the 1, 10 and 50x PAA by weight samples. 

Figure 3-6B shows the average values of 3 separate trials of 10x PAA to UCNP by weight 

and the corresponding standard deviation. Very little variation was seen between trials 

suggesting that this washing step is very reproducible. 

 

Figure 3-6 A. pH measurements of the supernatant from each DI wash (wash 3-9) for 
HCl treated ligand exchange reactions with 1:1, 10:1 and 50:1 ratios of PAA:UCNP by 

weight. B. Average pH measurements of the supernatants of three trials of 10:1 
PAA:UCNP by weight. Error bars indicate the standard deviation of the 3 trials. 

PAA-coated UCNPs were thus obtained by introduction of these steps to the 

ligand exchange procedure: (1) using HCl solution of pH = 4 to remove oleic acid before 

introduction of PAA, (2) initially wash with n-hexane to remove residual oleic acid and 

prevent aggregation, (3) subsequently wash particles with DI water to remove residual 

acid, and (4) monitor the solution stability of the PAA-coated UCNPs via zeta potential 
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measurements. Lastly, their toxicity was evaluated via a clonogenic analysis using 4T1 

mouse melanoma cells; these results are shown in Figure 3-7. Notably, these new 

nanoparticles showed a 75% survival rate at the highest concentrations of nanomaterial 

tested, a significant improvement over the initial 20% survival seen with the original 

PAA exchange method (Figure 3-2). Thus, biocompatible PAA-coated nanoparticles 

were obtained for use in biological imaging studies.  

 

Figure 3-7 Clonogenic data using 4T1 cells for the PAA-coated NaYF4 using the HCl 
treated ligand exchange procedure. 

3.1.3 Methods 

3.1.3.1 Synthesis of Oleic Acid Coated [NaY0.78F4:Yb0.20Er0.02] 

Stoichiometric amounts of Y, Yb, Er, and Na trifluoroacetate salts to give a final 

composition of 20% Yb and 2%Er were dissolved in a 1:3 mixture of oleic acid and 

octadecene. The reaction was heated under vacuum to 125 °C for 30 min before injection 
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of trioctylphosphine. The reaction was then sparged with argon for 20 minutes. 

Subsequently, the reaction was transferred to a salt bath and heated to 315°C for 30 min 

before cooling to room temperature. The reaction mixture was washed via centrifugation 

2x with 50:50 ethanol:n-hexane, 1x with 50:50 ethanol:water and 1x in pure ethanol 

before being air-dried. 

3.1.3.2 Ligand Exchange Procedure for PAA Coating of [NaY0.78F4:Yb0.20Er0.02] 

Original Incomplete Ligand Exchange – In the initial ligand exchange procedure, 

UCNPs were dispersed in chloroform via sonication for 3 hours at a concentration of 1 

mg/mL. After sonication, an excess of PAA was added to the solution along with ethanol 

equal to half the volume of the chloroform. The solution was then equipped with a stir 

bar and mixed at 30°C for 48 h. Subsequently, the volume of the solution was reduced 

by half under nitrogen airflow, dispersed into centrifuge tubes, and centrifuged for 20 

min at 20,500 x g. The supernatant was discarded and the pellicle was suspended and 

washed 3x by centrifugation with ethanol before being air-dried. This resulted in 

UCNPs, which were dispersible in water but were toxic to cells.  

New HCl Treated Ligand Exchange – In the new ligand exchange procedure, 

UCNPs were dispersed in DI water at pH = 4.5 via sonication for 1 h. A solution of PAA 

dissolved in pH = 4.5 DI water was then added to give a total PAA mass of 1, 10 or 50x 

the mass of the dispersed UCNPs and the total solution was then sonicated an 

additional h. n-Hexane was added and the solution mixed by vortex to dissolve the 
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removed oleic acid. Following this, the solution was centrifuged for 20 min at 20,500 x g. 

The supernatant was discarded and the pellicle was suspended in DI water (pH = 4.5) 

and washed with n-hexanes again. The UCNPs were then washed by centrifugation 3x 

with ethanol and air-dried. This resulted in fully PAA coated UCNPs that were both 

water soluble and biocompatible 

3.1.3.3 Characterization of the Particle Surface of [NaY0.78F4:Yb0.20Er0.02] 

The composition of the surface ligand of the [NaY0.78F4:Yb0.20Er0.02] nanoparticles 

was monitored using X-ray photoelectric spectroscopy. Because the nanoparticles 

themselves do not contain carbon or oxygen while the ligand molecules do, direct 

comparison of the percentages of these two elements allows for characterization of the 

surface ligand. Powders of the nanomaterials were pressed into pellets using a Pike 

Technologies hand press. These pellets were mounted on copper tape and inserted into 

the XPS. Survey scans at 160 eV were run and a total of 10 scans were averaged to 

compute the final elemental profile. CasaXPS software was used to analyze the 

percentages of the carbon and oxygen present.  

3.1.3.4 Clonogenic Assessment of Nanoparticle Toxicity 

4T1 and B16 cells were each grown in media composed of 50 mL fetal bovine 

serum, 5 mL antibiotics and 500 mL Delbecco’s modified eagle media. Prior to study, 

cells were washed with PBS, detached from the flask with 0.25% trypsin and washed 

and suspended in fresh media. Cells were diluted to a final concentration of 250 cells/mL 
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and 2 mL of this solution were transferred to each well of a 6-well plate. These plates 

were left to incubate for 24 h to allow cells to attach. The media was then removed and 

fresh media and UCNPs dispersed in media were added to attain a final volume of 2 mL 

at the appropriate concentration (i.e. for 100 ug toxicity, 1.8ml media + 0.2 ml of 1 mg/ml 

UCNP solution). The cells were left to incubate in the UCNP loaded media for an 

additional 24 h before removing the media, washing the cells with PBS and replacing 

with 2 mL of fresh, UCNP-free media. Control plates were monitored and once cell 

growth covered the wells, all plates were washed of media. Cells were fixed using a 

solution of 10% methanol, 10% acetic acid and 80% DI water and stained using crystal 

violet solution. Colonies were then counted using a ColCount machine. 

3.2 The Use of Upconverting [NaY0.78F4:Yb0.20Er0.02] for 3D Tissue 
Imaging In Upconversion Enhanced Optical Emission 
Computed Tomography 

Upconverting nanoparticles (UCNPs) have potential as a novel contrast agent for 

the autofluorescence-free, NIR-excited, imaging of biological tissue. In this work, we 

demonstrate the use of upconverting [NaY0.78F4:Yb0.20Er0.02] as a contrast agent for optical 

emission computed tomography (OECT). These UCNPs are excited at 980 nm and have 

a strong emission peak at ~540 nm, which lies within the detection window of the CCD 

cameras commonly used in OECT. UCNPs solutions were prepared in cylindrical 2.5% 

agarose samples at concentrations from 1 to 100 ug/ml. These samples were excited over 

a range of different excitation power densities from 0.3-1.39 W/cm2. Samples showed a 
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linear response in terms of concentration and a non-linear response with respect to laser 

power. Further, UCNPs were directly injected into an optically cleared mouse lung and 

3D images were constructed from the resulting transmission and upconversion emission 

signals obtained using the optical-ECT system. Lastly, tail vain injection of the UCNPs in 

PBS showed their viability for imaging at biologically relevant concentrations.  After 24 

h circulation, the lungs and spleen were excised, optically cleared and imaged.  We 

show that UCNPs are retained through the tissue clearing process.  Additionally, the 

UCNP signal in the spleen can be seen to derive from the white pulp, a result that 

highlights the removal of UCNPs from the body through lymphoid tissue. This work 

demonstrates the use of UCNPs as a contrast agent for Optical-ECT and represents the 

first use of UCNPs in a 3D imaging modality and paves the way for future studies in 

tracking tumor metastasis and growth through. 

3.2.1 Introduction 

Optical emission computed tomography (OECT) was first proposed in 2002 as a 

means to image gene expression using fluorescent antibodies.75,76 This new technique 

allowed for high resolution 3D imaging of optically cleared tissues of 1-9 mm3 in 

volume. Improvements in resolution and image quality for this technique have been 

demonstrated through the use of telecentric lenses77,78 elimination of image 

reconstruction artifacts79,80 and corrections for signal attenuation due to absorption and 

scattering of the excitation and emission signal. 81-84 This work has ultimately seen an 
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improvement of OECT to the current level of 25 µm resolution in whole, unsectioned 

tissue samples up to 3 cm in diameter.  

One proposed application of OECT is the tracking of cells, specifically metastatic 

tumor cells. However, transmission imaging does not result in sufficient contrast to 

identify normal vs. cancerous cells in the early stages of tumor development.  

Additionally, fluorescent markers that have previously been used in OECT, such as X-

gal or red fluorescent protein, are excited in the visible region of the spectra and thus 

highly susceptible to signal attenuation due to scattering and absorption as well as 

background noise generated through the autofluorescence of biological structures.  As a 

result, tracking of individual cells is difficult, as they do not afford an effective S/N ratio. 

Upconverting nanoparticles (UCNPs), however, are uniquely excited in the NIR region 

while emitting higher energy photons in the NIR, visible or UV range.3 This excitation 

lies at the edge of the optical window for biological tissue absorption affording these 

materials superior tissue penetration and auto-fluorescent free emission, two properties 

that would be ideal for tracking individual cells in 3D tissue imaging.  

In this work, we propose and demonstrate the feasibility of using UCNPs as an 

imaging agent in OECT. The use of NIR excitation should reduce the attenuation of the 

excitation signal due to absorption and scattering from biological components, while the 

autofluorescent-free emission eliminates much of the tissue-derived background noise. 

The combination of these two effects should allow for optimization of the OECT signal 
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and improved resolution in the final constructed images. By way of demonstration, test 

samples in agarose were first used to demonstrate the practical ability to measure NIR 

excited emission from UCNPs. Imaging was then performed on mouse tissues infused 

with UCNPs in both in vivo and ex vivo conditions. With the agarose samples, we show 

the ability to detect the emission signal of the UCNPs at concentrations as low as 10 

µg/mL. Importantly, the in vivo experiments demonstrate detection of UCNPs at 

passively accumulated concentrations in tissue. This work represents the first 

demonstration of UCNPs used in a 3D imaging modality, in general, and in OECT 

specifically. It is a promising first step in developing upconversion enhanced OECT and 

paves the way for further studies visualize and map individual cells in a 3D matrix in 

order to study early tumor metastasis. 

3.2.2 Results and Discussion 

An optical emission computed tomography (OECT) imaging system was 

modified for NIR excitation (Figure 3-8). Transmission imaging was performed by 

illuminating the sample chamber with white light from a telecentric lens. Signal was 

collected via a CCD camera through another telecentric lens positioned 180° from the 

excitation source. NIR excitation was overhead and the 540 nm emission peak of the 

UCNP was collected using the same telecentric lens and CCD camera. Both a visible 

band pass and 540 nm notch filters were used to filter out the scattered 980 nm light.	
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Figure 3-8 Diagram of the Optical Transmission/Emission Computed Tomography set 
up for A. Transmission of white light and B. Emission of NIR excited upconversion 

emission. Note that the NIR excitation is shown to be 180° from the detector for 
compactness of the figure and, in experiments, the NIR excitation source was above 

the sample. 

For use as a contrast agent, 50 nm [NaY0.78Ff:Yb0.20Er0.02] UCNPs were synthesized using 

the thermal decomposition method. The UCNPs subsequently underwent ligand 

exchange as described in the previous section to give biocompatible PAA coated 

[NaY0.78Ff:Yb0.20Er0.02]. Figure 3-9 shows the corresponding TEM image of the 50 nm 

nanoparticles. X-ray diffraction spectra show good agreement with β-NaYF4 (JCPDS Ref. 

Card 28-1192) and confirms that the UCNPs are in the more emissive hexagonal crystal 

structure.85 
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Figure 3-9 TEM image and XRD pattern for 50nm PAA-[NaY0.78Ff:Yb0.20Er0.02]. 

The PAA-coated [NaY0.78Ff:Yb0.20Er0.02] are water soluble and biocompatible 

making them ideal for biological imaging. However, for UE-OECT, biological tissues are 

subject to a tissue clearing process that replaces water in the tissue with, first, ethanol 

and finally with a tissue clearing solution. For our system, we use a 50/50 mix of benzyl 

alcohol and benzyl benzoate (BABB) as the tissue clearing solution. Figure 3-10 shows 

the emission spectra of our 50 nm PAA-[NaY0.78Ff:Yb0.20Er0.02] in both ethanol and the 

BABB solution. Importantly, the emissive intensity of the UCNPs is retained in BABB 

while significantly quenched in ethanol. Compared to biological systems where often 

the emissive intensity of the UCNPs is quenched by water, these data establishes them 

as a viable option for UE-OECT where the increased emission signal in BABB would 

improve the S/N ratio as compared to imaging in uncleared tissue and allow for easier 

detection of individual cells.  
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Figure 3-10 Emission spectra of PAA-[NaY0.78Ff:Yb0.20Er0.02] under 980nm excitation in 
1mg/ml solutions of BABB and ethanol. 

 Initial testing of the UE-OECT system design was performed using agarose 

samples containing dispersed PAA-[NaY0.78Ff:Yb0.20Er0.02]  in a range of concentrations 

from 1-100 μg/ml. Test samples were made by mixing boiling 5% agarose solutions in a 

1:1 ratio with dispersed aqueous solutions of the PAA-[NaY0.78Ff:Yb0.20Er0.02] and 

sonicating until the agarose had set. The agarose samples were then placed in ethanol 

for 24 h after which the ethanol was slowly replaced with increasing BABB solutions 

until the agarose was optically cleared in a pure BABB solution. In this way, optically 

cleared agarose samples with [NaY0.78Ff:Yb0.20Er0.02] concentrations of 1, 10, 25, 50 and 100 

μg/ml were obtained. 
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Figure 3-11 Transmission (top), NIR excited (middle) and false color overlay (bottom) 
of agarose phantoms loaded with [NaY0.78Ff:Yb0.20Er0.02] at 1, 10, 25, 50 and 100 μg/ml. 

 These agarose samples were measured imaged using the OECT system described 

earlier. Transmission images under white light were taken to confirm the agarose could 

be visualized using the standard OECT transmission method and allow us to map the 

UCNP signal onto the agarose image. Similarly, NIR excitation at 1.39 W/cm2 was used 

to image the green upconversion emission. Both the transmission and NIR excitation 

images as well as their overlay can be seen in Figure 3-11. Signal overlapping with the 

agarose phantom can be seen down to 10 μg/ml UCNP loading of the agarose. 

Importantly, this emission signal response is linear with respect to nanomaterial loading 

(Figure 3-12). These together confirm that the signal is in fact derived from the 

upconversion emission rather than scattering of the 980 nm excitation. 
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Figure 3-12 Average signal response of each UCNP-agarose sample at 1.39 W/cm2 
showing a linear trend. 

In addition to varying the [NaY0.78Ff:Yb0.20Er0.02] concentration, we also looked at 

the effects of varying the NIR excitation power density from 0.04 to 1.39 W/cm2 for the 

100μg/ml agarose sample, the results of which can be seen in Figure 3-13. The lowest 

laser power to still allow signal detection was found to be 0.30 W/cm2. Additionally, the 

signal response with increasing laser power density was seen to be non-linear (Figure 3-

14), further confirming that the signal does in fact result from the non-linear 

upconversion nanomaterial. 
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Figure 3-13 Transmission (top), NIR excitation (middle) and false color overlay 
(bottom) of 100 μg/ml sample at 0.30– 1.39 W/cm2 laser power density. Laser powers 

tested below 0.30 W/cm2 showed no distinguishable signal and are not included. 

 

Figure 3-14 Average signal intensity vs. laser power density showing a non-linear 
trend, further confirming that detected signal under 980 nm excitation is derived from 

the non-linear nanomaterial. 
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Figure 3-15 Optical Emission Computed Tomography images of a mouse lung 
injected with PAA-[NaY0.78Ff:Yb0.20Er0.02]. A. The transmission image and B. The 980 nm 

excited UCNP image at the same rotational point as in ‘A’.  Injection points for both 
lobes of the lung are indicated with red arrows.  C. Coronal slice of the mouse lung 
reconstructed from the transmission (grey) and UCNP (orange) signals. D. The 3D 

reconstructed model of the mouse lung from transmission (grey) and UCNP (green) 
images.  The rotational positions for C and D are approximate to A.   

After validating the capabilities of the upconversion enhanced OECT system, 

imaging of a optically cleared mouse lung was imaged via two in vitro injections, one in 

each lobe of the lung, of 100 µg/ml solution of the PAA-[NaY0.78Ff:Yb0.20Er0.02] in BABB. 

The solution was injected directly into each lobe of the mouse lung (50 µL per). 



 

61 

Subsequently, the lung was placed in the imaging chamber and transmission and NIR 

excitation (1.39 W/cm2) images were taken while rotating the sample 0.5° per image for 

a total of 180° of rotation. The resultant transmission (Figure 3-15A) and UCNP (Figure 

3-15B) images were compiled and processed to give coronal slices of the reconstruction 

of the mouse lung.  A single slice of the reconstructed image can be seen in Figure 3-15C. 

A 3D rendered model, as seen in Figure 3-15D, of the mouse lung (grey) and UCNP 

distribution (green) can then be created from the reconstructed slices. From the image, 

the injection sites in each lobe of the lung can be seen in both the transmission (dark 

spots) and the 980 nm excitation (high signal intensity) images and are highlighted in 

Figure 3-15A and B with red arrows. In addition to the injection sites, the UCNPs can be 

seen to have perfused throughout the surrounding bronchial network as indicated by 

the overlap of the upconversion signal with the bronchial network of the transmission 

signal.  It is important to note in Figure 3-15B that the entire volume of the lung cannot 

be seen indicating 1. for the immediate injection, UCNPs did not propagate through the 

entire lung and 2. the signal is, indeed, derived from the UCNPs rather than 

illumination of the sample via the excitation light. This represents the first ever 

reconstruction of UCNP signal in a 3D imaging modality, generally, and OECT, 

specifically. The lack of background noise in the UCNP emission signal image 

emphasizes the potential of these materials to achieve high S/N ratios allowing for 

tracking of single cells. 
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Figure 3-16 IVIS images of (A) a mouse lung and (B) a mouse spleen acquired 24 h 
post tail vein injection of 200 μL of a 2 mg/ml solution of UCNPs in PBS. 

To further demonstrate the utility of these nanomaterials as a contrast agent and 

test them at biologically relevant concentrations in vivo tail vain injections of the 

nanomaterials into mice were performed. Injections of 100 μL of a 2 mg/ml solution of 

[NaY0.78Ff:Yb0.20Er0.02] in PBS were allowed to circulate for 24 h. before sacrificing the mice 

and extracting the lungs and spleen. The lungs were chosen to show comparison to the 

initial ex vivo injections already performed and their high optical clarity compared to 

other tissues after the tissue clearing process. The spleen was selected due to its known 

role in filtering UCNPs from the body and having the highest accumulated 

concentration of nanomaterial.38 Prior to tissue clearing, IVIS whole tissue imaging 

(Figure 3-16) was performed on both organs to confirm the presence of nanomaterials 

using standard UCNP tissue imaging techniques in the literature.30,39,40  
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Figure 3-17 Overlay of the Transmission mode and NIR excitation signals of an 
optically cleared mouse lung after 24hr circulation time of a 1 mg/ml UCNP 

solution using excitation power densities from 0.04-1.39 W/cm2. 

Despite the fairly low expected concentration of UCNPs within the lung, the high 

clarity of the cleared tissue allowed for detection of the upconversion signal even at low 

power densities (0.30 W/cm2) (Figure 3-17). Signal was detected in one lobe of the lung at 

lower excitation power levels and fainter signal could be seen dispersed throughout the 

entire lung at the higher 1.39 W/cm2 excitation power. Importantly, while the IVIS 

imaging was able to detect general areas of nanoparticle signal, the OECT imaging 

shows defined and isolated points of signal, highlighting the utility of using UCNPs in 

high precision imaging modality as compared to standard imaging methods such as an 

IVIS animal chambers. Unfortunately, due to uneven signal strength of the UCNP 
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emission throughout the lung, 3D reconstruction for this sample was not possible.  A 

modified setup where NIR excitation comes from opposite sides of the tissue may more 

evenly illuminate the sample and improve the UCNP signal quality.   

Imaging of the spleen further demonstrates the robust capabilities of UCNPs as a 

contrast medium for OECT (Figure 3-18). As with the lung, IVIS imaging of the spleen 

(Figure 3-16B) shows a broad generalized upconversion signal. However, when imaging 

using the OECT system, more detailed image can be obtained. Notably, using OECT, 

signal from the [NaY0.78Ff:Yb0.20Er0.02] is seen to be localized in the white pulp of the 

spleen. This region is associated with lymphatic tissue and white blood cells as 

compared to the venous sinuses that make up the red pulp.  Isolation of the UCNP to 

this region is highly suggestive that UCNPs in the spleen are not a result of blood 

circulation through the body. Rather the congregation of nanomaterials to this region is 

consistent with proposed methods of UCNP elimination from the body via the 

lymphatic system.38,86  
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Figure 3-18 Transmission mode (left) and NIR excited (right) images of an optically 
cleared mouse spleen after 24hr circulation time of a 1 mg/ml UCNP solution.  NIR 

excitation was performed at 1.39 W/cm2 

3.2.3 Conclusion  

The work here represents the first use of upconversion nanomaterials as a 

contrast agent in a 3D imaging modality. Importantly we show that UCNPs can be 

retained in biological tissue through treatment and clearing processes making it suitable 

for biological studies. Additionally, through imaging the results of both ex vivo and in 

vivo injections we show that UCNPs can be used both pre and post sacrifice for animal 

studies. Images of UCNPs injected ex vivo into the lung show the ability to use UCNPs to 

image the structural features of the tissue. Further, the in vivo injection imaging shows 

the first seen visualization of the removal of upconverting nanomaterials through the 
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lymphatic system and highlights the advantage of using these materials as a contrast 

agent in OECT.  

3.2.4 Methods 

3.2.4.1 Synthesis of 50 nm [NaY0.78F4:Yb0.20Er0.02] and PAA surface Coating 

Stoichiometric amounts of Y, Yb, Er, and Na trifluoroacetate salts to give a final 

composition of 20% Yb and 2%Er were dissolved in a 1:3 mixture of oleic acid and 

octadecene. The reaction was heated under vacuum to 125°C for 30 minutes before 

injection of trioctylphosphine. The reaction was then sparged with argon for 20 minutes. 

Subsequently, the reaction was transferred to a salt bath and heated to 315°C for 30 

minutes before cooling to room temperature. The reaction mixture was washed via 

centrifugation 2x with 50:50 ethanol:n-hexane, 1x with 50:50 ethanol:water and 1x in 

pure ethanol before being air-dried. 

Dried UCNPs were then dispersed in DI water at pH = 4.5 via sonication for 1 

hour. A solution of PAA dissolved in pH = 4.5 DI water was then added to give a total 

PAA mass of 1, 10 or 50x the mass of the dispersed UCNPs and the total solution was 

then sonicated an additional hour. n-Hexane was added and the solution mixed by 

vortex to dissolve the removed oleic acid. Following this, the solution was centrifuged 

for 20 minutes at 20,500 x g. The supernatant was discarded and the pellicle was 

suspended in DI water (pH = 4.5) and washed with n-hexanes again. The UCNPs were 

then washed by centrifugation 3x with ethanol and air-dried.  
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3.2.4.2 Agarose Test Samples 

Agarose samples were made to be 2.5% agarose with appropriate concentrations 

of [NaY0.78F4:Yb0.20Er0.02]. A 5% agarose solution was made and heated to boiling. Once 

fully dissolved, 0.75 mL of the agarose solution was added to an eppendorf tube with 

0.75 mL of PAA-coated [NaY0.78F4:Yb0.20Er0.02] at a concentration twice that of the desired 

final sample. The eppendorf tube was quickly mixed by inversion and placed in a 

sonicator. Sonication proved to slow the setting process of the agarose and allowed for 

the UCNPs to be well dispersed within the entire agarose mixture. After curing, the tips 

of the eppendorf tubes were cut off and the agarose pushed out. The samples were then 

cut to their final size and stored in ethanol until needed.  

3.2.4.3 Tissue Clearing Procedure 

Agarose or tissue samples were first placed in 200 proof ethanol for 24 hours. 

After the allotted time, half the ethanol was discarded and replaced with a 50:50 mixture 

of benzyl alcohol and benzyl benzoate (BABB) and left for an additional 12 hours. Again, 

half the solution was discarded and replaced with BABB and left for 12 hours. The entire 

solution was then removed and replaced with BABB and left for 4 hours before 

repeating. 

The removed fractions from the clearing process of agarose samples were 

reserved and combined. After concentration by heating under vacuum, the combined 

fractions were tested on an Edinburgh Fluorimeter using 980nm excitation. No signal 
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corresponding to the upconversion emission was detectable indicating that no UCNPs 

are removed from the sample during the tissue clearing process.  

3.2.4.4 In Vivo injection of [NaY0.78F4:Yb0.20Er0.02] 

UCNPs were dispersed in phosphate buffered saline (PBS) at a concentration of 2 

mg/mL. Tail vein injections of 200 µL of this solution were injected into a C57 mouse 

and allowed to circulate for 24 hours. After the circulation time, the mouse was 

sacrificed and the tissues excised and fixed in a 4% paraformaldehyde solution for 24 

hrs. at 4°C. Subsequently, tissues were imaged in an IVIS kinetic whole body imaging 

instrument adapted for 980nm excitation. Following imaging, the tissues were subject to 

the same tissue clearing process as described for agarose clearing



 

69 

4 X-ray Characterization of Lanthanide-Doped 
Nanomaterials 

The work in this section represents work completed and published in 

collaboration with other research groups. In both instances, collaborators synthesized 

the relevant materials and characterized their physical properties as well as emissive 

properties under NIR and UV excitation. My contributions to each lie in the X-ray 

excitation studies and characterization of the materials. Section 4.1 was completed and 

published in 2015 to the Journal of Materials Chemistry C.87 Section 4.2 was completed 

and published in 2016 to the Journal of Alloys and Compounds.88 Minor changes were 

made to figures, formatting, etc. to promote consistency throughout this document. 

4.1 Electronic and Optical Properties of Er-doped Y2O2S 
Phosphors  

In this paper, we report a detailed computational and experimental investigation 

of the structural, electronic and dynamic properties of undoped and Er3+-doped Y2O2S 

phosphors by using computational crystal field (CF) calculations and electronic density 

of states by density functional theory (DFT), combined with optical measurements 

including excitation spectra, emission spectra from X-ray, ultraviolet and near infrared 

(NIR) excitations, and quantum yield determination under ultraviolet and NIR 

excitations. Emission decays and quantum yields of the visible and NIR bands were 

measured for different Er3+ doping concentrations in the Er3+-doped Y2O2S phosphors. 

Results show that green (550 nm) and red (667 nm) emission intensity and the respective 
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ratio of these emission intensities depend on both the excitation wavelength and the Er3+ 

doping concentration. Although the total emission efficiency does not appreciably 

depend on the excitation wavelength, the excitation wavelength that provided the 

highest efficiency was found to be 250 nm in these Er3+-doped Y2O2S phosphors with 

both 1% and 10% Er doping concentrations.  

4.1.1 Introduction  

Rare earth doped metal oxysulphides M2O2S, e.g. M = Y, Gd, La, are well-known 

optical materials in the photonics industry, mainly due to their excellent chemical 

stability, low toxicity, and the economic feasibility of large scale production with a broad 

range of applications in lighting and displays.89-94 As in other rare earth doped wide 

band gap materials, the emission spectral properties of rare earth doped oxysulphides 

can be tuned over a very wide range of wavelengths for specific applications based on 

rare earth dopants and their doping concentrations in the host oxysulphide crystals.95-100 

In addition to their excellent spectral emission properties, the metal cations can be 

selected to endow additional functionalities to the oxysulphide phosphors. For example, 

Gd2O2S:Er phosphor was found to have excellent upconversion (UC) efficiency, X-ray 

excitation and magnetic properties where the X-ray and magnetic features are due to the 

properties of Gd3+.101 Recently, we explored the multifunctional features of several 

oxysulphide materials with their possible applications in medical imaging, with 

Gd2O2S:Yb/Er showing the most potential to replace existing halide based upconverting 
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phosphors for infrared based biomedical imaging. These phosphors not only enable 

near-IR imaging but at the same time can be used as contrast agents in MRI imaging, 

thus making them effective bimodal imaging contrast agents.101 Furthermore, we 

explored the UC efficiency of M2O2S:Yb/Er under 980 and 1550 nm excitation in 

comparison with NaYF4: Yb/Er.102-105 Under different pump power densities and a wide 

range of Yb3+ and Er3+ concentrations, we explored the static and dynamic spectral 

properties as well as the UC quantum yield (QY) to understand the optimum 

oxysulphide compositions for the highest UC efficiency.104 We found that UC QY in 

these M2O2S:Yb3+/Er3+ (M = Gd, La, Y) solid phosphors are 3–4 times higher than that of 

b-NaYF4:20%Yb /2%Er at lower excitation power densities, especially under 980 nm 

excitation.105 We also demonstrate the highest UC QY (6.20 0.90)% in La2O2S:1%Yb3+/ 

1%Er3+ at the excitation power density of 22.3 W/cm2.104,105 Moreover, the threshold 

excitation power density was found to be essential to generate the highest UC QY for 

these compositions. Due to the wide range of excitation and emission wavelengths 

available in M2O2S:Yb/Er, a detailed study is still needed to explore their electronic and optical 

properties.103,104  

In this article, we present both the electronic and optical properties of Y2O2S:Er3+ using 

various theoretical and experimental techniques for the first time. The structural, electronic, and 

dynamic properties of pure Y2O2S was calculated using density functional theory (DFT), and the 

low temperature absorption spectral data was fitted with a crystal field model to explore the 

crystal field parameters. We successfully predict the location of the lowest erbium states in the 
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band gap of Y2O2S, estimated at 0.915 eV above the valence band. The static and dynamic 

emission spectral properties were also investigated under ultra-violet (UV), 980 nm near infrared 

(NIR) and X-ray excitation for Y2O2S:x%Er (x = 1, 7, and 10). In this study, these compositions 

were selected to study the effect of low and high doping concentration of Er3+ in the Y2O2S host 

on downconversion QY. We limited our study within the optimum Er3+ doping concentration 

(10%) because this Er3+ doping level demonstrated the highest UC luminescence intensity 

compared to other doping levels. An analysis of red (640–690 nm), green (510–570 nm) and NIR 

(900–1600 nm) emissions under UV excitation (250, 258, 264, 296 and 380 nm) is 

unprecedentedly reported for the Er3+-doped Y2O2S at different Er3+ doping concentrations. We 

found that the emission intensity and the ratio of emission intensities are functions of excitation 

wave- length and Er3+ doping concentration. We further measured the QY of the visible emission 

under various UV excitations and NIR 980 nm excitation to explore the most desirable pumping 

wavelength for efficient light output. The measured QY showed that these Er-doped Y2O2S 

phosphors possess 3–4 times higher QYs under UV excitations compared to that of 980 nm 

excitation. 

4.1.2 Results and Discussion 

4.1.2.1 Phase and morphology  

Powder XRD and SEM were used to characterize the crystalline phase, size and 

morphology of the Y2O2S:Er phosphor particles. A typical XRD pattern of the prepared 

samples is shown in Figure 4-1a along with the JCPDS standard data (JCPDS Card 

No.26-1422) for the hexagonal phase Y2O2S as vertical lines. The intense and sharp 

diffraction peaks correlate well with the standard suggesting that the as-synthesized 
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phosphors were well crystallized in a single phase. Within the detection limit of the X-

ray diffractometer, no additional lines were observed for either low or high Er3+-doped 

Y2O2S samples. FE-SEM micrographs (Figure 4–1, b–d) obtained from different locations 

of the same sample also show that the as-synthesized Er3+-doped Y2O2S mostly 

crystallized in hexagonal plates. The average size of the hexagonal plates was about 3.5 

mm and the size distribution was within a 1 mm range of 3.5 ± 1µm.  

11488 | J. Mater. Chem. C, 2015, 3, 11486--11496 This journal is©The Royal Society of Chemistry 2015

Results & discussion
Phase and morphology

Powder XRD and SEM were used to characterize the crystalline
phase, size and morphology of the Y2O2S:Er phosphor particles. A
typical XRD pattern of the prepared samples is shown in Fig. 1a
along with the JCPDS standard data (JCPDS Card No.26-1422) for
the hexagonal phase Y2O2S as vertical lines. The intense and
sharp diffraction peaks correlate well with the standard suggesting
that the as-synthesized phosphors were well-crystallized in a
single phase. Within the detection limit of the X-ray diffracto-
meter, no additional lines were observed for either low or high
Er3+-doped Y2O2S samples. FE-SEM micrographs (Fig. 1b–d)
obtained from different locations of the same sample also show
that the as-syntheszied Er3+-doped Y2O2S mostly crystallized in
hexagonal plates. The average size of the hexagonal plates was
about 3.5 mm and the size distribution was within a 1 mm range
of 3.5 ! 1 mm.

Summary of structural data and details of ab initio calculations

Initial structural data was taken from the literatue as an input for
optimizing the crystal structure with subsequent calculations of
the structural, electronic and optical properties of Y2O2S using the
CASTEP module of Materials Studio.23 Y2O2S oxysulfide crystallizes
in the trigonal space group P%3m1 (space group no. 164) with one
formula unit per unit cell. In this structure each yttrium ion is
surrounded by three sulfur ions and four oxygen ions (Fig. 2a). The
Y–S distance is 2.84135 Å (three bonds), the Y–O distances are
2.23825 Å (three bonds) and 2.27722 Å (one bond).

Calculated structural, electronic, and dynamic properties of
pure Y2O2S

As shown in Table 1, there is a good agreement between the
results of the optimized crystal structure obtained in the

present study and those available in the literature. The calculated
band gap was underestimated (Table 1), as always happens with
DFT-based methods.26,27 To overcome such an underestimation,
a 1.6 eV scissor operator, which simply shifts the conduction
band upward to make it match with the experimental findings,
was applied. The calculated band gap is of an indirect character
(Fig. 2b).

The electronic states in both valence and conduction bands
exhibit well-pronounced dispersion, thus indicating a high
mobility of the hole and electron charge carriers. The conduction
band is 7–8 eV wide, and the valence band has a width of 4 eV.
The composition of the calculated electronic bands is shown in
Fig. 2c: the valence band is mainly composed of the O 2p and S
3p states in which the former produces a peak at about"4 eV and
the latter has a maximum contribution closer to the top of the
valence band at about "2 eV. The conduction band is formed
mainly by the 4d (5d) states of Y (La) atoms. It is worthwhile
noting that the 4d (5d) states of Y (La) are more strongly
hybridized with the 2p states of O, than with the 3p states of S,
since the Y–O (La–O) bonds are considerably shorter.

Finally, we also show the cross-sections of the electron
density distributions in the space between atoms in Y2O2S
crystal lattice (Fig. 2d). The difference in the interaction between
the Y (La) atoms from one side and O and S atoms from the

Fig. 1 (a) Representive XRD pattern of the as-synthesized Y2O2S:x%Er
sample. Vertical lines show the standard peak positions of Y2O2S (JCPD File
No. 26-1422). SEM micrographs of the as-synthesized Y2O2S:Er phosphor
powders: (b) Y2O2S:1%Er with the inset showing the enlarged view, (c)
Y2O2S:7%Er with the inset showing the enlarged view, and (d) Y2O2S:10%Er.

Fig. 2 (a) One unit cell of the Y2O2S crystal. Coordination of yttrium ions
is shown. Drawn by VESTA,28 angle g = 1201, (b) calculated band structure
of Y2O2S, (c) calculated density of states (DOS) diagrams of Y2O2S, and (d)
cross-section of the electron-density distribution of Y2O2S.

Table 1 Comparison of the structural and electronic properties of Y2O2S

a, Å c, Å Eg, eV

Exp.a 3.7910 6.596 4.6–4.8
Calc.b 3.7611 6.4770 2.979
Calc.c 3.75 6.525 2.61
Calc.d 3.816/3.751 6.640/6.527 3.0/2.8
Calc.e 3.826/3.751 6.650/6.524 2.94/2.72

a Ref. 24. b This work. c Ref. 24. d Ref. 7, GGA/LDA results. e Ref. 25,
GGA/LDA results.
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Figure 4-1 (a) Representative XRD pattern of the as-synthesized Y2O2S:x%Er sample. 
Vertical lines show the standard peak positions of Y2O2S (JCPD File No. 26-1422). 

SEM micrographs of the as-synthesized Y2O2S:Er phosphor powders: (b) Y2O2S:1%Er 
with the inset showing the enlarged view, (c) Y2O2S:7%Er with the inset showing the 

enlarged view, and (d) Y2O2S:10%Er. 

4.1.2.2 Summary of structural data and details of ab initio calculations  

Initial structural data was taken from the literature as an input for optimizing the 

crystal structure with subsequent calculations of the structural, electronic and optical 

properties of Y2O2S using the CASTEP module of Materials Studio.106 Y2O2S oxysulphide 
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crystallizes in the trigonal space group P3%m1 (space group no. 164) with one formula 

unit per unit cell. In this structure each yttrium ion is surrounded by three sulfur ions 

and four oxygen ions (Figure 4-2a). The Y–S distance is 2.84135 Å (three bonds), the Y–O 

distances are 2.23825 Å (three bonds) and 2.27722 Å (one bond).  

4.1.2.3 Calculated structural, electronic, and dynamic properties of pure Y2O2S  

As shown in Table 4-1, there is a good agreement between the results of the 

optimized crystal structure obtained in the present study and those available in the 

literature. The calculated band gap was underestimated (Table 4-1), as always happens 

with DFT-based methods.107,108 To overcome such an underestimation, a 1.6 eV scissor 

operator, which simply shifts the conduction band upward to make it match with the 

experimental findings, was applied. The calculated band gap is of an indirect character 

(Figure 4-2b).  

Table 4-1 Comparison of the Structural and electronic properties of Y2O2S. 

 a, Å c, Å Eg, eV 
Exp.109 3.7910 6.596 4.6-4.8 

Calc. (this work) 3.7611 6.4770 2.979 
Calc.109 3.75 6.525 2.61 
Calc.100 3.816/3.751 6.640/6.527 3.0/2.8 
Calc.110 3.826/3.751 6.650/6.524 2.94/2.72 

 

The electronic states in both valence and conduction bands exhibit well 

pronounced dispersion, thus indicating a high mobility of the hole and electron charge 

carriers. The conduction band is 7–8 eV wide, and the valence band has a width of 4 eV. 
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The composition of the calculated electronic bands is shown in Figure 4-2c: the valence 

band is mainly composed of the O 2p and S 3p states in which the former produces a 

peak at about 4 eV and the latter has a maximum contribution closer to the top of the 

valence band at about 2 eV. The conduction band is formed mainly by the 4d (5d) states 

of Y (La) atoms. It is worthwhile noting that the 4d (5d) states of Y (La) are more 

strongly hybridized with the 2p states of O, than with the 3p states of S, since the Y–O 

(La–O) bonds are considerably shorter.  

11488 | J. Mater. Chem. C, 2015, 3, 11486--11496 This journal is©The Royal Society of Chemistry 2015

Results & discussion
Phase and morphology

Powder XRD and SEM were used to characterize the crystalline
phase, size and morphology of the Y2O2S:Er phosphor particles. A
typical XRD pattern of the prepared samples is shown in Fig. 1a
along with the JCPDS standard data (JCPDS Card No.26-1422) for
the hexagonal phase Y2O2S as vertical lines. The intense and
sharp diffraction peaks correlate well with the standard suggesting
that the as-synthesized phosphors were well-crystallized in a
single phase. Within the detection limit of the X-ray diffracto-
meter, no additional lines were observed for either low or high
Er3+-doped Y2O2S samples. FE-SEM micrographs (Fig. 1b–d)
obtained from different locations of the same sample also show
that the as-syntheszied Er3+-doped Y2O2S mostly crystallized in
hexagonal plates. The average size of the hexagonal plates was
about 3.5 mm and the size distribution was within a 1 mm range
of 3.5 ! 1 mm.

Summary of structural data and details of ab initio calculations

Initial structural data was taken from the literatue as an input for
optimizing the crystal structure with subsequent calculations of
the structural, electronic and optical properties of Y2O2S using the
CASTEP module of Materials Studio.23 Y2O2S oxysulfide crystallizes
in the trigonal space group P%3m1 (space group no. 164) with one
formula unit per unit cell. In this structure each yttrium ion is
surrounded by three sulfur ions and four oxygen ions (Fig. 2a). The
Y–S distance is 2.84135 Å (three bonds), the Y–O distances are
2.23825 Å (three bonds) and 2.27722 Å (one bond).

Calculated structural, electronic, and dynamic properties of
pure Y2O2S

As shown in Table 1, there is a good agreement between the
results of the optimized crystal structure obtained in the

present study and those available in the literature. The calculated
band gap was underestimated (Table 1), as always happens with
DFT-based methods.26,27 To overcome such an underestimation,
a 1.6 eV scissor operator, which simply shifts the conduction
band upward to make it match with the experimental findings,
was applied. The calculated band gap is of an indirect character
(Fig. 2b).

The electronic states in both valence and conduction bands
exhibit well-pronounced dispersion, thus indicating a high
mobility of the hole and electron charge carriers. The conduction
band is 7–8 eV wide, and the valence band has a width of 4 eV.
The composition of the calculated electronic bands is shown in
Fig. 2c: the valence band is mainly composed of the O 2p and S
3p states in which the former produces a peak at about"4 eV and
the latter has a maximum contribution closer to the top of the
valence band at about "2 eV. The conduction band is formed
mainly by the 4d (5d) states of Y (La) atoms. It is worthwhile
noting that the 4d (5d) states of Y (La) are more strongly
hybridized with the 2p states of O, than with the 3p states of S,
since the Y–O (La–O) bonds are considerably shorter.

Finally, we also show the cross-sections of the electron
density distributions in the space between atoms in Y2O2S
crystal lattice (Fig. 2d). The difference in the interaction between
the Y (La) atoms from one side and O and S atoms from the

Fig. 1 (a) Representive XRD pattern of the as-synthesized Y2O2S:x%Er
sample. Vertical lines show the standard peak positions of Y2O2S (JCPD File
No. 26-1422). SEM micrographs of the as-synthesized Y2O2S:Er phosphor
powders: (b) Y2O2S:1%Er with the inset showing the enlarged view, (c)
Y2O2S:7%Er with the inset showing the enlarged view, and (d) Y2O2S:10%Er.

Fig. 2 (a) One unit cell of the Y2O2S crystal. Coordination of yttrium ions
is shown. Drawn by VESTA,28 angle g = 1201, (b) calculated band structure
of Y2O2S, (c) calculated density of states (DOS) diagrams of Y2O2S, and (d)
cross-section of the electron-density distribution of Y2O2S.

Table 1 Comparison of the structural and electronic properties of Y2O2S

a, Å c, Å Eg, eV

Exp.a 3.7910 6.596 4.6–4.8
Calc.b 3.7611 6.4770 2.979
Calc.c 3.75 6.525 2.61
Calc.d 3.816/3.751 6.640/6.527 3.0/2.8
Calc.e 3.826/3.751 6.650/6.524 2.94/2.72

a Ref. 24. b This work. c Ref. 24. d Ref. 7, GGA/LDA results. e Ref. 25,
GGA/LDA results.
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Figure 4-2 (a) One unit cell of the Y2O2S crystal. Coordination of yttrium ions is 
shown. Drawn by VESTA, angle γ = 120°, (b) calculated band structure of Y2O2S, (c) 

calculated density of states (DOS) diagrams of Y2O2S, and (d) cross-section of the 
electron-density distribution of Y2O2S. 

Finally, we also show the cross-sections of the electron density distributions in 

the space between atoms in Y2O2S crystal lattice (Figure 4-2d). The difference in the 
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interaction between the Y (La) atoms from one side and O and S atoms from the other 

side is clearly seen in Figure 4-2d. The calculated effective Mulliken charges (in the units 

of the proton charge) are as follows: 0.76 for oxygen, 0.70 for sulfur, and +1.11 for 

yttrium ions. This data shows that the effective electric charges on all ions are different 

from what might be expected from the chemical formula. This circumstance stresses the 

importance of the covalent and chemical bond formation effects in the present material.  

4.1.2.4 Calculated structural and electronic properties of Er-doped Y2O2S  

After doping, Er3+ ions occupy the Y sites in the Y2O2S crystal lattice. Since the 

ionic radius of Er3+ (1.03 Å) is slightly smaller than that of Y3+ (1.04 Å),111 one may expect 

a slight decrease of the lattice constant of the doped compound in comparison with the 

pure Y2O2S. Indeed, optimization of the crystal lattice with 5% of yttrium sites occupied 

by erbium gave the following lattice parameter values: a = b = 3.68912 Å and c = 6.27642 

Å. The main influence of an impurity ion on the electronic properties of a host is related 

to the formation of the electronic energy levels of this impurity in the host’s band gap. 

Eventually, these energy levels would be responsible for modification, often quite 

considerable, of the optical properties of a doped material.  

Figure 4-3 presents the details of the calculated DOS diagrams in the energy 

region covering the top of the valence band and band gap. The 4f unfilled shell of the 

Er3+ ions gives rise to a maximum of the electron density distribution in the band gap. 

Taking the difference between the maxima of the Er3+ 4f states and the O 2p and S 3p 
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states, the location of the lowest erbium state in the band gap was estimated as 0.915 eV. 

This value will be further used when linking the results of the ab initio and crystal field 

studies together. Unfortunately, it is not possible to give a proper treatment to the 

multiplet effects in the unfilled shells of impurity ions using the CASTEP program since 

the calculations are essentially one-electron. Therefore, to analyze the experimental 

absorption spectra of Y2O2S:Er3+ and the erbium energy levels in details, crystal field 

theory was used as described in the next section.  
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other side is clearly seen in Fig. 2d. The calculated effective
Mulliken charges (in the units of the proton charge) are as follows:
!0.76 for oxygen,!0.70 for sulfur, and +1.11 for yttrium ions. This
data shows that the effective electric charges on all ions are
different from what might be expected from the chemical formula.
This circumstance stresses the importance of the covalent and
chemical bond formation effects in the present material.

Calculated structural and electronic properties of Er-doped
Y2O2S

After doping, Er3+ ions occupy the Y sites in the Y2O2S crystal
lattice. Since the ionic radius of Er3+ (1.03 Å) is slightly smaller
than that of Y3+ (1.04 Å),29 one may expect a slight decrease of
the lattice constant of the doped compound in comparison with
the pure Y2O2S. Indeed, optimization of the crystal lattice with
5% of yttrium sites occupied by erbium gave the following
lattice parameter values: a = b = 3.68912 Å and c = 6.27642 Å.
The main influence of an impurity ion on the electronic
properties of a host is related to the formation of the electronic
energy levels of this impurity in the host’s band gap. Eventually,
these energy levels would be responsible for modification, often
quite considerable, of the optical properties of a doped material.

Fig. 3 presents the details of the calculated DOS diagrams in
the energy region covering the top of the valence band and
band gap. The 4f unfilled shell of the Er3+ ions gives rise to a
maximum of the electron density distribution in the band gap.
Taking the difference between the maxima of the Er3+ 4f states
and the O 2p and S 3p states, the location of the lowest erbium
state in the band gap was estimated as 0.915 eV. This value will
be further used when linking the results of the ab initio and
crystal field studies together. Unfortunately, it is not possible to
give a proper treatment to the multiplet effects in the unfilled
shells of impurity ions using the CASTEP program since the
calculations are essentially one-electron. Therefore, to analyze
the experimental absorption spectra of Y2O2S:Er3+ and the
erbium energy levels in details, crystal field theory was used
as described in the next section.

Energy level calculation and crystal field analysis

The model Hamiltonian that was used to study the energy level
structure of rare earth ions is written as:

H ¼ Eavg þ
X

k¼2;4;6
Fkfk þ Bf Aso þ aLðLþ 1Þ þ bG G2ð Þ þ gG R7ð Þ

þ
X

i¼2;3;4;6;7;8
Titi þ

X

h¼0;2;4
Mhmh þ

X

k¼2;4;6
P kpk þ

X

k;q

B k
qC
ðkÞ
q ;

(1)

where the first term Eavg is the barycenter of the 4fN electronic
configuration (in our case N = 11 for Er3+ ions), the second term
(F kfk) describes the Coulomb interaction between the 4f N

electrons, which forms the set of the so-called LS terms of a
free ion (there are 17 LS terms for Er3+ ions). In addition, a, b
and g represent the two-body configuration interactions, T i

the three-body interactions, and Mh and Pk the magnetically
and electrostatically correlated interactions respectively. More
precisely, the third term (BfAso)is related to the spin–orbit (SO)
interaction which results in the set of the free ion 2S+1LJ multiplets
(41 2S+1LJ multiplets in our case of erbium), the next four terms
are the effective two- (a, b and g) and three- (Ti) electron
Coulomb correlation contributions from higher configuration
with the same parity, the two-body magnetically correlated
interactions described by the Marvin integrals Mh represent
the spin–spin and spin-other-orbit relativistic corrections, and
the electrostatically correlated SO contributions of the two-body
interactions represented by the Pk entries. Following Carnall
et al.,30 the ratios of Mk (k = 2 and 4) to M0 and Pk (k = 4 and 6)
to P2 are usually constrained to minimize the number of fitting
parameters. For the 4fN and 4f14!N configurations (N r 7),
the two- and three-body parameters exist only if N 4 1 and
N 4 2. All these terms represent the ‘‘free-ion’’ Hamiltonian,
whose parameters vary slightly from one host to another due to
nephelauxetic effects.31 The last term describes the anisotropic
components of the crystal field (CF) interactions, where the B k

q

entries are referred to as the crystal field parameters (CFPs), and
C (k)

q are the spherical operators (here the Wybourne notation is
adopted32). In total, for the rare-earth elements there can be in
up to 27 non-zero CFPs in the case of the C1 symmetry. The
number of non-zero CFPs depends on the local site symmetry of
the position occupied by the rare earth ion and considerably
decreases when going to the sites of higher symmetry. Since
the site symmetry of the doped Er3+ ions, which occupy the Y3+

sites in the Y2O2S host, is C3v point-group symmetry,33 the CF
Hamiltonian, i.e., the last term in the above equation, can be
further expanded as:

HCF = B0
2C(2)

0 + B0
4C(4)

0 + B3
4(C(4)
!3 ! C(4)

3 ) + B0
6C(6)

0

+ B3
6(C(6)
!3 ! C(6)

3 ) + B6
6(C(6)

6 + C(6)
!6), (2)

where all CFPs are real.
In our fitting calculation, the small correction terms in the

quasi-free ion interactions, i.e., the two-body configuration
interactions a, b, and g, three-body interactions T i, and
magnetically M h and electrostatically P k correlated interactions,

Fig. 3 Calculated DOS of Y2O2S:Er3+ in the region of the band gap. The
vertical dashed lines show the maxima of the DOS distributions of the Er-4f
electrons and p electrons in the valence band.
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Figure 4-3 Calculated DOS of Y2O3S:Er3+ in the region of the band gap. The vertical 
dashed lines show the maxima of the DOS distribution of the Er-4f electrons and p 

electrons in the valence band. 

4.1.2.5 Energy level calculation and crystal field analysis  

The model Hamiltonian that was used to study the energy level structure of rare 

earth ions is written as:  
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other side is clearly seen in Fig. 2d. The calculated effective
Mulliken charges (in the units of the proton charge) are as follows:
!0.76 for oxygen,!0.70 for sulfur, and +1.11 for yttrium ions. This
data shows that the effective electric charges on all ions are
different from what might be expected from the chemical formula.
This circumstance stresses the importance of the covalent and
chemical bond formation effects in the present material.

Calculated structural and electronic properties of Er-doped
Y2O2S

After doping, Er3+ ions occupy the Y sites in the Y2O2S crystal
lattice. Since the ionic radius of Er3+ (1.03 Å) is slightly smaller
than that of Y3+ (1.04 Å),29 one may expect a slight decrease of
the lattice constant of the doped compound in comparison with
the pure Y2O2S. Indeed, optimization of the crystal lattice with
5% of yttrium sites occupied by erbium gave the following
lattice parameter values: a = b = 3.68912 Å and c = 6.27642 Å.
The main influence of an impurity ion on the electronic
properties of a host is related to the formation of the electronic
energy levels of this impurity in the host’s band gap. Eventually,
these energy levels would be responsible for modification, often
quite considerable, of the optical properties of a doped material.

Fig. 3 presents the details of the calculated DOS diagrams in
the energy region covering the top of the valence band and
band gap. The 4f unfilled shell of the Er3+ ions gives rise to a
maximum of the electron density distribution in the band gap.
Taking the difference between the maxima of the Er3+ 4f states
and the O 2p and S 3p states, the location of the lowest erbium
state in the band gap was estimated as 0.915 eV. This value will
be further used when linking the results of the ab initio and
crystal field studies together. Unfortunately, it is not possible to
give a proper treatment to the multiplet effects in the unfilled
shells of impurity ions using the CASTEP program since the
calculations are essentially one-electron. Therefore, to analyze
the experimental absorption spectra of Y2O2S:Er3+ and the
erbium energy levels in details, crystal field theory was used
as described in the next section.

Energy level calculation and crystal field analysis

The model Hamiltonian that was used to study the energy level
structure of rare earth ions is written as:

H ¼ Eavg þ
X

k¼2;4;6
Fkfk þ Bf Aso þ aLðLþ 1Þ þ bG G2ð Þ þ gG R7ð Þ

þ
X

i¼2;3;4;6;7;8
Titi þ

X

h¼0;2;4
Mhmh þ

X

k¼2;4;6
P kpk þ

X

k;q

B k
qC
ðkÞ
q ;

(1)

where the first term Eavg is the barycenter of the 4fN electronic
configuration (in our case N = 11 for Er3+ ions), the second term
(F kfk) describes the Coulomb interaction between the 4f N

electrons, which forms the set of the so-called LS terms of a
free ion (there are 17 LS terms for Er3+ ions). In addition, a, b
and g represent the two-body configuration interactions, T i

the three-body interactions, and Mh and Pk the magnetically
and electrostatically correlated interactions respectively. More
precisely, the third term (BfAso)is related to the spin–orbit (SO)
interaction which results in the set of the free ion 2S+1LJ multiplets
(41 2S+1LJ multiplets in our case of erbium), the next four terms
are the effective two- (a, b and g) and three- (Ti) electron
Coulomb correlation contributions from higher configuration
with the same parity, the two-body magnetically correlated
interactions described by the Marvin integrals Mh represent
the spin–spin and spin-other-orbit relativistic corrections, and
the electrostatically correlated SO contributions of the two-body
interactions represented by the Pk entries. Following Carnall
et al.,30 the ratios of Mk (k = 2 and 4) to M0 and Pk (k = 4 and 6)
to P2 are usually constrained to minimize the number of fitting
parameters. For the 4fN and 4f14!N configurations (N r 7),
the two- and three-body parameters exist only if N 4 1 and
N 4 2. All these terms represent the ‘‘free-ion’’ Hamiltonian,
whose parameters vary slightly from one host to another due to
nephelauxetic effects.31 The last term describes the anisotropic
components of the crystal field (CF) interactions, where the B k

q

entries are referred to as the crystal field parameters (CFPs), and
C (k)

q are the spherical operators (here the Wybourne notation is
adopted32). In total, for the rare-earth elements there can be in
up to 27 non-zero CFPs in the case of the C1 symmetry. The
number of non-zero CFPs depends on the local site symmetry of
the position occupied by the rare earth ion and considerably
decreases when going to the sites of higher symmetry. Since
the site symmetry of the doped Er3+ ions, which occupy the Y3+

sites in the Y2O2S host, is C3v point-group symmetry,33 the CF
Hamiltonian, i.e., the last term in the above equation, can be
further expanded as:

HCF = B0
2C(2)

0 + B0
4C(4)

0 + B3
4(C(4)
!3 ! C(4)

3 ) + B0
6C(6)

0

+ B3
6(C(6)
!3 ! C(6)

3 ) + B6
6(C(6)

6 + C(6)
!6), (2)

where all CFPs are real.
In our fitting calculation, the small correction terms in the

quasi-free ion interactions, i.e., the two-body configuration
interactions a, b, and g, three-body interactions T i, and
magnetically M h and electrostatically P k correlated interactions,

Fig. 3 Calculated DOS of Y2O2S:Er3+ in the region of the band gap. The
vertical dashed lines show the maxima of the DOS distributions of the Er-4f
electrons and p electrons in the valence band.

Paper Journal of Materials Chemistry C

Pu
bl

ish
ed

 o
n 

08
 O

ct
ob

er
 2

01
5.

 D
ow

nl
oa

de
d 

by
 D

uk
e 

U
ni

ve
rs

ity
 o

n 
19

/0
4/

20
18

 1
8:

56
:4

8.
 

View Article Online

 

where the first term Eavg is the barycenter of the 4fN electronic configuration (in our case 

N = 11 for Er3+ ions), the second term (F kfk) describes the Coulomb interaction between 

the 4f N electrons, which forms the set of the so-called LS terms of a free ion (there are 17 

LS terms for Er3+ ions). In addition, a, b and g represent the two-body configuration 

interactions, T i the three-body interactions, and Mh and Pk the magnetically and 

electrostatically correlated interactions respectively. More precisely, the third term 

(BfAso)is related to the spin–orbit (SO) interaction which results in the set of the free ion 

2S+1LJ multiplets (41 2S+1LJ multiplets in our case of erbium), the next four terms are the 

effective two- (a, b and g) and three- (Ti) electron Coulomb correlation contributions 

from higher configuration with the same parity, the two-body magnetically correlated 

interactions described by the Marvin integrals Mh represent the spin–spin and spin-

other-orbit relativistic corrections, and the electrostatically correlated SO contributions 

of the two-body interactions represented by the Pk entries. Following Carnall et. al.,112 the 

ratios of Mk (k=2and4) to M0 and Pk (k=4and6) to P2 are usually constrained to minimize 

the number of fitting parameters. For the 4fN and 4f14 N configurations (N ≤ 7), the two- 

and three-body parameters exist only if N > 1 and N > 2. All these terms represent the 
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‘‘free-ion’’ Hamiltonian, whose parameters vary slightly from one host to another due to 

nephelauxetic effects.113 The last term describes the anisotropic components of the crystal 

field (CF) interactions, where the B kq entries are referred to as the crystal field 

parameters (CFPs), and C (k) are the spherical operators (here the Wybourne notation is 

adopted114). In total, for the rare-earth elements there can be in up to 27 non-zero CFPs in 

the case of the C1 symmetry. The number of non-zero CFPs depends on the local site 

symmetry of the position occupied by the rare earth ion and considerably decreases 

when going to the sites of higher symmetry. Since the site symmetry of the doped Er3+ 

ions, which occupy the Y3+ sites in the Y2O2S host, is C3v point-group symmetry,115 the 

CF Hamiltonian, i.e., the last term in the above equation, can be further expanded as:  
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other side is clearly seen in Fig. 2d. The calculated effective
Mulliken charges (in the units of the proton charge) are as follows:
!0.76 for oxygen,!0.70 for sulfur, and +1.11 for yttrium ions. This
data shows that the effective electric charges on all ions are
different from what might be expected from the chemical formula.
This circumstance stresses the importance of the covalent and
chemical bond formation effects in the present material.

Calculated structural and electronic properties of Er-doped
Y2O2S

After doping, Er3+ ions occupy the Y sites in the Y2O2S crystal
lattice. Since the ionic radius of Er3+ (1.03 Å) is slightly smaller
than that of Y3+ (1.04 Å),29 one may expect a slight decrease of
the lattice constant of the doped compound in comparison with
the pure Y2O2S. Indeed, optimization of the crystal lattice with
5% of yttrium sites occupied by erbium gave the following
lattice parameter values: a = b = 3.68912 Å and c = 6.27642 Å.
The main influence of an impurity ion on the electronic
properties of a host is related to the formation of the electronic
energy levels of this impurity in the host’s band gap. Eventually,
these energy levels would be responsible for modification, often
quite considerable, of the optical properties of a doped material.

Fig. 3 presents the details of the calculated DOS diagrams in
the energy region covering the top of the valence band and
band gap. The 4f unfilled shell of the Er3+ ions gives rise to a
maximum of the electron density distribution in the band gap.
Taking the difference between the maxima of the Er3+ 4f states
and the O 2p and S 3p states, the location of the lowest erbium
state in the band gap was estimated as 0.915 eV. This value will
be further used when linking the results of the ab initio and
crystal field studies together. Unfortunately, it is not possible to
give a proper treatment to the multiplet effects in the unfilled
shells of impurity ions using the CASTEP program since the
calculations are essentially one-electron. Therefore, to analyze
the experimental absorption spectra of Y2O2S:Er3+ and the
erbium energy levels in details, crystal field theory was used
as described in the next section.

Energy level calculation and crystal field analysis

The model Hamiltonian that was used to study the energy level
structure of rare earth ions is written as:

H ¼ Eavg þ
X

k¼2;4;6
Fkfk þ Bf Aso þ aLðLþ 1Þ þ bG G2ð Þ þ gG R7ð Þ

þ
X

i¼2;3;4;6;7;8
Titi þ

X

h¼0;2;4
Mhmh þ

X

k¼2;4;6
P kpk þ

X

k;q

B k
qC
ðkÞ
q ;

(1)

where the first term Eavg is the barycenter of the 4fN electronic
configuration (in our case N = 11 for Er3+ ions), the second term
(F kfk) describes the Coulomb interaction between the 4f N

electrons, which forms the set of the so-called LS terms of a
free ion (there are 17 LS terms for Er3+ ions). In addition, a, b
and g represent the two-body configuration interactions, T i

the three-body interactions, and Mh and Pk the magnetically
and electrostatically correlated interactions respectively. More
precisely, the third term (BfAso)is related to the spin–orbit (SO)
interaction which results in the set of the free ion 2S+1LJ multiplets
(41 2S+1LJ multiplets in our case of erbium), the next four terms
are the effective two- (a, b and g) and three- (Ti) electron
Coulomb correlation contributions from higher configuration
with the same parity, the two-body magnetically correlated
interactions described by the Marvin integrals Mh represent
the spin–spin and spin-other-orbit relativistic corrections, and
the electrostatically correlated SO contributions of the two-body
interactions represented by the Pk entries. Following Carnall
et al.,30 the ratios of Mk (k = 2 and 4) to M0 and Pk (k = 4 and 6)
to P2 are usually constrained to minimize the number of fitting
parameters. For the 4fN and 4f14!N configurations (N r 7),
the two- and three-body parameters exist only if N 4 1 and
N 4 2. All these terms represent the ‘‘free-ion’’ Hamiltonian,
whose parameters vary slightly from one host to another due to
nephelauxetic effects.31 The last term describes the anisotropic
components of the crystal field (CF) interactions, where the B k

q

entries are referred to as the crystal field parameters (CFPs), and
C (k)

q are the spherical operators (here the Wybourne notation is
adopted32). In total, for the rare-earth elements there can be in
up to 27 non-zero CFPs in the case of the C1 symmetry. The
number of non-zero CFPs depends on the local site symmetry of
the position occupied by the rare earth ion and considerably
decreases when going to the sites of higher symmetry. Since
the site symmetry of the doped Er3+ ions, which occupy the Y3+

sites in the Y2O2S host, is C3v point-group symmetry,33 the CF
Hamiltonian, i.e., the last term in the above equation, can be
further expanded as:

HCF = B0
2C(2)

0 + B0
4C(4)

0 + B3
4(C(4)
!3 ! C(4)

3 ) + B0
6C(6)

0

+ B3
6(C(6)
!3 ! C(6)

3 ) + B6
6(C(6)

6 + C(6)
!6), (2)

where all CFPs are real.
In our fitting calculation, the small correction terms in the

quasi-free ion interactions, i.e., the two-body configuration
interactions a, b, and g, three-body interactions T i, and
magnetically M h and electrostatically P k correlated interactions,

Fig. 3 Calculated DOS of Y2O2S:Er3+ in the region of the band gap. The
vertical dashed lines show the maxima of the DOS distributions of the Er-4f
electrons and p electrons in the valence band.
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where all CFPs are real.  

In our fitting calculation, the small correction terms in the quasi-free ion 

interactions, i.e., the two-body configuration interactions a, b, and g, three-body 

interactions Ti, and magnetically Mh and electrostatically Pk correlated interactions, are 

all fixed and taken from literature.115 Only the CFPs, Slater parameters Fk (k = 2, 4 and 6), 

SO coupling parameter z4f and the configuration barycenter parameter Eavg were freely 

varied to obtain the ultimate optimization results. Using the Hamiltonians (1) and (2) and 
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the experimental low temperature absorption spectra shown in Fig. 4a, we performed the 

calculations of the Er3+ energy levels in Y2O2S. All the energy parameters we employed 

are given in Table 4-2. The calculated Er3+ energy levels in comparison with the 

experimental ones are collected in Table 4-3. It is seen from Table 4-3 and Figure 4-4a 

that a good agreement between experiment and theory is obtained. In addition, the 

calculated Er3+ energy levels are superimposed onto the experimental absorption 

spectrum of Y2O2S:Er3+ in Figure 4-4a to visualize agreement between the experimental 

data and results of the crystal field calculations.  
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are all fixed and taken from literature.34 Only the CFPs, Slater
parameters Fk (k = 2, 4 and 6), SO coupling parameter z4f and the
configuration barycenter parameter Eavg were freely varied to
obtain the ultimate optimization results. Using the Hamiltonians
(1) and (2) and the experimental low temperature absorption
spectra shown in Fig. 4a, we performed the calculations of the
Er3+ energy levels in Y2O2S. All the energy parameters we employed
are given in Table 2. The calculated Er3+ energy levels in comparison
with the experimental ones are collected in Table 3. It is seen from
Table 3 and Fig. 4a that a good agreement between experiment and
theory is obtained. In addition, the calculated Er3+ energy levels
are superimposed onto the experimental absorption spectrum
of Y2O2S:Er3+ in Fig. 4a to visualize agreement between the
experimental data and results of the crystal field calculations.

Finally, it is possible to combine the results from the ab
initio calculations of the electronic structure of Y2O2S:Er3+ with

those from the crystal field calculations. Since the separation
between the 4f states of erbium and the O 2p and S 3p states is
0.915 eV, taking this value as the ground state of Er3+ in the
band gap, we can plot all higher calculated Er3+ levels from
Table 3, as presented in Fig. 4b. Such a diagram gives complete
description of the energetic properties of the host itself and
impurity ions.

Excitation and emission properties under UV excitation

The excitation spectra of these Er3+-doped Y2O2S samples
(Fig. 5a) consist of two broad bands at 264 and 296 nm,
corresponding to the charge transfer bands (CTBs) of Er3+–
O2! and Er3+–S2! bonding, respectively. Most of the other
narrow bands in the excitation spectra are identical to the
absorption spectra (Fig. 5a vs. Fig. S1, ESI†) and correspond
to the f–f transitions of Er3+ ions. The intensity of both the CTB
and Er3+ (f–f) transitions are found to be dependent on the Er3+

concentrations. We observed the weak Er3+ emission at 410 nm
overlapped with broad emission centered at 400 nm for Y2O2S:
1%Er as shown in Fig. 5b for above host band (250 nm), band
edge (258 nm) and CTB (Er3+–O2!, 264 nm) excitations (Fig. S2,
ESI†), indicating that the Y2O2S host to Er3+ energy transfer is
a combination of radiative and nonradiative energy transfers
at low Er3+ doping levels. However, at 296 nm excitation corres-
ponding to (Er3+–S2!) CTB, the broad emission at 400 nm was
absent confirming that this broad emission was related to
bandgap emission (Fig. S2, ESI†). In addition, with higher Er3+

doping (above 3%), we were able to suppress the bandgap related
emission (Fig. 5b and Fig. S3, ESI†). This confirms that the energy
transfer from the Y2O2S host to Er3+ dopants is nonradiative at
higher Er3+ doping concentrations.

Furthermore, the broad excitation spectra monitoring the
red emission (Fig. 5a) shows asymmetric CT bands corresponding
to Er3+–O2! at 264 nm and Er3+–S2! at 296 nm lying below the
band gap (4.6–4.8 eV) of the Y2O2S host. The asymmetric excitation
CT bands further indicate that either there exists excitation
bands in the high energy side beyond the detection limit of the
spectrophotometer or that the tail extends to that side, which
could be the band edge of the host as estimated above by the
band structure calculation.

Fig. 4 (a) The measured absorption spectrum of Er3+ ion in Y2O2S at 8 K. The vertical bars are the calculated CF energy levels. (b) Y2O2S band structure
with superimposed Er3+ energy levels calculated using crystal field theory.

Table 2 Optimized energy parameters for Er3+ ions in Y2O2S (unit: cm!1)

Parameter Value

Eavg 35 286
F2 97 480
F4 63 728
F6 56 672
z4f 2247
a [7.79]
b [!582.1]
g [1800]
T2 [400]
T3 [43]
T4 [73]
T6 [!271]
T7 [308]
T8 [299]
M0 [3.86]
P2 [594]
B0

2 !572
B0

4 4010
B3

4 !2234
B0

6 !1145
B3

6 888
B6

6 !598

Notes: those parameter values given in the square brackets are fixed.
M2/M0 = 0.56, M4/M0 = 0.38, P4/P2 = 0.75, and P6/P2 = 0.5 were used to
constrain those corresponding parameters not listed in the table.
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Figure 4-4 (a) The measured absorption spectrum of Er3+ ion in Y2O2S at 8 K. The 
vertical bars are calculated CF energy levels. (b) Y2O2S band structure with 

superimposed Er3+ energy levels calculated using crystal field theory. 

Finally, it is possible to combine the results from the ab initio calculations of the 

electronic structure of Y2O2S:Er3+ with those from the crystal field calculations. Since the 

separation between the 4f states of erbium and the O 2p and S 3p states is 0.915 eV, 

taking this value as the ground state of Er3+ in the band gap, we can plot all higher 
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calculated Er3+ levels from Table 4-3, as presented in Figure 4-4b. Such a diagram gives 

complete description of the energetic properties of the host itself and impurity ions.  
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Table 4-2 Optimized energy parameters for Er3+ ions in Y2O2S (unit: cm-1). 

Parameter Value 
Eavg 35286 
F2 97480 
F4 63728 
F6 56672 
ζ4f 2247 
α [7.79] 
β [-582.1] 
γ [1800] 
T2 [400] 
T3 [43] 
T4 [73] 
T6 [-271] 
T7 [308] 
T8 [299] 
M0 [3.86] 
P2 [594] 
B02 -572 
B04 4010 
B34 -2234 
B06 -1145 
B36 888 
B66 -598 
Note: Those parameter values given in the square brackets 
are fixed. M2/M0 = 0.56, M4/M0 = 0.38, P4/P2 = 0.75 and P6/P2 = 
0.5 were used to constrain those corresponding parameters 
not listed in the table 

4.1.2.6 Excitation and emission properties under UV excitation  

The excitation spectra of these Er3+-doped Y2O2S samples (Figure 4-5a) consist of 

two broad bands at 264 and 296 nm, corresponding to the charge transfer bands (CTBs) 

of Er3+– O2 and Er3+–S2 bonding, respectively. Most of the other narrow bands in the 

excitation spectra are identical to the absorption spectra (Figure 4-5a vs. Figure 4-5c) and 
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correspond to the f–f transitions of Er3+ ions. The intensity of both the CTB and Er3+ (f–f) 

transitions are found to be dependent on the Er3+ concentrations. We observed the weak 

Er3+ emission at 410 nm overlapped with broad emission centered at 400 nm for Y2O2S: 

1%Er as shown in Fig 4 - 5b for above host band (250 nm), band edge (258 nm) and CTB 

(Er3+–O2 , 264 nm) excitations (Figure 4-5d,), indicating that the Y2O2S host to Er3+ energy 

transfer is a combination of radiative and nonradiative energy transfers at low Er3+ 

doping levels. However, at 296 nm excitation corresponding to (Er3+– S2 ) CTB, the broad 

emission at 400 nm was absent confirming that this broad emission was related to 

bandgap emission (Figure 4-5d). In addition, with higher Er3+ doping (above 3%), we 

were able to suppress the bandgap related emission (Figure 4-5b). This confirms that the 

energy transfer from the Y2O2S host to Er3+ dopants is nonradiative at higher Er3+ doping 

concentrations.  
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Table 4-3 Calculated and experimental energy levels (in cm-1) of Er3+ in Y2O2S. 

J-Manifold Calculated Experimental Difference 
4I15/2 -13.9 

83.2 
126.4 
540.1 
595.4 
667.1 
866.4 

1073.4 

0.0 13.9 

4I13/2 6318.5 
6369.7 
6449.0 
6617.9 
6758.9 
6766.3 
6943.6 

6285.0 
 

6485.0 
6611.0 

-33.5 
 

36.0 
-6.9 

4I11/2 9996.9 
10070.7 
10109.2 
10221.5 
10233.0 
10316.8 

  

4I9/2 12036.3 
12254.6 
12287.3 
12505.9 
12771.7 

12100.0 
12212.0 
12286.0 
12427.0 

 

63.7 
-42.6 

-1.3 
-78.9 

4F9/2 14969.7 
15046.0 
15128.2 
15502.0 

14949.0 
15051.0 
15135.0 
15252.0 

-20.7 
5.0 
6.8 

19.8 

4S3/2 18084.3 
18256.9 

18049.0 
18247.0 

-35.3 
-9.9 
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2H(2)11/2 18804.6 
18955.2 
19056.0 
19141.5 
19343.7 
19390.9 

18756.0 
18936.0 
19088.0 
19192.0 
19326.0 
19463.0 

-48.6 
-19.2 
32.0 
50.5 

-17.7 
73.0 

4F7/2 20114.2 
20145.6 
20297.6 
20364.1 

20131.0 
20202.0 
20307.0 
20394.0 

16.8 
56.4 

9.4 
29.9 

4F5/2 21844.6 
21930.5 
21969.5 

21834.0 
 

22010.0 

-10.6 
 

40.5 

4F3/2 22276.7 
22426.7 

22198.0 
22378.0 

-78.7 
-48.7 

Note: Only the energy levels located at the experimentally-detected energy range are given for 
the sake of brevity and the complete calculated energy level scheme is available from the 
authors upon request 
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Figure 4-5 (a) Excitation spectra of Y2O2S:x%Er3+ (x = 1, 7 and 10) samples by 
monitoring the 4F9/2 à  4I15/2 (667nm) emission. (b) Emission spectra for Y2O2S:x%Er3+ (x 

= 1, 7 and 10) in the range of 350-850nm under 250nm excitation. (c) Absorption 
spectrum of Y2O2S:10%Er3+ in the range of 400-850nm. (d) Emission spectra of 

Y2O2S:1%Er3+ in the range of 350-750nm under varying UV excitation. 

Furthermore, the broad excitation spectra monitoring the red emission (Figure 4-

5a) shows asymmetric CT bands corresponding to Er3+– O2 at 264 nm and Er3+– S2 at 296 

nm lying below the band gap (4.6–4.8 eV) of the Y2O2S host. The asymmetric excitation 

CT bands further indicate that either there exists excitation bands in the high-energy 

side beyond the detection limit of the spectrophotometer or that the tail extends to that 
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side, which could be the band edge of the host as estimated above by the band structure 

calculation  

Emission spectra (Figure 4-6a) were also obtained by exciting the Y2O2S:10%Er 

phosphor at 250 nm (above host band gap), 258 nm (predicted host band edge), 264 nm 

(CT band, Er3+– O2 ), 296 nm (CT band Er3+– S2 ) and 380 nm (Er3+ f–f band). These 

spectra demonstrate identical emission features, where the Er3+ emission bands were in 

the spectral ranges of 390–415 nm (4G9/2 - 4I15/2), 515–532 nm (2H11/2 - 4I15/2), 532–570 nm 

(4S3/2 - 
4I15/2), 640–685 nm (4F9/2 - 

4I15/2), and 780–840 nm (4I9/2 - 
4I15/2). Emission intensity 

analysis clearly shows that the Er3+ (f–f) excitation band at 380 nm is the least efficient 

one. This also indicates that the Y2O2S host to Er3+ (f–f) energy transfer is more efficient 

compared to that of Er3+ (f–f) to Er3+ (f–f). This is mainly due to the narrow excitation or 

smaller absorption at 380 nm for Er3+ (f–f) band compared to those of CTB and band 

edge excitations of the Y2O2S host. Moreover, Er3+ concentration dependent emissions 

under 250 nm excitation (Figure 4-6b) were observed in the ranges of 950–1050 and 

1450– 1650 nm, corresponding to 4I11/2 - 
4I15/2 and 4I13/2 - 

4I15/2 manifolds, respectively. 

Intensity analysis indicates that the NIR emission intensity also increases with increasing 

doping concentration and does not quench up to 10% Er3+ doping.  
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photon process involved in the downconversion emissions where
a maximum of 100% efficiency can be achieved.

Lifetimes under UV (258 nm) and UC (980 nm) excitations

Fig. 9 shows the decays of emissive transitions of the Y2O2S:
x%Er3+ (x = 1, 7 and 10) phosphors under pulsed excitations at
258 nm and 980 nm. The temporal evolution of the luminescence

intensity as a function of time at these emission bands was
obtained after the microsecond excitation pulse, and the decay
curve was fitted by the single multiexponential function as
shown in eqn (3):

IðtÞ ¼ I0 þ A1 exp %
t

t1

! "
(3)

Fig. 5 (a) Excitation spectra of Y2O2S:x%Er3+ (x = 1, 7 and 10) samples by monitoring the 4F9/2 - 4I15/2 (667 nm) emissions, (b) emission spectra for
Y2O2S:x%Er3+ (x = 1, 7 and 10) in the range of 350 to 850 nm under 250 nm excitation.

Fig. 6 (a) UV and visible emission spectra of Y2O2S:10%Er3+ samples in the ranges of (a) 400 to 850 nm, (b) NIR emission spectra for Y2O2S:x%Er3+ (x = 1,
7 and 10) in the range of 900 to 1650 nm at 250 nm excitation.

Fig. 7 Quantum yields of the green, red bands along with their total under (a) 250, (b) 258, (c) 264 and (d) 296 nm excitations.
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Figure 4-6 (a) UV and visible emission spectra of Y2O2S:10%Er3+ samples in the ranges 
of (a) 400-850nm and (b) NIR emission spectra for Y2O2S:x%Er3+ (x = 1, 7 and 10) in the 

range of 900-1650nm at 250nm excitation. 

We measured the QYs of these Er3+-doped Y2O2S solid phosphors from the green 

(510–570 nm) and red (640–690 nm) emissions under 250, 258, 264 and 296 nm 

excitations and the results and methods are summarized in Figure 4–7,a-d and Table 4-4. 

These results clearly show the influence of Er3+ concentration in the efficiency of green 

(510–570 nm) and red (640–690 nm) emission bands. At low Er3+ doping concentrations 

the green emission is prominent, while at high Er3+ doping concentrations the red 

emission becomes stronger (Figure 4-5d vs. Fig 4–7e,f). This phenomenon is mainly 

caused by the change in the population dynamics of corresponding manifolds due to the 

Er3+–Er3+ interaction at different Er3+ doping concentrations. The excitation wavelength 

does not influence the total efficiency appreciably, except under 296 nm excitation where 

the total efficiency is less compared to other UV excitation wavelengths. These results 

indicate that 250 nm is the most appropriate excitation wavelength to achieve the 
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highest efficiency in the Y2O2S:x%Er3+ phosphors with x = 1, 7 and 10. This is mainly due 

to efficient energy transfer between the Y2O2S host and Er3+ ions at the host band edge 

excitation compared to that of CTB excitation, or direct energy migration of the 

excitation along a chain of Er3+ ions under the host band edge excitation.  

 

Figure 4-7 Quantum yields of the green and red bands as well as their total under (a) 
250, (b) 258, (c) 264 and (d) 296 nm excitation. 
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We also measured the QYs of these Er3+-doped Y2O2S phosphors from the green 

(510–570 nm) and red (640–690 nm) emission under 980 nm excitation (Figure 4-8). 

Comparing the spectra under 980 nm excitation with those obtained under UV 

excitations at 250, 258, 264 and 296 nm (Figure 4-8 vs. Figure 4-7), we noticed that the red 

(640–690 nm) to green (510–570 nm) emission ratio is higher under NIR excitation than 

under UV excitations (Figure 4–8b). In addition, the upconversion QY for red (640–690 

nm) emission was found to be stronger for all Er3+ concentrations under 980 excitation,  

 

Figure 4-8 (a) Quantum yields of the green and red emission bands as well as their 
total under 980 nm excitation. (b) Stacked emission spectra comparing emission at 980 

nm excitation to emission at various UV excitation wavelengths. 

and the QY for both the red (640–690 nm) and green (510–570 nm) was found to increase 

up to 10% Er doping concentration as shown in Fig 4 – 8a. At 10% Er doping 

concentration, a maximum UC QY of 3.60 0.36% was measured from these solid 

phosphors at an excitation power density of 19 W/cm2, which is almost 3 times less than 

the UV excited QY. The lower QYs under UC excitation conditions are obviously due to 
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the less efficient nonlinear multiphoton process involved in emission process compared 

to that of single photon process involved in the downconversion emissions where a 

maximum of 100% efficiency can be achieved.  

 

 

Table 4-4 Absolute downconversion QYs measured for selected Er3+ doping 
concentrations of the Y2O2S:x%Er3+ phosphors excited at 250 nm (above host band 

gap), 258 nm (host band gap edge), 264 nm (CTB Er3+ - O2-) and 296 nm (CTB Er3+ - S2-). 

λex (nm) Sample Green (550nm) QY % Red (667nm) QY % Total QY % 
250 Y2O2S:10%Er 

Y2O2S:7%Er 
Y2O2S:1%Er 

1.32 ± 0.13 
1.64 ± 0.16 
6.52 ± 0.65 

7.71 ± 0.77 
2.99 ± 0.29 
2.79 ± 0.27 

9.03 ± 0.90 
4.63 ± 0.46 
9.29 ± 0.92 

258 Y2O2S:10%Er 
Y2O2S:7%Er 
Y2O2S:1%Er 

1.07 ± 0.10 
1.52 ± 0.15 
5.63 ± 0.56 

7.53 ± 0.75 
2.73 ± 0.27 
2.42 ± 0.24 

8.60 ± 0.86 
4.25 ± 0.42 
8.05 ± 0.80 

264 Y2O2S:10%Er 
Y2O2S:7%Er 
Y2O2S:1%Er 

1.84 ± 0.18 
1.54 ± 0.15 
5.63 ± 0.56 

5.32 ± 0.53 
2.73 ± 0.27 
2.38 ± 0.23 

7.16 ± 0.71 
4.27 ± 0.42 
8.04 ± 0.80 

296 Y2O2S:10%Er 
Y2O2S:7%Er 
Y2O2S:1%Er 

2.33 ± 0.23 
2.04 ± 0.20 
3.26 ± 0.32 

7.02 ± 0.70 
4.00 ± 0.40 
2.89 ± 0.28 

9.35 ± 0.93 
6.04 ± 0.60 
6.15 ± 0.61 

 

4.1.2.7 Lifetimes under UV (258 nm) and UC (980 nm) excitations  

Figure 4-9 shows the decays of emissive transitions of the Y2O2S: x%Er3+ (x = 1, 7 

and 10) phosphors under pulsed excitations at 258 nm and 980 nm. The temporal 

evolution of the luminescence intensity as a function of time at these emission bands 
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was obtained after the microsecond excitation pulse, and the decay curve was fitted by 

the single multiexponential function as shown in the equation:  
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photon process involved in the downconversion emissions where
a maximum of 100% efficiency can be achieved.

Lifetimes under UV (258 nm) and UC (980 nm) excitations

Fig. 9 shows the decays of emissive transitions of the Y2O2S:
x%Er3+ (x = 1, 7 and 10) phosphors under pulsed excitations at
258 nm and 980 nm. The temporal evolution of the luminescence

intensity as a function of time at these emission bands was
obtained after the microsecond excitation pulse, and the decay
curve was fitted by the single multiexponential function as
shown in eqn (3):

IðtÞ ¼ I0 þ A1 exp %
t

t1

! "
(3)

Fig. 5 (a) Excitation spectra of Y2O2S:x%Er3+ (x = 1, 7 and 10) samples by monitoring the 4F9/2 - 4I15/2 (667 nm) emissions, (b) emission spectra for
Y2O2S:x%Er3+ (x = 1, 7 and 10) in the range of 350 to 850 nm under 250 nm excitation.

Fig. 6 (a) UV and visible emission spectra of Y2O2S:10%Er3+ samples in the ranges of (a) 400 to 850 nm, (b) NIR emission spectra for Y2O2S:x%Er3+ (x = 1,
7 and 10) in the range of 900 to 1650 nm at 250 nm excitation.

Fig. 7 Quantum yields of the green, red bands along with their total under (a) 250, (b) 258, (c) 264 and (d) 296 nm excitations.

Journal of Materials Chemistry C Paper

Pu
bl

ish
ed

 o
n 

08
 O

ct
ob

er
 2

01
5.

 D
ow

nl
oa

de
d 

by
 D

uk
e 

U
ni

ve
rs

ity
 o

n 
19

/0
4/

20
18

 1
8:

56
:4

8.
 

View Article Online

 

where A1 is the fitting parameters and t1 is the emission decay time. All the fitted decay 

times are shown in Table 4–5.  

This journal is©The Royal Society of Chemistry 2015 J. Mater. Chem. C, 2015, 3, 11486--11496 | 11493

where A1 is the fitting parameters and t1 is the emission decay
time. All the fitted decay times are shown in Fig. S6 (ESI†).

From Fig. 9 and Fig. S7 (ESI†), decay curves exhibited Er3+

doping concentration dependence in the Y2O2S host. At low Er3+

doping concentration, temporal evolution of the excited ion was
happening at a slower rate compared to that of high Er3+ doped
samples. However, decay times were longer under 980 nm excitation
compared to those of UV excitation at 258 nm for high Er3+ doped
samples as shown in Fig. 9 and Fig. S7 (ESI†), confirming that the
energy transfer upconversion (ETU) processes play a significant role
in populating excited states versus cooperative sensitization. In
addition, lifetime lengthening of the 4I13/2 (1550 nm) level under
980 nm excitation (3.88 ms vs. 2.56 ms under UV excitation) from
the Y2O2S:1%Er3+ (Fig. 9d and Fig. S7, ESI†) clearly indicates that
UC emission is affected by the longer lifetime of the metastable
state 4I13/2, as proposed in the energy level diagram shown below.

Emission properties under X-ray excitation

Besides optically excited luminescence, these Er3+-doped Y2O2S
also shows luminescence under X-ray irradiation. Fig. 10a, c and e

show the X-ray excited luminescence spectra for 1, 7 and 10%
Er-doped Y2O2S. From the evaluation of the optical and X-ray
excited spectra, it is apparent that the X-ray induced luminescence
also originates from the same Er3+ levels as in UV excitations at
250, 258, 264 and 296 nm. We also observed a broad emission
band centered at 400 nm for the Y2O2S:1%Er sample as shown
in Fig. 10a, confirming that the broad emission at 400 nm is a
band gap related emission.

The emission profiles of the Y2O2S:x%Er (1, 7 and 10)
phosphors under X-ray excitation do not differ from those
obtained under UV/UC excitations but display clear differences
in the relative intensities among the various transitions. The
most obvious difference is the relative emission intensity of the
red emission (640–690 nm) compared to that of the green
emission (510–570 nm) as it is strongly decreased under X-ray
excitation compared to UV and NIR excitations. As the X-ray
emission intensity is proportional to the tube current and the
tube voltage, we can conclude that good linearity in the emission
intensity has been preserved for UV (400–420 nm), red (640–690 nm)
and green (510–570 nm) emissions over a wide range of X-ray
excitation energies (Fig. 10b, d and f). This clearly shows that
corresponding Er3+ levels of the Y2O2S:x%Er (x = 1, 7 and 10)
phosphors do not saturate at incident X-ray irradiance as high
as 130 keV–5 mA (2.28 Gy min!1) and X-ray induced visible light
yield in the Y2O2S:x%Er (x = 1, 7 and 10) phosphors is linearly
correlated with the X-ray intensity. The linear response of
scintillation intensity underscores the potential utility of these
Y2O2S:x%Er (x = 1, 7 and 10) nanomaterials for dosimetry.
Furthermore, insignificant PL intensity variations over X-ray
irradiation time ensures that the Y2O2S:x%Er phosphors are
stable under X-ray irradiation exposure (Fig. S8, ESI†).

In addition, different optical response in the Y2O2S:x%Er
(x = 1, 7 and 10) phosphors under X-ray excitation compared to
those obtained under optical downconversion excitation could

Fig. 8 Quantum yields of the green, and red emission bands along with
their total emission under 980 nm excitation as a function of the Er doping
concentration in the Y2O2S host.

Fig. 9 Temporal evolution of the emission intensity after pulsed UV and UC excitations at 258 and 980 nm, respectively: (a) Y2O2S:1%Er3+, (b)
Y2O2S:7%Er3+, and (c) Y2O2S:10%Er3+. (d) Decay corresponding to 1550 nm emission under UV and UC excitations for Y2O2S:x%Er3+, (x = 1, 7 and 10).
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Figure 4-9 Temporal evolution of the emission intensity after pulsed UV and NIR 
excitation at 258 and 980 nm, respectively. (a) Y2O2S:1%Er3+, (b) Y2O2S:7%Er3+, and (c) 

Y2O2S:10%Er3+. (d) Decay curves corresponding to 1550 nm emission.  

From Figure 4–9 and Table 4–5 decay curves exhibited Er3+ doping concentration 

dependence in the Y2O2S host. At low Er3+ doping concentration, temporal evolution of 
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the excited ion was happening at a slower rate compared to that of high Er3+ doped 

samples. However, decay times were longer under 980 nm excitation compared to those 

of UV excitation at 258 nm for high Er3+ doped samples as shown in Figure 4–9 and 

Table 4–5, confirming that the energy transfer upconversion (ETU) processes play a 

significant role in populating excited states versus cooperative sensitization. In addition, 

lifetime lengthening of the 4I13/2 (1550 nm) level under 980 nm excitation (3.88 ms vs. 2.56 

ms under UV excitation) from the Y2O2S:1%Er3+ (Figure 4–9 and Table 4–5) clearly 

indicates that UC emission is affected by the longer lifetime of the metastable state 4I13/2, 

as proposed in the energy level diagram shown below.  

Table 4-5 Fitted decay lifetimes of Er3+excited states in Y2O2S:x%Er3+. 

Composition λex (nm) λem (nm) τ (µs) 
Y2O2S:1%Er 980 

 
 
 

258 
 

410 
550 
667 

1550 
410 
550 
667 

1550 

256 
310 
648 

3880 
645 
737 
767 

2560 

Y2O2S:7%Er 980 
 
 

258 
 

410 
550 
667 
410 
550 
667 

1550 

256 
203 
369 

80 
16 
12 

1230 

Y2O2S:10%Er 980 
 
 

258 

410 
550 
667 
410 

240 
299 
525 
5.3 
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550 
667 

1550 

8.3 
78 

837 

4.1.2.8 Emission properties under X-ray excitation  

Besides optically excited luminescence, this Er3+-doped Y2O2S also shows 

luminescence under X-ray irradiation. Figure 4–10 a, c, and e show the X-ray excited 

luminescence spectra for 1, 7 and 10% Er-doped Y2O2S. From the evaluation of the 

optical and X-ray excited spectra, it is apparent that the X-ray induced luminescence also 

originates from the same Er3+ levels as in UV excitation at 250, 258, 264 and 296 nm. We 

also observed a broad emission band centered at 400 nm for the Y2O2S:1%Er sample as 

shown in Figure 4–10a, confirming that the broad emission at 400 nm is a band gap 

related emission.  
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be due to the two different measurement conditions (pellet vs.
powder). We anticipate that the X-ray attenuation length in
Y2O2S pellet is relatively large,35 and the emitted photons
may require traveling longer distance in the pellet layers,
which ultimately induces a slight variation of the red to green
emission intensities due to the wavelength dependent absorption/
scattering process. We also anticipate the wavelength dependent
process is added up due to the optical fiber used to collect the
emitted photons under X-ray excitation. Nevertheless, the red
emission intensity is increasing with the increase of the Er3+

doping concentration and observed intensity variations is too
small to account for the large difference between the red to
green emission ratio measured with downconversion excitations.
Further optical and X-ray excitation studies with additional
experiments are needed to explain this effect.

Plausible luminescence mechanisms under different
excitations

Based on all above measurements and analysis, the excitation
and de-exciation mechanisms of the Er3+-doped Y2O2S phosphors
under these excitations are proposed (Fig. 11). According to our
experimental results, the involved intermediate levels populating
the red level (4F9/2) is 4I13/2 via the following energy transfer of
Er3+: 4I11/2 + 4I13/2 - 4I13/2 + 4F9/2. Note that the 4I13/2 level is
populated by nonradiative relaxation from the upper lying 4I11/2

level. The lifetime of the 4I13/2 level of Er3+ is much longer than
that of other levels, which makes the energy transfer of 4I11/2 +
4I13/2 - 4I13/2 + 4F9/2 (populating directly the red emitting level
4F9/2 of Er3+) more favorable than that of the 4I11/2 + 4I13/2 -

4I13/2 +
4F7/2 (populating the green emitting level 4F7/2 -

4S3/2, 2H11/2 of
Er3+), and finally populate 4F9/2 through the multiphonon
relaxation. This clearly explains the higher QY for red emission

compared to green emission observed in these highly Er3+

doped Y2O2S samples when excited at NIR wavelengths.
However, the fast decay time observed for 4F9/2 reflects the slow
feeding of the higher excited state 4G9/2 by energy transfer
between two Er3+ ions, which brings one ion to a higher excited
state responsible for the UC emission at UV (410 nm) and the
other ion to the ground state. In addition, the increase of Er3+

concentrations shortens the distance between neighboring Er3+

ions and leads to increasing intensity ratio of red to green
emission under UV excitations, which can be attributed to cross-
relaxation (CR), in agreement with the experimental results
shown in Fig. 5 and 7.

Fig. 10 The X-ray induced luminescence and UV, green and red emission intensity vs. applied voltage in X-ray tube for samples of (a and b)
Y2O2S:1%Er3+, (c and d) Y2O2S:7%Er3+, and (e and f) Y2O2S:10%Er3+.

Fig. 11 Energy level diagram of the Er3+-doped Y2O2S system showing
possible excitation and de-excitation mechanism at UV, X-ray and 980 nm
excitations. BG: bandgap; CTB: charge transfer band.
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Figure 4-10 The X-ray induced luminescence and the emission intensity of the UV, 
green and red bands vs. applied voltage for (a, b) Y2O2S:1%Er3+, (c, d) Y2O2S:7%Er3+ 

and (e, f) Y2O2S:10%Er3+. 

The emission profiles of the Y2O2S:x%Er (1, 7, and 10) phosphors under X-ray 

excitation do not differ from those obtained under UV or upconversion excitation but 

display clear differences in the relative intensities among the various transitions. The 

most obvious difference is the relative emission intensity of the red emission (640–690 

nm) compared to that of the green emission (510–570 nm) as it is strongly decreased 

under X-ray excitation compared to UV and NIR excitations. As the X-ray emission 

intensity is proportional to the tube current and the tube voltage, we can conclude that 

good linearity in the emission intensity has been preserved for UV (400–420 nm), red 

(640–690 nm) and green (510–570 nm) emissions over a wide range of X-ray excitation 

energies (Figure 4–10 b,d and f). This clearly shows that corresponding Er3+ levels of the 
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Y2O2S:x%Er (x = 1, 7 and 10) phosphors do not saturate at incident X-ray irradiance as 

high as 130 keV–5 mA (2.28 Gy/min) and X-ray induced visible light yield in the 

Y2O2S:x%Er (x = 1, 7 and 10) phosphors is linearly correlated with the X-ray intensity. 

The linear response of scintillation intensity underscores the potential utility of these 

Y2O2S:x%Er (x = 1, 7 and 10) nanomaterials for dosimetry. Furthermore, insignificant PL 

intensity variations over X-ray irradiation time ensures that the Y2O2S:x%Er phosphors 

are stable under X-ray irradiation exposure (Figure 4–11) 

In addition, different optical response in the Y2O2S:x%Er (x = 1, 7 and 10) 

phosphors under X-ray excitation compared to those obtained under optical 

downconversion excitation could be due to the two different measurement conditions 

(pellet vs. powder). We anticipate that the X-ray attenuation length in Y2O2S pellet is 

relatively large,116 and the emitted photons may require traveling longer distance in the 

pellet layers, which ultimately induces a slight variation of the red to green emission 

intensities due to the wavelength dependent absorption/scattering process. We also 

anticipate the wavelength dependent process is added up due to the optical fiber used to 

collect the emitted photons under X-ray excitation. Nevertheless, the red emission 

intensity is increasing with the increase of the Er3+ doping concentration and observed 

intensity variations are too small to account for the large difference between the red to 

green emission ratio measured with downconversion excitations. Further optical and X-

ray excitation studies with additional experiments are needed to explain this effect.  
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Figure S8. Variations of PL intensity over exposure time for blue, green and red emissions under 
X-ray excitation at tube voltage of 130 KV (5mA). Sample of the Y2O2S:10% Er3+ phosphor was 
irradiated for a total of 60 minutes in the same X-ray cabinet. Spectral data was collected every 
10 minutes. The area of each emission peak was calculated and the resulting values were plotted 
vs. X-ray irradiation time to determine the photostability of the Y2O2S:10% Er3+ phosphor under 
X-ray irradiation.   

 

Figure 4-11 Variations in the photoluminescent intensity of Y2O2S:10%Er3+ over time 
for blue, green and red emission bands under constant X-ray irradiation at 130 kVp 

and 5 mA. 

4.1.2.9 Plausible luminescence mechanisms under different excitations  

Based on all above measurements and analysis, the excitation and de-excitation 

mechanisms of the Er3+-doped Y2O2S phosphors under these excitations are proposed 

(Figure 4-12). According to our experimental results, the involved intermediate levels 

populating the red level (4F9/2) is 4I13/2 via the following energy transfer of Er3+: 4I11/2 + 

4I13/2 - 4I13/2 + 4F9/2. Note that the 4I13/2 level is populated by nonradiative relaxation from 

the upper lying 4I11/2 level. The lifetime of the 4I13/2 level of Er3+ is much longer than that 

of other levels, which makes the energy transfer of 4I11/2 + 4I13/2 - 
4I13/2 + 4F9/2 (populating 

directly the red emitting level 4F9/2 of Er3+) more favorable than that of the 4I11/2 + 4I13/2 - 

4I13/2 + 4F7/2 (populating the green emitting level 4F7/2 - 4S3/2, 2H11/2 of Er3+), and finally  
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be due to the two different measurement conditions (pellet vs.
powder). We anticipate that the X-ray attenuation length in
Y2O2S pellet is relatively large,35 and the emitted photons
may require traveling longer distance in the pellet layers,
which ultimately induces a slight variation of the red to green
emission intensities due to the wavelength dependent absorption/
scattering process. We also anticipate the wavelength dependent
process is added up due to the optical fiber used to collect the
emitted photons under X-ray excitation. Nevertheless, the red
emission intensity is increasing with the increase of the Er3+

doping concentration and observed intensity variations is too
small to account for the large difference between the red to
green emission ratio measured with downconversion excitations.
Further optical and X-ray excitation studies with additional
experiments are needed to explain this effect.

Plausible luminescence mechanisms under different
excitations

Based on all above measurements and analysis, the excitation
and de-exciation mechanisms of the Er3+-doped Y2O2S phosphors
under these excitations are proposed (Fig. 11). According to our
experimental results, the involved intermediate levels populating
the red level (4F9/2) is 4I13/2 via the following energy transfer of
Er3+: 4I11/2 + 4I13/2 - 4I13/2 + 4F9/2. Note that the 4I13/2 level is
populated by nonradiative relaxation from the upper lying 4I11/2

level. The lifetime of the 4I13/2 level of Er3+ is much longer than
that of other levels, which makes the energy transfer of 4I11/2 +
4I13/2 - 4I13/2 + 4F9/2 (populating directly the red emitting level
4F9/2 of Er3+) more favorable than that of the 4I11/2 + 4I13/2 -

4I13/2 +
4F7/2 (populating the green emitting level 4F7/2 -

4S3/2, 2H11/2 of
Er3+), and finally populate 4F9/2 through the multiphonon
relaxation. This clearly explains the higher QY for red emission

compared to green emission observed in these highly Er3+

doped Y2O2S samples when excited at NIR wavelengths.
However, the fast decay time observed for 4F9/2 reflects the slow
feeding of the higher excited state 4G9/2 by energy transfer
between two Er3+ ions, which brings one ion to a higher excited
state responsible for the UC emission at UV (410 nm) and the
other ion to the ground state. In addition, the increase of Er3+

concentrations shortens the distance between neighboring Er3+

ions and leads to increasing intensity ratio of red to green
emission under UV excitations, which can be attributed to cross-
relaxation (CR), in agreement with the experimental results
shown in Fig. 5 and 7.

Fig. 10 The X-ray induced luminescence and UV, green and red emission intensity vs. applied voltage in X-ray tube for samples of (a and b)
Y2O2S:1%Er3+, (c and d) Y2O2S:7%Er3+, and (e and f) Y2O2S:10%Er3+.

Fig. 11 Energy level diagram of the Er3+-doped Y2O2S system showing
possible excitation and de-excitation mechanism at UV, X-ray and 980 nm
excitations. BG: bandgap; CTB: charge transfer band.
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Figure 4-12 Energy level diagram of the Er3+-doped Y2O2S system showing possible 
excitation and de-excitation mechanisms at UV, NIR and X-ray excitation. BG: 

bandgap; CTB: charge transfer band. 

populate 4F9/2 through the multiphonon relaxation. This clearly explains the higher QY 

for red emission compared to green emission observed in these highly Er3+ doped Y2O2S 

samples when excited at NIR wavelengths. However, the fast decay time observed for 

4F9/2 reflects the slow feeding of the higher excited state 4G9/2 by energy transfer between 

two Er3+ ions, which brings one ion to a higher excited state responsible for the UC 

emission at UV (410 nm) and the other ion to the ground state. In addition, the increase 

of Er3+ concentrations shortens the distance between neighboring Er3+ ions and leads to 

increasing intensity ratio of red to green emission under UV excitations, which can be 

attributed to cross- relaxation (CR), in agreement with the experimental results shown in 

Figure 4-5 and 4-7.  
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In the X-ray excitation scheme (Figure 4-12), the higher energy states of the Y2O2S 

host conduction band are excited with the subsequent formation of a great number of e–

h pairs that migrate within its structure. The migration stage is strongly affected by 

defects, surfaces and interfaces that can introduce energy levels into the forbidden gap 

of the material. The luminescence occurs when these e-–h+ pairs recombine at the Er3+ 

sites with the net luminescence intensity being determined by the competition between 

radiative recombination at the Er3+ sites versus nonradiative recombination at quenching 

centers and trapping of the carriers. Although different excitation mechanisms (optical 

and X-ray) may be responsible for the different photoluminescence responses, emission 

even at 40 keV- 5 mA (less than 0.80 Gy/min) from Y2O2S:1%Er indicates that Y2O2S can 

be an excellent X-ray excited scintillating host. Due to the ultraviolet downconversion, 

upconversion luminescence, and X-ray induced luminescence properties of the Er3+-

doped Y2O2S phosphors, they can act as a promising, single composition based platform 

for synergistic optical/X-ray applications.  

4.1.3 Conclusions  

The first principle calculation performed in the Y2O2S and Y2O2S:Er3+ enables us 

to understand the nature of the indirect band gap, and the co-existence of covalent (Y–O) 

and less covalent (Y–S) bonds in the system. By combining the results of the DFT and 

crystal field calculations, we succeeded in estimating the Er3+ energy levels in the host 

band gap, placing the Er3+ ground state at 0.915 eV above the top of the valence band. 
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The theoretically calculated Er3+ energy levels are consistent with the experimental 

absorption spectrum of the Y2O2S:Er3+, including the asymmetric excitation CT bands. 

Also we have used a scissor parameter to correct the underestimation of the band gap in 

the DFT approach. These above mentioned observations assure the consistency between 

the corrected band gap and experimental observation. Quantum yield measurements 

under UV and NIR excitations show drastic differences in terms of efficiency which are 

attributed to the difference in the excitation and de-excitation mechanisms under the 

two different excitation processes as well as the consecutive energy transfer processes of 

upconversion. Based on the present study, these Y2O2S:Er crystals are comparatively 

efficient phosphors under UV, X-ray and NIR excitations and thus may find various 

potential applications in photonics  

4.1.4 Materials and Methods  

4.1.4.1 Synthesis  

A high temperature solid-state flux fusion method was used for the syntheses of 

the undoped and Er3+-doped Y2O2S phosphors. The starting materials are Y2O3, Er2O3 

(Sigma Aldrich, all 99.99%), both Na2CO3 (30–50 wt%) and K3PO4 (20 wt%) (Sigma 

Aldrich, 99.99%) salts were used with S as flux. More details regarding the synthesis 

were reported in our earlier work.117 The Er3+ doping concentration was varied from 0 to 

10 mol% of Y2O3. The starting chemicals were thoroughly mixed using an agate mortar 

and then heated in a muffle furnace at 1150 °C for 60 min. When the furnace was cooled 
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down, the samples were taken out and washed 6 times with distilled water, and finally 

with dilute hydrochloric acid. The washed powder was subsequently dried and sieved.  

4.1.4.2 Characterization  

Powder X-ray diffraction (XRD) of the prepared undoped and Er3+-doped Y2O2S 

samples was measured by a Rigaku-Miniflext II X-ray diffractometer with CuKa1 

radiation (l = 0.15406 nm). The morphologies of these samples were observed using a 

field emission scanning electron microscope (Carl Zeiss Sigma VP FE-SEM) equipped 

with a field emission gun operated at 5 kV. Absorption spectra were measured in the 

300–1700 nm range using a UV-VIS-NIR spectrophotometer (Cary, Model 14R) in 

transmission mode. Electronic absorption spectral samples were prepared by pressing 

the synthesized undoped and Er3+- doped Y2O2S phosphor powders to form pellets. For 

low temperature (T = 8 K) absorption measurements, the formed pellets were mounted 

in a closed-cycle helium cryostat (Janis, Wilmington, MA) with fused silica. The 

excitation and emission spectra of the as-prepared Y2O2S:x%Er (x = 1, 7, and 10) micron 

sized powders were measured using an Edinburgh Instruments FLS980 fluorimeter 

system. For absolute QY measurements and emission intensity comparisons, a BenFlect 

coated integrating sphere was employed in the Edinburgh Instruments FLS980 

fluorimeter.  
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4.1.4.3 Quantum Yield Measurements 

Details of the UC QY measurement setup can also be found in our earlier 

publications.104,105 In brief, an integrating sphere was employed in an Edinburgh 

Instruments FLS980 fluorimeter. To be consistent with all experiments performed, the 

same sample weight (90 mg) and monochromater slit size (3 nm for both excitation and 

emission monochromaters) were kept identical for all experiments, i.e. the same setup 

was used to compare fluorescence intensities between samples. Fluorescence spectra in 

the range of 500-750 nm were collected after diffuse reflectance from the samples relative 

to a non-absorbing standard (BenFlect) at the excitation wavelength range of 250-300 

nm, specifically, 250, 258, 264, and 296 nm, under the same condition using TE-cooled 

photo-multiplier tube (Hamamatsu, Model R928P). The QY was measured by finding 

the ratio of the area under the emission spectra to the difference in corrected area under 

the diffuse reflectance of the excitation spectra for the sample and the reference as 

shown in equation below.  
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Including all the possible errors, such as reflectivity of the reference (< 3%), particle size effects 
(< 2%), and diffuse reflectance from the sample holder (< 3%), we estimated the error in the 
calculated QYs is about 10%. Similarly, we estimated the fluctuation of the excitation power is 
about 2%. The excitation power was measured to be 6 mW. Calculated QYs were tabulated in 
Table S1 below. 
 
Table S1. Absolute downconversion (Stokes) QYs measured for selected Er3+ doping 
concentrations of the Y2O2S:x%Er3+ phosphors under 250 nm, 258 nm (above and at the host 
band gap edge), 264 nm (CTB band, Er3+-O2-), and 296 nm (CTB band Er3+-S2-) excitations. 

λex (nm) Samples Green (550 nm) Red (667 nm) Total (QY)% 

250 nm Y2O2S:10%Er 1.32 ± 0.13 7.71 ± 0.77 9.03 ± 0.9 

 Y2O2S:7%Er 1.64 ± 0.16 2.99 ± 0.29 4.63 ± 0.46 

 Y2O2S:1%Er 6.50 ± 0.65 2.79 ± 0.27 9.29 ± 0.92 

258 nm Y2O2S:10%Er 1.07 ± 0.10 7.53 ± 0.75 8.6 ± 0.86 

 Y2O2S:7%Er 1.52 ± 0.15 2.73 ± 0.27 4.25 ± 0.42 

 Y2O2S:1%Er 5.63 ± 0.56 2.42 ± 0.24 8.05 ± 0.80 

264 nm Y2O2S:10%Er 1.84 ± 0.18 5.32 ± 0.53 7.16 ± 0.71 

 Y2O2S:7%Er 1.54 ± 0.15 2.73 ± 0.27 4.27 ±0.42 

 Y2O2S:1%Er 5.66 ± 0.56 2.38 ± 0.23 8.04 ± 0.80 

296 nm Y2O2S:10%Er 2.33 ± 0.23 7.02 ± 0.70 9.35 ± 0.93 

 Y2O2S:7%Er 2.04 ± 0.20 4.00 ± 0.40 6.04 ± 0.60 

 Y2O2S:1%Er 3.26 ± 0.32 2.89 ± 0.28 6.15 ± 0.61 
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Including all the possible errors, such as reflectivity of the reference (< 3%), 

particle size effects (< 2%), and diffuse reflectance from the sample holder (< 3%), we 

estimated the error in the calculated QYs is about 10%. Similarly, we estimated the 
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fluctuation of the excitation power is about 2%. The excitation power was measured to 

be 6 mW.  

4.1.4.4 X-ray excited luminescence  

To characterize the X-ray induced luminescence, the Y2O2S:x%Er samples (x = 1, 

7 and 10) were irradiated in a Faxitron X-ray Cabinet System (Model RX-650). The X-ray 

induced luminescence was collected in a coaxial transmission irradiation configuration 

with the sample centered under the X-ray source. Samples were made by pressing 10 mg 

of the synthesized powder materials using a 7 mm diameter mold in a hand-pellet press 

with consistent pressure. Pellet samples were then mounted on a piece of angled teflon 

using double sided tape and placed ~2 mm in front of an optical fiber in the Faxitron 

system. The emitted light was collected with an optical fiber attached to the Edinburgh 

Instruments FLS920 spectrometer. All samples were excited over an X-ray range of 20 to 

130 kVp (5 mA). In addition, photostability of our samples was tested after X-ray 

irradiation for different time periods (up to 60 minutes) at 130 kVp (5 mA). Pellet 

samples were made and mounted in the X-ray cabinet. An initial spectrum was obtained 

under X-ray irradiation. The sample was then irradiated for a total of 60 minutes in the 

same X-ray cabinet. Spectral data were collected every 10 minutes. The area of each 

emission peak was calculated and the resulting values were plotted vs. X-ray irradiation 

time to determine the photostability of our samples under X-ray irradiation.  
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4.1.4.5 Theoretical method  

First principle calculations, based on CASTEP module of Materials Studio, were 

implemented for the structural, electronic, optical properties of Y2O2S. The generalized 

gradient approximation (GGE) with the Perdew–Burke–Ernzerhof exchange model was 

applied to treat the exchange–correlation effects.118 The Monkhorst–Pack k-points grid 

was chosen as 4 x 4 x 2 for geometry optimization and 8 x 8 x 4 for the optical properties 

calculations in the case of Y2O2S. The cut-off energy, which determines the size of the 

plane-wave basis set, was 500 eV. The electronic configurations were as follows: 4d15s2 

for Y, 2s22p4 for O, 3s23p4 for S, and the norm-conserving pseudopotentials were used 

for all chemical elements.  

4.2 Synthesis and Characterization of Na(Gd0.5Lu0.5)F4:Nd, a 
Core-shell free multifunctional Contrast Agent  

Compared to conventional core-shell structures, core-shell free nanoparticles 

with multiple functionalities offer several advantages such as minimal synthetic 

complexity and low production cost. In this paper, we present the synthesis and 

characterization of Nd3+ doped Na(Gd0.5Lu0.5)F4 as a core-shell free nanoparticle system 

with three functionalities. Nanocrystals with 20 nm diameter, high crystallinity and a 

narrow particle size distributions were synthesized by the solvothermal method and 

characterized by various analytical techniques to understand their phase and 

morphology. Fluorescence characteristics under near infrared (NIR) excitation at 808 nm 
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as well as X-ray excitation were studied to explore their potential in NIR optical and X-

ray imaging. At 1.0 mol% Nd concentration, we observed a quantum yield of 25% at 

1064 nm emission with 13 W/cm2 excitation power density which is sufficiently enough 

for imaging applications. Under 130 kVp (5 mA) power of X-ray excitation, Nd3+ doped 

Na(Gd0.5Lu0.5)F4 shows the characteristic emission bands of Gd3+ and Nd3+ with the 

strongest emission peak at 1064 nm due to Nd3+. Furthermore, magnetization 

measurements show that the nanocrystals are paramagnetic in nature with a calculated 

magnetic moment per particle of ~570 mB at 2T. These preliminary results support the 

suitability of the present nanophosphor as a multimodal contrast agent with three 

imaging features viz. optical, magnetic and X-ray. 

4.2.1 Introduction 

Rare earth doped materials find several potential applications in several areas 

such as lasers, optical temperature sensors, white light-emitting diodes, and dye-

sensitized solar cells.119-124 With the introduction of nanotechnology there is much 

interest in the development and applications of rare earth based multifunctional 

nanomaterials. One of the most important areas is biomedical imaging, where 

nanomaterials with multiple imaging features have been used as contrast agents.125-127 

Several imaging modalities, such as X-ray computed tomography (CT), magnetic 

resonance imaging (MRI), and optical imaging, currently use contrast agents to improve 
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cell and tissue images. The variation of each imaging modality offers a unique 

advantage in spatial resolution, imaging depth, sensitivity, and ease of use.  

Several multimodal inorganic contrast agents with core-shell structures have 

been reported in the past. For example, core-shell quantum dots (QD) have been 

proposed as a suitable multimodal agent due to their unique optical properties such as 

multiplexing capabilities, photo-stability, and high fluorescence yield.128-132 Coupling the 

QDs with the magnetic metal ion core can lead to a dual model contrast agent. However, 

there are several significant shortcomings with these imaging agents. QDs show several 

undesirable properties such as luminescence blinking, high toxicity, and requiring 

precise size tuning.133,134 Core-shell upconverting nanoparticles have been shown to be a 

viable multimodal imaging agent since they are excited in the near infrared (NIR) region 

and yield emission in the visible region with comparatively better signal-to-noise ratio, 

low photodamage, and better penetration depth.135 With the inclusion of Gd3+ and Fe3+ 

ions in the overall core structure, multimodal-imaging features can be achieved.136-138 An 

undoped outer shell has even been shown to enhance the multimodal features of the 

core material.137 But, one of the major issues with core-shell structured nanoparticle is 

the synthesis complexity and the associated cost of production.  

In order to circumvent these difficulties, a core-shell free structure was proposed 

where multiple functionalities can be easily achieved by doping metals with the desired 

properties into the same lattice. This can be easily accomplished in wide band gap 
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materials such as oxides, halides, chalcogenides, etc. For example, trivalent rare earth 

metals are considered to be suitable dopants for narrow band tunable emission with a 

very wide range of excitation and emission in the UV/VIS/IR range.139 Unlike QDs and 

organic dyes, these phosphors are free from photobleaching and do not need size control 

for color tunability. In addition, they have a long decay time and excellent IR absorbing 

features that enables imaging in the upconversion and downconversion mode. By 

replacing a fraction of the metal cations in the lattice with another cation having 

magnetic properties, a luminomagnetic nanostructures can be easily accomplished 

without the need of a core-shell structure. To date, several researchers have developed 

luminomagnetic nanocrystals (NCs) as potential multimodal imaging agents with core-

shell free nanostructures.37,140-143 

This paper discusses the synthesis and characterization of core- shell free 

Na(Gd0.5Lu0.5)F4:Nd3+ (NGL) as a potential NIR sensitive luminomagnetic 

nanophosphor for multimodal imaging application with three functionalities viz. NIR 

emission, X-ray fluorescence, and magnetic properties. NGL belongs to the NaYF4 

structure and is a wide band gap halide with an optical band gap of near 8 eV.144 The 

multimodal properties of these NCs is achieved by utilizing the strong NIR fluorescence 

properties of the rare earth Nd3+, magnetic properties of Gd3+, and the high X-ray 

absorption properties of Gd3+ and Lu3+ in the NGL host. To the best of our knowledge, 



 

108 

this is the first study reporting the synthesis and characterization of a fully 

monodispersed water-soluble core-shell free nanophosphor with three imaging features.  

4.2.2 Results and Discussions 

The crystalline phase of NGL was studied using the obtained XRD pattern 

shown in Figure 4-13. The peaks were indexed with the α-NaGdF4 (PDF 027-0697) and 

β-NaGdF4 (PDF 027-0699) phases. This mixed phase was seen in all dopant 

concentrations and the compositions of these two phases are estimated to ~88% α-

NaGdF4 phase (cubic) and ~12% β-NaGdF4 phase (hexagonal). The mixed phase in the 

system is most likely due to the precursor ratio of Na:Gd/Lu in the host crystal where 

the phase and size can be affected.145 We determined that the NGL cubic phase is within 

the Fm-3m (225) space group with the cell parameters a = b = c = 5.5180 Å.  
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Figure 4-13 X-ray diffraction of NGL with the XRD cubic reference data of α-NaGdF4 
(PDF 027-0697) and β-NaGdF4 (PDF 027-0699). 

A Transmission Electron Microscope (TEM) image of the 1 mol% Nd3+ doped 

NGL is shown in Figure 4-14a, which reveal a quasi- spherical shape with an average 

size of 21.78 ± 2.24 nm (Figure 4-14c). The SAED pattern and lattice fringes in the 

HRTEM image of NGL are shown in Figure 4-14b,d, which illustrates the high 

crystallinity of the nanoparticles. A line scan histogram of Figure 4-14d is shown in the 

inset of Figure 4-14d where the lattice spacing of NGL is about 0.318 nm, which 

corresponds to the (111) plane of α-NaGdF4. The EDX was performed on NGL (Figure 4-

14e) where the mapping verified that the elements Gd, Lu, Na, and F were present in the 

nanoparticle whereas 1 mol% of Nd is below the EDX threshold to be detected. Using 

the EDX data, the percentage of each element was estimated to be ~24% of F, ~21% of 

Na, ~28% of Gd, ~27% of Lu.  
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Fig. 2. (a) TEM image of the Na(Gd0.5Lu0.5)F4:Nd3þ, (b) the SAED pattern, (c) Particle size distribution (d) HRTEM of NGL with inset shows a line profile with a lattice spacing of
0.318 nm which corresponds to the (111) plane of a-NaGdF4, (e) EDX line scan mapping of the nanoparticle indicating the presence of elements F, Na, Gd, Lu.

Fig. 3. (a) Absorption spectra of Na(Gd0.5Lu0.5)F4:Nd3þ, (b) Emission spectra of Na(Gd0.5Lu0.5)F4:Nd3þ as a function of Nd concentration (0.1, 0.5, 1.0, 2.0 mol%) (c) Quantum yield of
different emission bands as a function of Nd3þ concentration at a power density of 12.74 W/cm2. (d) Decay curves of 1064 nm emission for various Nd concentrations.

L.C. Mimun et al. / Journal of Alloys and Compounds 695 (2017) 280e285 283

 

Figure 4-14 (a) TEM image of the Na(Gd0.5Lu0.5)F4:Nd3+, (b) The SAED pattern, (c) 
Particle size distribution, (d) HRTEM of NGL with inset showing a line profile with a 
lattice spacing of 0.318nm corresponding to the (111) plane of α-NaGdF4 and (e) EDX 
line scan mapping of the nanoparticle indicating the presence of F, Na, Gd and Lu. 

The optical absorption spectrum of 2 mol% of Nd doped NGL is shown in Figure 

4- 15a with spectral band notations for all observed transitions. The spectrum was 

obtained by converting the reflectance spectrum to absorbance by applying the Kubelka-

Munk model.146 The absorption spectrum shows all characteristics bands of Nd3+ with 

574 and 794 nm as the two strongest bands (specifically the 2G7/2 and the 4F5/2 + 2H9/2). To 

explore the NIR fluorescence spectral properties as a function of Nd3+ concentration, the 

samples were excited with an 808 nm diode laser under identical experimental 

conditions with a laser power density of 12.74 W/cm2 and the emission spectra was 
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collected in the 850-1900 nm range (Figure 4-15b). The emission spectra show four 

emission bands centered at 880, 1064, 1330 and 1800 nm, which originate from the 4F3/2 

to 4I9/2, 4I11/2, 4I13/2 and 4I15/2 respectively. As usual, the band at 1064 nm shows the 

greatest intensity followed by the band at 880 nm. The fluorescence branching ratios of 

the emission bands are respectively 37.91% for the 880 nm band, 44.80% for the 1064 nm 

band, 12.05% for the 1330 nm band, and 5.24% for the 1800 nm band. Furthermore, all 

emission bands show the characteristic Stark splitting indicating high crystallinity of the 

sample. Concentration dependent emission data shows that the emission is strongest in 

1 mol% of Nd doped NGL.  

To determine the quantum yield (QY) of the NGL, an integrating sphere was 

calibrated with a material of known efficiency, and identical measurements were done 

following the standard re- ported procedure.147,148 The QY was measured for different 

Nd concentrations and the results are plotted in Figure 4-15c. The QY of NGL with the 

Nd dopant concentration of 0.1, 0.5, 1.0, 2.0 mol% were measured to be 5.40, 5.86, 25.36, 

and 16.54% respectively with a power density of 12.74 W/cm2 under 808 nm excitation. 

Each individual emission band quantum yield was also measured and is shown in 

Figure 4-15c. The 1064 nm emission line showed the highest overall quantum yield, 

followed by the 880 nm band. Comparatively, the QY of our NGL particles is higher 

than the value of 22% obtained by Chen et al. in 3 mol% Nd doped NaGdF4.149 
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Fig. 2. (a) TEM image of the Na(Gd0.5Lu0.5)F4:Nd3þ, (b) the SAED pattern, (c) Particle size distribution (d) HRTEM of NGL with inset shows a line profile with a lattice spacing of
0.318 nm which corresponds to the (111) plane of a-NaGdF4, (e) EDX line scan mapping of the nanoparticle indicating the presence of elements F, Na, Gd, Lu.

Fig. 3. (a) Absorption spectra of Na(Gd0.5Lu0.5)F4:Nd3þ, (b) Emission spectra of Na(Gd0.5Lu0.5)F4:Nd3þ as a function of Nd concentration (0.1, 0.5, 1.0, 2.0 mol%) (c) Quantum yield of
different emission bands as a function of Nd3þ concentration at a power density of 12.74 W/cm2. (d) Decay curves of 1064 nm emission for various Nd concentrations.
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Figure 4-15 (a) Absorption spectra of Na(Gd0.5Lu0.5)F4:Nd3+, (b) Emission spectra of 
Na(Gd0.5Lu0.5)F4:Nd3+ at differing Nd Concentration (0.1, 0.5, 1.0 and 2.0 mol%) (c) 

Quantum yields of different emission bands as a function of Nd3+ concentration at a 
power density of 12.74 W/cm2 and (d) Decay curves of 1064nm emission for various 

Nd concentrations. 

The fluorescence decay curves of the 1064 nm emission as a function of Nd3+ 

concentration is shown in Figure 4-15d. All decay curves are found to be double 

exponential in nature and the decay time was obtained by the expression: 
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where A1 and A2 are the fitting parameters and τ1 and τ2 are the fluorescence decay times. The 1 

average decay time was obtained using the expression [33] 2 
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Using the above expression the average decay time obtained for 0.1, 0.5, 1.0 and 2.0 mol% Nd3+ 4 

concentrations are respectively 247, 571, 511, and 330 µs. At 0,1 mol% Nd concentration the 5 

decay signal was not so strong to get a reliable decay time. However, from 0.5 mol% Nd 6 

concentration onward decay signal was strong enough to get reliable measurements. As usual, at 7 

higher dopant concentration the decay time shows a decreasing tendency due to the energy 8 

transfer between the Nd ions. [33] Longer decay times are desirable in time-gated fluorescence 9 

bioimaging where longer lifetimes can be more discernable against the noise from scattered light 10 

and autofluorescence.[34]  11 

 The room temperature magnetization curve of NGL is shown in Figure 4. By fitting the 12 

magnetization curve with the Langevin function, the magnetic moment per particle for NGL was 13 

found to be ~570 µB.[35] Considering the fact that these NCs contain 50% of Lu3+ and Gd3+, this 14 

value is comparable to that reported for similar NCs with 100% of either component, such as 15 

NaGdF4. [20, 36]  16 

Figure 5(a,b) shows the X-ray excited luminescence spectrum of NGL with 1.0 mol%  Nd3+ 17 

concentration. The spectrum shows a total of 10 emission bands corresponding to various 18 

transitions in Gd3+ and Nd3+ as indicated. All of the emission bands are identified using the  19 
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Where A1 and A2 are the fitting parameters and τ1 and τ2 are the fluorescence decay 

times. The average decay time was obtained using the expression.150  
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where A1 and A2 are the fitting parameters and τ1 and τ2 are the fluorescence decay times. The 1 

average decay time was obtained using the expression [33] 2 
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Using the above expression the average decay time obtained for 0.1, 0.5, 1.0 and 2.0 mol% Nd3+ 4 

concentrations are respectively 247, 571, 511, and 330 µs. At 0,1 mol% Nd concentration the 5 

decay signal was not so strong to get a reliable decay time. However, from 0.5 mol% Nd 6 

concentration onward decay signal was strong enough to get reliable measurements. As usual, at 7 

higher dopant concentration the decay time shows a decreasing tendency due to the energy 8 

transfer between the Nd ions. [33] Longer decay times are desirable in time-gated fluorescence 9 

bioimaging where longer lifetimes can be more discernable against the noise from scattered light 10 

and autofluorescence.[34]  11 

 The room temperature magnetization curve of NGL is shown in Figure 4. By fitting the 12 

magnetization curve with the Langevin function, the magnetic moment per particle for NGL was 13 

found to be ~570 µB.[35] Considering the fact that these NCs contain 50% of Lu3+ and Gd3+, this 14 

value is comparable to that reported for similar NCs with 100% of either component, such as 15 

NaGdF4. [20, 36]  16 

Figure 5(a,b) shows the X-ray excited luminescence spectrum of NGL with 1.0 mol%  Nd3+ 17 

concentration. The spectrum shows a total of 10 emission bands corresponding to various 18 

transitions in Gd3+ and Nd3+ as indicated. All of the emission bands are identified using the  19 

 

Using the above expression the average decay time obtained for 0.1, 0.5, 1.0 and 

2.0 mol% Nd3+ concentrations are respectively 247, 571, 511, and 330 ms. At 0,1 mol% Nd 

concentration the decay signal was not so strong to get a reliable decay time. However, 

from 0.5 mol% Nd concentration onward decay signal was strong enough to get reliable 

measurements. As usual, at higher dopant concentration the decay time shows a 

decreasing tendency due to the energy transfer between the Nd ions.150 Longer decay 

times are desirable in time-gated fluorescence bio-imaging where longer lifetimes can be 

more discernable against the noise from scattered light and auto fluorescence.151  
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Figure 4-16 Magnetization curve of Na(Gd0.5Lu0.5)F4:Nd3+ at room temperature. 

The room temperature magnetization curve of NGL is shown in Figure 4-16. By 

fitting the magnetization curve with the Langevin function, the magnetic moment per 

particle for NGL was found to be ~570 mB.152 Considering the fact that these NCs 

contain 50% of Lu3+ and Gd3+, this value is comparable to that reported for similar NCs 

with 100% of either component, such as NaGdF4138,153 

Figure 4-17a,b shows the X-ray excited luminescence spectrum of NGL with 1.0 

mol% Nd3+ concentration. The spectrum shows a total of 10 emission bands 

corresponding to various transitions in Gd3+ and Nd3+ as indicated. All of the emission 

bands are identified using the trivalent energy states of Gd3+ and Nd3+ and the emission 

mechanism is interpreted in the energy level diagram shown in Figure 4-17c. Gd3+ shows 

a single emission line at 311 nm corresponding to the transition 6P7/2 à 8S7/2 while the 

remaining emission bands originate from various excitation states of Nd3+. The emission 
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intensity transitions under X-ray excitation is noticeably weaker compared to the NIR 

excitation at 808 nm which can be attributed to the high energy excitation of the NCs 

where the non-radiative losses are higher at various excited levels due to the 

thermalization of the 4f shell electrons with the conduction band levels. Furthermore, 

low X-ray excitation power density also contributes to the observed weaker emission 

whereas both Gd3+ and Lu3+ have high X-ray attenuation coefficients and can transfer the 

absorbed X-ray energy to lower lying energy levels of Nd3+ to enable the X-ray excited 

fluorescence in NGL.  
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contributes to the observed weaker emission whereas both Gd3þ

and Lu3þ have high X-ray attenuation coefficients and can transfer
the absorbed X-ray energy to lower lying energy levels of Nd3þ to
enable the X-ray excited fluorescence in NGL.

4. Conclusions

We have synthesized Nd3þ doped Na(Gd0.5Lu0.5)F4 nano-
phosphor in 20 nm size range. The crystal lattice was properly
designed to incorporate multiple functionalities such as strong NIR
emission, X-ray excited emission, and magnetic properties where
themagnetic moment per particle for NGLwas found to be ~570 mB.
The NC shows very strong NIR emission at 1064 nmwith a quantum
yield of ~25.36% under an 808 nm excitation at a power density of
12.74 W/cm2, which is sufficiently large enough for NIR imaging
applications. Under X-ray excitation, the NCs show emission from
Gd3þ and Nd3þ indicating the suitability of the present nano-
material as an X-ray contrast agent.

In addition, the magnetic properties of the material enable them
to be useful in magnetic resonance imaging. Since the three func-
tionalities are incorporated into a single nanoparticle without the
need for core-shell structure, synthesis complexities are avoided
and the efficiency of each of these functionalities can be controlled
for by selecting the proper dopants as well as concentrations. It is

Fig. 4. Magnetization curve of Na(Gd0.5Lu0.5)F4:Nd3þ at room temperature.

Fig. 5. X-ray Emission spectrum of Na(Gd0.5Lu0.5)F4:Nd3þ in the a) visible and, b) NIR region at 130 kvP X-ray excitation. c) Energy level diagram interpretation of the X-ray excited
luminescence spectrum of Na(Gd0.5Lu0.5)F4:Nd3þ.
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Figure 4-17 X-ray emission spectrum of Na(Gd0.5Lu0.5)F4:Nd3+ in the (a) visible and (b) 
NIR region at 130 kVp X-ray excitation and (c) Energy level diagram interpretation of 

the X-ray excited luminescence spectrum of Na(Gd0.5Lu0.5)F4:Nd3+. 

4.2.3 Conclusions 

We have synthesized Nd3+ doped Na(Gd0.5Lu0.5)F4 nanophosphor in 20 nm size 

range. The crystal lattice was properly designed to incorporate multiple functionalities 

such as strong NIR emission, X-ray excited emission, and magnetic properties where the 

magnetic moment per particle for NGL was found to be ~570 mB. The NC shows very 

strong NIR emission at 1064 nm with a quantum yield of ~25.36% under an 808 nm 
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excitation at a power density of 12.74 W/cm2, which is sufficiently large enough for NIR 

imaging applications. Under X-ray excitation, the NCs show emission from Gd3+ and 

Nd3+ indicating the suitability of the present nanomaterial as an X-ray contrast agent.  

In addition, the magnetic properties of the material enable them to be useful in 

magnetic resonance imaging. Since the three functionalities are incorporated into a 

single nanoparticle without the need for core-shell structure, synthesis complexities are 

avoided and the efficiency of each of these functionalities can be controlled for by 

selecting the proper dopants as well as concentrations. It is anticipated that such a 

multifunctional material could provide several opportunities for future medical imaging 

applications. In conclusion, we successfully made a nanoparticle system that possess 

three functionalities and our preliminary observations show the potential application of 

these material as tri-modal imaging agents and further proof of concept experiments are 

under- way to show their multimodal imaging applications.  

4.2.4 Materials and Methods 

4.2.4.1 Synthesis  

The nanocrystals were synthesized via solvothermal (ST) method using 99.9% 

purity precursor chemicals (GFS Chemicals, US). To make Nd3+ doped Na(Gd0.5Lu0.5)F4 

(NGL), stoichiometric amounts of L(NO3)3 (L = Gd,Lu,Nd) and 1 g of the surfactant 

polyvinylpyrrolidone (PVP) were dissolved in 30 ml of ethylene glycol (Reagent, GFS 

Chemicals, US). The solution was then mixed with 0.21 g of sodium fluoride and 0.5 g 
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ammonium fluoride in 20 ml of ethylene glycol. The resulting solution was heated to 200 

C for 24 h in an 80 ml stainless steel autoclave. After the reaction was completed, the 

nanoparticles were precipitated by adding excess ethanol and separated by centrifuging 

at 10,000 rpm (Z323, Labnet, U.S.) and subsequently washed 6 times with ethanol. 

Finally, the particles were freeze dried (25EL Freezmobile, VirTis, US) for 15 h to obtain 

the powder.  

4.2.4.2 Phase and morphology  

The X-ray powder diffraction (XRD) measurements were done with an 

automated diffractometer (Ultima IV, Rigaku, Japan) with Cu Ka (l 1⁄4 1.5 A) using Ni-

filtered Cu Ka radiation at 44 keV and 30 mA. The data was collected in the 20-60 range 

using a step size of 0.05 and a count time of 0.15 s. The particle size and morphology of 

the NCs were characterized by using a high resolution transmission electron microscope 

(HRTEM, JEOL ARM 200F) operated at 200 keV along with selected area diffraction 

(SAED) was used to determine the crystallinity of the samples. Electron dispersive x-ray 

(EDX) spectrum was obtained using a probe size of 0.13 nm and probe current 86 pA. 

Digital micrograph software GATAN was used for the image analyze.  

4.2.4.3 Spectroscopic characterization  

Optical absorption spectrum of the powder was obtained using a 

spectrophotometer in the scattering mode (Perkin Elmer Lambda 19, US.). Fluorescence 

characterization of the synthesized particles were done by exciting the sample with a 
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near infrared (NIR) 808 nm power tunable 14-Pin butterfly module laser diode (Axcel 

Photonics, B2-808-3000-150) that was controlled by a laser diode driver (Thorlabs 

LM74S2 Driver, Thorlabs Laser Diode Control LDC2000-2A) and the emission from the 

sample was collected by the spectrofluorimeter (Quanta Master 51,Photon Technology 

International Inc., US) with an InGAS detector (Teledyne Judson Technologies, 062-8451, 

US). Photoluminescence decay curves were measured on a Quanta Master 40 system 

(Photon Technology International Inc., US) using the single shot transient digitizer 

technique with a nitrogen laser pumped dye laser (PTI part GL- 3300 þ GL-302) as 

excitation source. The nitrogen laser has an 800 ps pulse width that pumps a high-

resolution dye chamber to give 525 ± 0.04 nm light. The collected decay curve was 

analyzed using built in software provided by PTI. For the quantum yield (QY) 

measurements, a barium sulfate coated integrating sphere (203 mm in diameter) (Oriel, 

Model 70451) was used and is mounted on the side of the spectrofluorimeter sample 

chamber, opposite to the excitation source. Powder sample was held in a specially 

designed sample holder with a quartz window to hold the powder in place and 

mounted at the sample port of the integrating sphere. The diffuse fluorescence spectra 

from the sample and the laser profile were recorded with the spectrofluorimeter by 

exciting the sample with an 808 nm power tunable fiber coupled Fabry Perot laser diode 

(Axcel Photonics, B2-808-3000-150). Fluorescence output from the sphere was collected 

via a liquid light guide (LLG) with a specially designed baffle that prevents the direct 
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entry of the exciting laser beam into the detector. The LLG collects the light from the 

sphere and feeds to the InGAS detector through the emission monochromater.  

4.2.4.4 Magnetic characterization  

Magnetic properties of the samples were measured using a Superconducting 

Quantum Interference Device (SQUID) in the Magnet and Low Temperature Facility, at 

Northwestern University. The hysteresis loop of magnetization at room temperature 

was recorded with the magnetic field sweeping from 5 to 5 T. The sample weight was 

determined to be 67 mg.  

4.2.4.5 X-ray excited emission  

To characterize the X-ray induced luminescence or X-ray excited scintillation 

(XES), the samples were irradiated in a Faxitron X-ray Cabinet System (Model RX-650). 

The X-ray induced luminescence was collected in a coaxial transmission irradiation 

configuration with the sample centered under the X-ray source. Samples were made by 

pressing 10 mg of the synthesized powder materials using a 7 mm diameter mold in a 

hand-pellet press with consistent pressure. Pellet samples were then mounted on a piece 

of angled teflon using double sided tape and placed ~2 mm in front of an optical fiber in 

the Faxitron system. The emitted light was collected with an optical fiber attached to the 

Edinburgh Instruments FLS920 spectrometer. All samples were excited over an X-ray 

range of 20-130 kVp (5 mA).  
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5 Applications of Y2O3:Eu/Li Nanomaterials in Radiation 
Detection 

5.1 Real Time Dose-Rate Monitoring with Gynecologic 
Brachytherapy: Results of an Initial Clinical Trial 

5.1.1 Introduction: 

Brachytherapy is a critical component of the modern treatment of many 

malignancies, particularly for cervical, uterine, prostate, and breast cancers.154-156 

Eventual tumor control is predicated on sufficient doses delivered to the target tissues157-

160 and the risk of injury to normal tissues depends on the dose being kept beneath the 

threshold for injury.161-163 

Despite this, there are limited clinical means currently available for monitoring 

dose rate to target or normal tissue during brachytherapy treatment.164 There are many 

post hoc dosimeters, including MOSFETs and thermoluminescent dosimeters (TLDs), 

which may be used to report cumulative dose post-delivery. However, post-delivery 

dose reporting limits the available corrective options to alteration of the dose delivery 

during the remaining subsequent fractions. Real time dose rate monitoring, in theory, 

affords a means to terminate a treatment mid-fraction, possibly offering an additional 

corrective option for dose delivery at the level of the current fraction.  

This project was undertaken to develop and test a novel means of real time dose 

rate verification during brachytherapy. Vaginal cylinder brachytherapy was selected 
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due to the radially symmetric dose distributions so that reference dosimeters could be 

compared directly to the novel fiber optic dosimeter. 

5.1.2 Methods and Materials: 

5.1.2.1 Novel Dosimeter Development and Calibration 

An inorganic nanocrystalline composition [Y2O3:Eu/Li], optimized for 

scintillation response at an emission wavelength of 611 nm, was utilized as the detector 

material.45 Using methods previously described, a Pike Technologies IR pellet press at 

setting 12 was used to press 3 mg of powder into a 7 mm diameter disk that was 

measured via TEM to be 10 um thick.45 This disk was then fractured and 3 sheets of it 

were optically glued to the tip of a silica-based optical fiber in sequence. A photodiode 

detector was used the opposite end of the fiber, to quantify the 611 nm emission (Figure 

5-1) collected by the fiber. The resulting diameter of the fiber cable and scintillator was 

0.9 mm in size, to allow the dosimeter to be accommodated within a standard 

brachytherapy catheter, 17 gauge x 25 cm Mick Radio-Nuclear Instruments (part of 

Eckert and Ziegler Bebig company). The fiber size also allowed the device to be placed 

in any of the guide tubes used by the Varian GammaMedplus iX afterloader (Varian 

Medical Systems, Palo Alto, CA). Accurate calibration of the device has been previously 

demonstrated in the kV energy range; this device provides an emissive signal that varies 

linearly in intensity over a wide range of radiation energies and dose rates.165 An optical 

band pass filter was utilized to attenuate <590 nm photons propagated in the fiber, 
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effectively removing the “stem effect” signals induced by superimposed Cerenkov and 

radioluminescence signals generated in the fiber itself. 166-172 The entire system will be 

referred to as the nanoFOD (nanoscintillator based fiber optic dosimeter).  

 

Figure 5-1 Diagram of the nanoscintillator fiber optic dosimeter (nanoFOD). 

A calibration fixture was used to calibrate the detector response using the clinical 

192Ir source in water. The fixture incorporated: (1) a central catheter to house the 192Ir 

source and (2) four additional catheters to position the optical fiber at fixed radial 

distances of 3, 5, 7, and 9 cm from the central source catheter. The water tank was large 

enough to ensure adequate scattering conditions required by TG-43 formalism for 192Ir 

energy. Thus, measurements of the overall detector signal were acquired at four 

distances from the 192Ir source and were correlated to the dose rate using the TG-43 

formalism to derive a calibration curve of signal to dose. With direct knowledge of the 

source activity, the monotonic relationship of the measured detector signal as a function 
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of source-detector-distance in water allowed for a direct conversion to a TG-43 dose-to-

water value, without additional corrections for energy dependence.  

TLD-100 LiF chips sent out for analysis to a secondary standard dosimetry 

laboratory (University of Wisconsin Accredited Dosimetry Calibration Laboratory) were 

used for the gold standard comparison. To generate the calibration curve, multiple TLD 

chips were attached with Tegaderm to the surface of a 3 cm vaginal cylinder applicator 

at a fixed distance from the distal end. A treatment plan was generated to deliver a 

uniform dose of 2 Gy to the surface of the cylinder at [5 ± 2 cm] distance from the distal 

end. Using subsequent irradiations, the calibration TLD chips were irradiated to doses of 

4, 6, and 8 Gy. Along with controls, these chips were sent back to the secondary 

standard dosimetry laboratory for the creation of a calibration curve for each batch of 

TLD chips.  

Two possible sources of systematic error were scrutinized, calibration 

uncertainty and the uncertainty due to the choice of TG-43 vs. TG-186 model based dose 

calculation. The procedure to calibrate detector response as a function of source detector 

distance (SDD) in water may be subject to positional uncertainties. An inaccuracy in the 

positions (3, 5, 7, 9 cm) of the sensitive detector volume impacts the calibration to dose 

since the detector response to dose relationship is derived from a TG-43 dose vs. 

distance relation. Errors in SDD have a nonlinear effect on dose consequential to the 

steep gradients encountered in HDR; a 0.5 mm error 3 cm SDD would cause a more 
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substantial dose-calibration error than a 0.5 mm error at 9 cm SDD. To quantity the effect 

of a systematic scintillator translation error at the time of calibration, a constant offset 

error term of 0.5 mm was introduced in the distance calibration equation. This error-

adjusted distance vs. detector signal calibration equation was retrospectively applied to 

a clinical dataset acquired with the nanoFOD to quantify the magnitude of change in 

cumulative dose from an HDR cylinder treatment.  

At the time of the study, a TG-186 model based dose calculation algorithm 

(MBDCA) was not commissioned. Thus, the TPS doses (for TLD and Nano-FOD) 

reported here by the authors were calculated with TG-43 formalism. Furthermore, 

clinical templates did not use solid applicators. Thus, a retrospective analysis was 

conducted to estimate dose differences due to tissue heterogeneities and the presence of 

stump cylinders with a MBDCA algorithm (ACUROS-BV, Varian, Palo Alto, CA). A 

subset of the clinical data (2 patients; 8 fractions in total) was replanned with MBDCA 

and the dose at the location of the sensitive volume of the nanoFOD was compared to 

the original TG-43 plan value. 

Additionally, Type A and Type B error analysis was conducted for the nanoFOD 

system and the TPS reported cumulative dose values. The magnitude of these 

uncertainties is essential for assessing the overall accuracy of the reported dose. 
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5.1.2.2 Clinical Feasibility Trial 

An IRB approved clinical trial was developed to test feasibility under clinical 

conditions. Accrual goals were for 30 fractions of vaginal cylinder brachytherapy 

(requiring 6-10 women undergoing 3-5 fractions of treatment as per the standard of 

care). For each monitored fraction, a flexible brachytherapy interstitial catheter was 

adhered to the lateral surface of the cylinder at a fixed distance. Two TLDs were adhered 

at the same fixed distance. 

 

Figure 5-2 Diagram showing (a) vaginal cylinder applicator with attached detectors 
and (b) experimental measurement where d1, d2, … dn refers to the source-detector 

distance at each source dwell position. 
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The nanoFOD was attached to the side of vaginal cylinder at a fixed distance 

from the base with two thermoluminescent dosimeters (TLDs) placed at the same level 

as reference standards (Figure 5-2). Treatment was then delivered as per the standard of 

care, with real time dose rates continuously captured by the nanoFOD. The nanoFOD 

and TLD positions were then identified on the planning CT scan, and predicted doses 

were calculated by the treatment planning system (TPS) based on TG-43 formalism. The 

ratios of the nanoFOD to TPS doses and TLD to TPS doses were then compared for 

consistency and accuracy using descriptive statistics. 

 

Figure 5-3 Sample of dose rate curve measured using the nanoFOD. Time on x-axis 
refers to elapsed time since nanoFOD system was activated. Treatment procedure 

begins at approximately 125 seconds. 

The cylinder was then introduced into the vaginal canal and secured in place 

with a pelvic girdle. CT images were obtained to confirm adequate placement of the 

applicator within the vaginal canal. The nanoFOD was then introduced to the end of the 

previously adhered brachytherapy catheter. All women were the treated as per the 
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standard of care in their particular clinical scenario (4-5 Gy at 0.5 cm depth to 3-4 cm of 

active length). The real-time dose rates were captured and the cumulative dose of the 

fraction was calculated by integrating the area under the curve (Figure 5-3). 

The goals of the trial were to record the feasibility of use, record the number of 

device failures, and to determine the accuracy of the nanoFOD dose in reference to both 

the treatment planning system and the reference TLD dosimeters. Descriptive statistics 

were calculated comparing the nanoFOD and TLD doses as a fraction of the point dose 

estimated from the treatment planning system (TPS).  

5.1.3 Results and Discussion 

Nine women (subjects #1-9, Table 5-1) were enrolled for a total of 30 fractions 

from 2014 through 2015. In 27 fractions, real-time doses were evaluable for comparison 

to the treatment planning system and the TLDs. The median ratio of nanoFOD/TPS dose 

was 1.00 (IQR 0.94-1.02), with a TLD/TPS ratio of 1.02 (IQR 1.00-1.07). Of the nanoFOD 

measurements, 63% were within 5% of the TPS dose, 26% between 5-10% of the TPS 

dose, and the remaining 11% were within 10-20% variation from the TPS. In comparison, 

70% TLD measurements were within ≤5% of the TPS fractional dose, 22% were within 5-

10% of the TPS fractional dose, and 7% were within 10-20% of the TPS fractional dose 

(Figure 5-4). Table 5-1 shows the fractional dose results of the nanoFOD, TLD, and TPS 

for each human subject.  
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Figure 5-4 Ratio of the nanoFOD, TLD and treatment planning System (TPS) 
fractional dose. The bold lines represent the median ratio, the boxes represent the 

interquartile range, the whiskers represent the overall range, and outliers are marked 
with an ‘x’. 

Table 5-1 Inter-fractional doses of the nanoFOD, TLDs, and treatment planning 
system (TPS) for each enrolled subject. Standard deviation values calculated for 

fraction-to-fraction variability. TLD results reported as average value of the two chips 
placed for each fraction. Subjects #1 and 2 were not evaluable. 

Subject 
Fractions 

(n) 
nanoFOD 

Mean (cGy) 
nanoFOD σ 

(cGy) 

TPS 
Mean 
(cGy) 

TPS σ 
(cGy) 

TLD 
Mean 
(cGy) 

TLD σ 
(cGy) 

1 - - - - - - - 
2 - - - - - - - 
3 5 712 40.7 686 27.0 745 34.0 
4 3 563 38.2 547 37.9 571 2.8 
5 5 638 29.0 697 31.6 745 9.9 
6 3 558 31.0 554 35.0 619 2.6 
7 4 701 30.0 708 16.5 811 8.3 
8 4 650 55.9 716 22.4 802 17.8 
9 4 717 19.9 717 28.8 779 27.2 

Note: nanoFOD – nanoscintillator fiber optic device, TPS - treatment planning system, σ – 
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standard deviation of inter-fractional mean dose 
 

There were a total of two device failures (subjects #1 and 2). The first was related 

to a trapped pocket of air at the tip of the sensor, which resulted in an unreliable dose 

rate. This was resolved for future fractions by altering the method of sealing the 

nanocrystal and fiber such that this gap was eliminated. The second device failure was 

due to breakage of the fiber optic cable prior to recording the dose rate. This was 

corrected by checking the integrity of the optical fiber cable prior to each subsequent 

fraction by using a laser pointer on one end of the fiber and visually inspecting the other 

end for adequate light transmission. The third fraction was non-evaluable due to the 

inability to calculate TPS and TLD doses for comparison (consequence of a deleted CT 

dataset due to human error), but the nanoFOD was still able to report the dose for this 

fraction.  

Two functioning nanoFOD devices were used for all subsequent patient 

measurements. The two scintillating fiber devices received cumulative doses in excess of 

76 Gy and 108 Gy, respectively, with no observable degradation in radiation 

performance as a function of cumulative dose. Previous experiments conducted with a 

Cs-137 gamma irradiator, showed no measurable change in scintillation signal for 

cumulative doses delivered to the fiber and crystal in excess of 1.6 kGy. 

Uncertainty due to the calibration of detector light signal vs. source detector 

distance was calculated. Cumulative dose errors due to a hypothetical systematic offset 
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error (Table 5-2) introduced at calibration were estimated to be ±4.5%. This 4.5% error is 

a worst-case scenario representing a shift in all four calibration points with equal 

magnitude and direction.  

Table 5-2 Uncertainty analysis, which considered hypothetical systematic offset errors 
introduced during calibration. Offset errors were propagated through to assess the 

impact on the final calculated dose for a clinical treatment using the nanoFOD system 

Systematic Calibration 
Offset Error Dose (cGy) 

Difference (%) vs. nominal 
dose 

0 mm (clinical calibration) 521.7 - 
+0.5 mm  499.3 -4.3 
-0.5 mm 545.5 4.6 

 

Additionally, the uncertainty due to the choice of dose calculation algorithm 

(TG-43 vs. TG-186) was found to have a small impact on the final calculated dose. Real 

time, dose-rate monitoring may be feasible with this radiation detector but challenges 

are likely to arise in close proximity to the HDR source where dose uncertainties are 

amplified, exacerbated by steep dose gradients. The MBDCA resulted in average dose 

values smaller than the TG-43 reported values due to tissue inhomogeneities (-1.6% +/- 

0.8) and the presence of the applicator (-2.9% +/- 0.7). Overall, these corrections afforded 

by the MDBCA improve the agreement between the TPS dose and NanoFOD 

measurement. Larger stump sizes correlate to larger differences in TG-43 vs. TG-186 

formalism. 
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Table 5-3 Type A and B uncertainty analysis for the nanoFOD cumulative dose with 
coverage factor k = 2 

Parameters Type Uncertainty Value Coverage (k) 
Repeat measurements45 A 0.5% 1 
Coefficients in 
calibration equation 

B 5% 1 

Calibration position 
offset (±0.5 mm) 

B 2.5% 1 

Angular dependence B 3.6% 1 
Source calibration173 A 2.0% 1 
Mean Total Uncertainty  13.9% 2 
Note: k = 1 coverage uncertainty estimated from the standard deviation 
of a uniform distribution with min/max differences of -4.3/4.6%; 
min/max differences shown in Table 2 

 

The full uncertainty analysis (Type A and B) of the cumulative doses measured 

with the optical fiber radiation detector for clinical HDR brachytherapy cylinder 

treatments is shown in Table 5-3. Overall, the reported uncertainty (13.9%, k=2) for the 

cumulative dose measurements achieved by this optical fiber radiation detector is on the 

order of cumulative dose uncertainty values reported by others.174 The range of 10-15% 

uncertainty is reflective of the challenges of in-vivo brachytherapy dosimetry. Accurate 

comparison of the detector dose measurement vs. a gold standard is technically 

challenging, since the doses reported by the TPS also have an associated high level of 

uncertainty; demonstrated by the uncertainty analysis of the measured TPS cumulative 

dose values following guidance as shown in Table 5-4.173,174 Concerning dose rate, the 

uncertainty increases at short SSD and increases at large SDD.  
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Table 5-4 Type A and B uncertainty analysis for the TPS reported TG - 43 dose with 
coverage factor k = 2 

Parameters Type Uncertainty Value Coverage (k) 
TPS reference point (5mm 
Sup/Inf shift) 

B 4.5% 1 

Source Calibration173 A 2.0% 1 
TPS Dose173 B 3.0% 1 
Applicator reconstruction 
cylinder173 

B 5.0% 1 

Medium Dosimetric 
considerations173 

B 1.0% 1 

Mean Total Uncertainty  15.4% 2 
 

Errors in delivery of an intended dose to a target location may occur in either the 

planning stage or the delivery stage of brachytherapy. These errors may result in 

compromised disease control and normal tissue injury; meticulous attention to 

pretreatment quality assurance is required to reduce the risk of these occurring.175 176 

This project was able to demonstrate the feasibility of in-vivo dose monitoring 

brachytherapy in real time. The nanoFOD reported dose measurements were 

comparable to the reference TLDs when compared to the TPS (89% of the nanoFOD 

doses and 93% of the TLD doses agreed within 10% of the TPS dose) in all evaluable 

cases. Despite the demonstrated agreement of this device within 20% for all evaluable 

cases, cessation of delivery due to deviations from the expected dose rate may require 

larger threshold than 20% due to the high associated overall uncertainties (±13.9%, k=2 

for nanoFOD and 15.4%, k=2 for the TPS) in a single measurement itself.  
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The spread of dosimeter to TPS dose ratios was greater than expected for both 

nanoFOD and TLD readings. This may be due to several factors; the first being that the 

dose in these cases was optimized for uniformity at 0.5cm depth in tissue. This resulted 

in a dose gradient that was not uniform at the surface of the cylinder, where both the 

TLD and nanoFOD were adhered. Due to this gradient, small displacements in where 

the nanoFOD and TLDs were adhered to the cylinder would result in variation in the 

recorded dose. For example, a 1mm shift in position at an SDD of 5cm can amount to an 

error of 4% in the measured dose.177 A second factor may be due to the lack of millimeter 

level detail in the CT images used for treatment planning; small errors in identifying the 

tip of the nanoFOD catheter and the centroid of the TLDs may also result in large 

differences in the TPS estimated dose. A final factor may be that the actual dose was 

different from the calculated dose due to small variations in the cylinder, source guide 

tube, the source itself, and the mechanical insertion and retraction of the source through 

the applicator. These geometrically small but dosimetrically steep gradients may have 

never been fully measured previously, due to the size of previously available 

dosimeters. 

Real time dosimetry has been tested using plastic scintillators for LDR 

brachytherapy, and related inorganic materials have been recently tested with HDR 

brachytherapy.178,179 Plastic scintillators and MOSFETs have also been used to track dose 

within the rectum during SBRT as well.180,181 However, this is the first report of using a 



 

135 

real time dosimeter for HDR brachytherapy in a clinical trial, with direct comparison to 

reference dosimeters. An advantage for the nanoFOD system compared to other 

methods of real time dosimetry is the small cross-section of the sensor, allowing it to fit 

within standard brachytherapy catheters and needles. 

There are limitations to this study, the primary being that this dosimeter was 

used in one of the simplest clinical setups for HDR brachytherapy. While this was 

intentional to limit other confounding factors for this feasibility study, a more significant 

application of this work may be in more complex intracavitary and interstitial implants, 

where the stakes are much higher for both tumor control and potential injury. It may be 

that the clinical utility and accuracy of the nanoFOD dosimeter will be compromised 

with more complex, anisotropic dose distributions and steeper dose gradients. Another 

limitation to the design is the need for a fiber optic cable and opaque cover to carry the 

light signal from the nanocrystal to the detector, which can be damaged and therefore 

compromise the signal.  

Nonetheless, this report demonstrates the feasibility of a novel, sub-millimeter, 

real-time dosimeter in a prospective clinical trial, which may allow for real time QA of 

HDR brachytherapy implants. Further work is to be performed on more complex 

implants such as tandem and ovoid/ring brachytherapy for cervical cancer, and 

interstitial HDR implants for prostate cancer. 
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5.1.4 Conclusions: 

Initial results with a novel real time dosimeter for brachytherapy are 

encouraging, with few device failures, and good concordance in the majority of 

measurements in comparison to the treatment planning system and reference 

dosimeters. Future efforts will be focused on hardware construction that will include 

radiopaque markers for contrast in CT image sets for ease of identification, prevention of 

movement of the nanoFOD between planning and treatment, and translation into more 

complex treatments including tandem and ovoid/ring brachytherapy 

5.2 Low Cost Inorganic Nanoscintillator-based Radiation 
Detector via additive manufacturing 

[Y1.9O3; Eu0.1, Li0.16] nanoscintillators have been shown to be a viable and stable 

radiation detection material. Here, we couple this nanomaterial with a low-cost, highly 

customizable manufacturing process to produce an effective radiation detector. The 

nanoscale, scintillating [Y1.9O3; Eu0.1, Li0.16] is incorporated into a common 3D printing 

filament polymer, glycol-modified polyethylene terephthalate. The new filaments are 

shown to fully incorporate the nanomaterial up to 35 wt.% loading without loss of 

printability. The scintillation intensity of the resulting 3D printed radiation detectors 

under 130 kVp excitation are shown to correlate to the wt. % loading of the included 

[Y1.9O3; Eu0.1, Li0.16] and are shown to be detectable via a low cost Logitech webcam 

making them ideal as part of a low cost radiation imaging system. The ability for these 

low-cost detectors to serve as an imaging screen is demonstrated by imaging different 



 

137 

patterned lead masks placed above the 3D printed detectors. Detectors are shown to be 

viable down to a volume of 0.1mm3, half the size of the smallest plastic scintillator 

detectors. Further, these 3D printed detectors are shown to have a scintillation signal 

that responds linearly to dose rate with excitation energies in the range of 80-240 kVp 

making it ideal for a wide range of applications such as diagnostic imaging (80 kVp) and 

radiation therapy treatments in the orthovoltage range (240 kVp). This work represents 

the first use of a 3D printable radiation detector. These detectors can function both as an 

imaging screen as well as a dosimetric tool. 

5.2.1 Introduction 

Ionizing radiation is used in such diverse fields as food safety and cancer 

treatment. The ability to detect and measure ionizing radiation is essential for radiation 

protection, industrial processes, quality assurance, and medical uses in anatomical 

imaging and dose distribution. As such, numerous detector systems have been 

developed such as radiometric film,182 arrays of ion chambers or thermoluminescent 

dosimeters (TLDs),183,184 and flat panel electronic portal systems.185,186 Despite their 

ubiquity, high cost remains a factor in the use of radiation detectors. Numerous studies 

have looked at low cost versions of thin films,187,188 MOSFETs,189 and CCDs190 for 

scintillation detector arrays. However, a low-cost, easy to manufacture radiation 

detection system remains to be fully realized.  
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One option that has not been explored to reduce the cost of radiation detectors is 

3D printing. 3D printing has shown remarkable potential as a manufacturing tool to 

reduce cost and allow for high levels of customization and rapid prototyping. Recent 

advances in the technology have allowed for a growth in the number of off the shelf 

printers and kits while simultaneously reducing costs. Additionally, the incorporation of 

nanomaterials into 3D printing has allowed for fully printable devices. For instance, 

Farahani et. al. used single-walled carbon nanotubes (SWNT) incorporated into a UV-

cured 3D printing method to enable the printing of strain sensors.191 Belmonte et. al used 

graphene nanoplatelets with filament printing methods to achieve 3D graphene 

structures with high electrical conductivity.192 Researchers in the Wiley group were able 

to print circuit components such as resistors and capacitors using copper nanowire 

based conductive filaments.193 

With the need for low cost radiation detectors, 3D printed devices are an 

attractive alternative to traditionally expensive options.  Recently, we have developed a 

fiber optic radiation detector based on nanoscale [Y1.9O3; Eu0.1, Li0.16].45 Further, we have 

demonstrated the ability for this nanoscintillator based fiber optic detector to measure 

real-time dosimetry of a micro-planar X-ray beam46 as well as measure real-time dose 

rate during high dose rate brachytherapy.194 Here, we build on that work by 

incorporating nanoscale [Y1.9O3; Eu0.1, Li0.16] into a glycol-modified polyethylene 

terephthalate (PETG) filament to produce the first ever reported 3D-printed radiation 
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detector. Further, we demonstrate that these detectors can be imaged in real time using a 

readily available off the shelf Logitech webcam eliminating the need for expensive 

camera systems to image the scintillation signal. By so doing, we report here a fully 

realized low cost radiation detection system that can be rapidly customized and 

produced and is easily detected using a low cost camera. 

5.2.2 Results and Discussion 

Nanoscale [Y1.9O3; Eu0.1, Li0.16] was synthesized using previously published 

synthetic conditions.45 As before, Eu dopants were utilized as the emissive ion while Li 

ion doping increases nanocrystal size and reduces amorphous content of the resultant 

nanomaterial. The XRD spectrum of the as synthesized nanoparticles (Figure 5-5) 

corresponds to cubic phase [Y2O3]. There is good agreement between the as synthesized 

 

Figure 5-5 XRD spectrum of the as synthesized nanoparticles in black. The reference 
pattern for cubic phase [Y203] is shown in red. 

particles and the reference spectrum (Ref. Code 01-072-0927) of [Y2O3] indicating high 

quality pure cubic phase material was obtained. A slight shift of ~0.1° in the 2theta 

measurement is a result of the Eu and Li dopants. A pressed pellet sample of 5mg of 
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material in a 7 mm diameter mold was made using a Pike Technologies hand press. This 

sample was used to measure the scintillation response of the synthesized material. The 

resultant spectrum, in Figure 5-6, shows a characteristic Eu-scintillation signal with a 

strong emissive peak at 611nm. This [Y1.9O3; Eu0.1, Li0.16] nanomaterial was used as the X-

ray absorbing and scintillating material for the 3D printed radiation detectors presented 

herein.  

 

Figure 5-6 Emission spectra under 130kVp excitation for the synthesized cubic-phase 
[Y1.9O3;Eu0.1, Li0.16] nanoscintillators. The inset shows the corresponding TEM image. 

Incorporation of the [Y1.9O3; Eu0.1, Li0.16] material into the polymer filament was 

achieved by dissolving PETG pellets in methylene chloride and suspending an 

appropriate amount of the scintillating nanomaterial in the solution to achieve the 

desired wt. % in the final filament. The full solution was rapidly evaporated on a heated 

glass dish and the resultant polymer film was extruded into a 1.75 mm diameter 

filament.  Sections, approximately 1 cm in length, of the [Y1.9O3; Eu0.1, Li0.16] loaded 
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filament at each wt. % were mounted together within a MicroCT instrument to evaluate 

the effectiveness of nanomaterial inclusion during the filament processing steps by 

imaging the X-ray absorptive response of each filament. Figure 5-7a shows the obtained 

mictoCT images. As can be seen from the X-ray projection signal throughout each  

 

Figure 5-7 (A) MicroCT scan of extruded filament at varying wt.% loading with (B) 
corresponding signal intensities and (C) SEM of a cross section of filament showing 

nanoscintillator distribution. 

filament segment, the nanomaterial is well distributed throughout the polymer filament. 

In Figure 5-7B the average MicroCT projection signal from each filament is plotted. The 

linear trend of increasing signal intensity as wt. % loading increases indicates that the 

[Y1.9O3; Eu0.1, Li0.16] nanomaterial is incorporated proportional to its intended loading 

percent. It should be noted that wt. % loading above 35% resulted in highly brittle 
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filaments. This is consistent with previous reports that show increased wt. % loading of 

nanomaterials resulting in increased brittleness for the loaded filaments195 and is on par 

with the maximum wt. % loading seen in some applications.192  As such, the loading for 

[Y1.9O3; Eu0.1, Li0.16] nanomaterial into the filament is limited by the mechanical 

functionality of the final loaded filament rather than the ability for the nanomaterial to 

be incorporated into the PETG polymer matrix. Lastly, while the microCT scans shows 

consistent signal across the filament section, the resolution of the instrument is on the 

order of 1 μm, far larger than the ~65 nm [Y1.9O3; Eu0.1, Li0.16] nanomaterial. To ensure 

consistent signal in the final printed detectors, higher resolution characterization was 

needed to further confirm that the nanomaterial does not aggregate within the PETG 

polymer matrix and instead is dispersed evenly throughout. Phase contrast AFM images 

were obtained from each wt. % filament (Figure 5-7C,D), which further shows the 

dispersion of nanomaterial within the filament. Even at a high wt. % loading of 35%, it 

was seen that the material remained well dispersed and did not aggregate within the 

PETG matrix. 
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Figure 5-8 Comparison of the scintillation intensity of 1 and 2 mm thick nanochips 
under 130 kVp excitation. 

Initial Radiation detectors were printed from the 35 wt. % filament at both 1 and 

2 mm thickness. Notably, the signal intensity (Figure 5-8) for the thicker 2 mm sample 

was comparable to that of the 1 mm sample indicating that the signal is primarily 

derived from the surface of the detector rather than the volumetric bulk of the detector 

as a whole. Because of this, thin detectors are attractive as they use less material while 

still delivering the same scintillation intensity. However, it should be noted that 

alternative 3D printing methodologies might allow for improvements in the optical 

quality of the printed detectors and, in turn, offer a means of improving the magnitude 

of the detected signal by capturing scintillation from the bulk of the detector volume. 

Based on the initial results, each wt. % filament was used to print 1cm diameter circular 

detectors with 1 mm thickness. Each detector was fit to a custom built light guide 

(Figure 5-9) that enabled signal from the entire detector area to be collected via a fiber 

optic cable coupled to an Edinburgh fluorimeter. Each [Y1.9O3; Eu0.1, Li0.16] loaded 
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detector was subsequently measured under 130 kVp at 5 mA excitation in an X-ray 

cabinet to determine the relative scintillation intensity of each composition and the 

resulting scintillation spectra can be seen in Figure 5-10A. A constant increase in signal  

 

Figure 5-9 (A) Disassembled detector setup showing the housing (black), nanochip 
(beige) and lightguide (clear). (B) Assembled detector setup 

 

Figure 5-10 (A) Scintillation signal of each wt.% nanochip under 130kVp x-ray 
excitation. (B) Peak intensity vs. wt.% loading showing an increase in scintillation 

w.r.t. loading. 

intensity was seen when increasing nanomaterial loading from 1 to 35 wt. %. Mapping 

the peak intensity vs. the [Y1.9O3; Eu0.1, Li0.16] content (Figure 5-10B) shows a polynomial 
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relationship between concentration and emissive response. To demonstrate the printed 

detector’s capabilities as a low-cost detection system, a Logitech C130 webcam was 

placed within the radiation cabinet with the samples and used to take images under 

ambient light (Figure 5-11A). Upon irradiation with 130kVp radiation, the webcam is 

able to detect a red-orange signal from the chips (Figure 5-11B). Digital subtraction of 

the ambient signal (Figure 5-11C) reveals a clear scintillation signal from the 3D printed 

detectors, detected in real time. Additionally, not only is the webcam able to detect this 

scintillation signal but also can recapitulate the polynomial signal response of the 

different wt. % samples (Figure 5-10D). The similar powers of the polynomial fits from 

the Edinburgh fluorimeter (0.3397) and the webcam (0.3457) highlight the robustness of 

these 3D printed detector systems and the ability to accurately monitor their scintillation 

 

Figure 5-11 (A) Images obtained using a webcam under ambient light. (B) Images 
under ambient light and 130kVp excitation. (C) The subtracted image showing only 

the scintillation signal. (D) The average signal strength over each nanochip area. 

intensity with a low-cost detector. Additionally, the printed detectors were imaged over 

a range of excitation energies from 50-130 kVp. Figure 5-12 shows the measured 
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scintillation response for the different wt. % loaded detectors as measured using the 

webcam. It can be seen that the webcam is able to produce a linear response of the 

scintillation signal for each detector vs. excitation energy suggesting that a basic camera 

setup, once calibrated, would be enough to collect important dosimetric data based on 

the signal image. 

 

Figure 5-12 The signal intensity of 5 and 35 wt. % nanochips as measured by webcam 
for varying excitation energies 

 As a further demonstration of the printed detectors ability to be used as an 

imaging screen, lead masks with a thickness of 1 mm were machined with different 

patterns (Figure 5-13). Each mask was laid over a specially printed 2cm x 2cm, 35 wt. % 

detector. A mirror below the detector reflected the signal to the webcam situated at 90°	

relative	to	the	mirror.	Upon	130	kVp	excitation,	the	large	detector	was	excited	and	emitted		



 

147 

 

Figure 5-13 (A) 2x2cm nanoChip used as an imaging screen (B) 1mm thick lead mask 
(C and D) 1mm thick lead masks with cutout patterns. The bottom row is the 

corresponding webcam images of the 2x2cm NanoChip with each mask.	

only	from	areas	left	exposed	by	the	lead	mask	(Figure	5-13).	The	high	precision	with	which	

the	scintillation	signal	maps	to	the	lead	masks	is	a	promising	trait	of	nanomaterial-based	

detectors.	Given	the	highly	localized	nature	of	the	f-orbital	energy	levels	involved	in	the	Eu-

scintillation	process,	energy	transfer	is	unlikely	to	occur	between	individual	nanoparticles.	

This	limits	the	distance	the	excited	e--h+	pairs	can	travel	to	the	dimensions	of	the	

nanomaterial	itself,	effectively	restricting	spreading	of	the	excitation	signal	throughout	the	

detector.	Under	these	conditions,	the	theoretical	limit	for	spatial	resolution	of	the	

scintillation	signal	is	determined	by	the	mean	particle	size	of	the	nanomaterial,	which	is	

several	orders	of	magnitude	smaller	than	the	resolution	of	current	generation	3D	printers.	

Given	this,	we	anticipate	that	the	resolution	of	a	3D	printed	radiation	detection	system	to	be	

similar	to	the	minimum	achievable	printed	volume	of	the	3D	printer.	To	confirm	this,	

nanoChips	1mm	x	1mm	x	0.1mm	(total	volume	of	0.1	mm3)	in	size,	the	smallest	volume	

possible	using	our	current	3D	printer	setup,	were	made	using	the	35	wt.	%	filament.	Despite	

their	small	size,	these	detectors	were	still	visible	using	the	low-cost	webcam	setup	(Figure	
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5-14).	At	a	total	volume	of	0.1	mm3	these	printed	detectors	are	half	the	size	of	the	current	

smallest	plastic	scintillator	detectors.	Additionally,	with	only	slight	changes	to	the	3D	

printer	components,	a	minimum	volume	of	0.016	mm3	could	be	achievable	using	extrusion	

based	3D	printing.	This	volumetric	size	would	surpass,	by	two	orders	of	magnitude,	that	of	

current	state	of	the	art	plastic	scintillator	detector	sizes	where	the	smallest	volume	seen	is	

0.196mm3	and	place	it	on	par	with	current	diode	detectors.196	

 

Figure 5-14 X-ray excitation of 0.1mm3 nanochips under 130kVp excitation (A.) 
ambient light (B) ambient and 130kvp and (C) subtracted image 

 

After demonstrating the ability of this 3D printed system to function as a 

radiation detection screen, we further characterized it’s utility for radiation dosimetry. 

Using a NIST traceable 0.18 cc ion chamber (10 x 5-0.18, Radcal, Monrovia, CA) 

concurrently with the 3D printed detector in an X-Rad 320 small animal irradiator 

(Precision X-ray, North Branford, CT), we were able to calibrate the signal response of 

the detector to the dose rate at 80, 160 and 240 kVp excitation energies. Figure 5-15 

shows the linear response of the scintillation signal as measured using a photodiode of 

both the 5 and 35 wt. % at each excitation energy. It can be seen that the higher loading 

produces a nearly 6-fold enhancement of the scintillation signal for a given dose rate at 

all tested excitation energies. Specifically in Figure 5-15D, the response to dose rate for 
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the 35 wt. % detector is plotted for all three excitation energies. The varying slopes of the 

scintillation response allows for an assessment for the energy dependence of the 

radiation detectors. This decrease in the slope upon radiation dose at higher energies is 

consistent with our previously reported assessment of the [Y1.9O3; Eu0.1, Li0.16].45 This 

effect derives from the higher mass attenuation coefficient (ionizing radiation 

absorption) of yttrium oxide at the lower incident photon energies197 used as well as a 

the scintillation mechanism being dominated by the photoelectric effect at lower X-ray 

excitation energies.198 The consistency of these results for the [Y1.9O3; Eu0.1, Li0.16] loaded 

into the polymer matrix with our previously reported results of the nanomaterial itself 

shows that incorporation of the nanomaterial into a polymer matrix does not effect it’s 

scintillation properties. 
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Figure 5-15 Dose response of nanochips at 5 wt.% and 35 wt.% loading under x-ray excitation 
at (A) 80, (B) 160 and (C) 240 kVp. (D) The dose response at all three excitation energies for the 

35 wt. % sample. 

5.2.3 Conclusions 

We have demonstrated here the first ever use of a 3D printable radiation 

detector. These detectors can function both as an imaging screen using low cost 

webcams to further reduce total system cost as well as a dosimetric tool with a liner 

scintillation response to dose rate for a given excitation energy. Given the nanoscale 

nature of the scintillating material, the spatial resolution of the detector is likely 

determined by the effective size of the nanoparticles within the polymer matrix of the 

printed device. Further, given the low cost and sub millimeter resolution of 3D printing, 
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this technology offers an unprecedented ability to produce low-cost radiation detectors 

en masse and multiple small detectors could be incorporated into pixel arrays where 

individual detectors can be replaced at will.  

Ongoing efforts are focused on demonstrating the use of these 3D printed 

radiation detectors in real world applications. Additionally, more advanced 3D printing 

techniques, such as dual nozzle printers, are being evaluated for instilling additional 

functionality. 

5.2.4 Methods 

5.2.4.1 Synthesis of [Y1.9O3; Eu0.1, Li0.16] Nanocrystals: 

Europium and Lithium doped Yttrium oxide was synthesized via the 

combustion method as reported in previous literature. In brief, appropriate amounts of 

nitrate salts for europium, lithium and yttrium as well as glycine were added to a beaker 

containing a stir bar. To this, water was added to dissolve the salts. Following 

dissolution, the stir bar was removed and the beaker placed in a secondary container. 

The entire system was heated to boiling and left to evaporate the water. Just prior to 

combustion, the system was covered to contain the expelled nanoparticles. The reaction 

was removed from heat and the resultant white powder was collected and baked at 500° 

C for 12 h to remove carbon impurities.  
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5.2.4.2 Characterization of [Y1.9O3; Eu0.1, Li0.16] Nanocrystals: 

For spectroscopy, a pressed powder sample was affixed to a 45°	mount	and	

placed	in	the	center	of	the	radiation	field	of	a	Faxitron	RX-650	X-ray	cabinet	system.	The	

sample	was	irradiated	at	130	kVp	and	5	mA	and	the	emitted	signal	was	collected	via	a	fiber	

optic	cable.	The	cable	was	connected	to	an	Edinburgh	F900	Fluorescence	Spectrometer	and	

the	signal	measured	with	a	vis-NIR	detector.	Corrections	for	detector	sensitivity	were	made	

using	files	provided	by	Edinburgh.		

X-ray	Diffraction	measurements	were	made	using	powder	samples	mounted	in	a	

Panalytical	X’pert	PRO	MRD	HR	XRD	System.	TEM	images	were	obtained	from	1	mg/ml	

solution	of	Y2O3	in	ethanol	dropcast	onto	400	copper	mesh	grids.	Grids	were	imaged	in	a	FEI	

Tecnai	G2	Twin	transmission	electron	microscope	at	200	kV	operating	voltage.		

5.2.4.3 Making [Y1.9O3; Eu0.1, Li0.16] Loaded PETG Filament:  

The above synthesized yttrium oxide and glycol-modified polyethylene 

terephthalate (PETG) were added to a flask at a ratio of X mg Y2O3 per 100 mg PETG 

where X is the desired mass percent of nanoscintillators in the final fiber. 

Dichloromethane was added to the flask and the mixture was sonicated until PETG had 

fully dissolved and the nanomaterial was well dispersed. The solution was then poured 

into a heated crystallization dish and the solvent rapidly boiled off. The resulting [Y1.9O3; 

Eu0.1, Li0.16]-infused polymer was recovered from the crystallization dish and extruded 

through a costume built filament extruder at 220°	C	with	an	extrusion	diameter	of	1.2	mm	

to	yield	the	final	filament.	
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5.2.4.4 Characterization of [Y1.9O3; Eu0.1, Li0.16] Loaded Filament: 

Computed	Tomography	of	the	loaded	filament	was	performed	by	mounting	~1cm	

long	pieces	of	filament	to	polystyrene.	The	combined	samples	were	mounted	in	a	Nikon	

XTH	225	ST	x-ray	computed	tomography	scanner.	Sequential	scans	were	taken	as	the	

sample	was	rotated	360°	and	the	resulting	scans	were	processed	using	Nikon’s	Feldkamp	

Cone-Based	CT	algorithm.		

Atomic	force	microscopy	images	were	collected	using	a	Digital	Instruments	

Dimension	3100	scanning	probe	microscope	using	intermittent	contact	mode	(scan	rate	=	

0.6	Hz,	ambient	temperature)	with	super-sharp	Si-tips	(FORTA-SS-10	from	AppNano,	tip	

radius	<5	nm,	cantilever	resonant	frequency	~70	KHz).	All	samples	were	prepared	by	

printing	a	single	line	of	filament	1	mm	wide	and	0.1	mm	thick	on	copper	tape.		

5.2.4.5 3D Printing of Radiation Detectors:  

Detectors	were	printed	using	a	homebuilt	ANET	A8	brand	3D	printer.	Templates	of	

the	radiation	detectors	were	first	made	using	TinkerCad	software.	These	files	were	then	

manipulated	using	Simplified	3D	software	to	produce	the	cross	section	mapping	files	for	3D	

printing.	The	files	were	transferred	to	the	3D	printer	and	printed	with	a	nozzle	temperature	

210°	C	onto	a	heated	glass	stage.	

5.2.4.6 Characterization of radiation Detectors 

Spectral properties of printed detectors were measured in the same Radiation 

cabinet as above. For signal strength, samples were affixed to costume made light guides 

that directed signal from the entire area of the detector into a fiber optic. The fiber optic 

was connected to the Edinburgh fluorimeter. For visual monitoring, samples were 
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mounted in the center of the radiation field of the radiation cabinet. A Logitech C310 

webcam was placed on the edge of the radiation field and a USB cable was run outside 

the cabinet and connected to a Windows XP computer using the built in webcam 

software. Image corrections were made using ImageJ.  

Power dependence and dose response curves were obtained in a Precision X-Ray 

X-Rad 320. Light-guide mounted samples were placed in the center of the radiation field 

and coupled to a photo-diode via a fiber optic cable. Calibrations for dose were made 

with a simultaneously positioned ion chamber 



 

155 

6 Conclusions 
As previously stated, the goals of this work were focused on three key aspects of 

lanthanide-based nanomaterials: (1) a synthetic means to controlling the relative 

intensities of the emissive bands in upconversion nanoparticles (UCNPs) (2) the 

development of a 3D imaging modalities that leverage the unique photophysical 

properties of upconverting nanomaterials and (3) the application of scintillating 

nanoscale radiation detection materials as an alternative to the single-crystal bulk 

lanthanide doped materials and plastic scintillators currently employed.  Here, the key 

conclusions of this work are collected from the above chapters for convenience.  

6.1 A synthetic means to controlling the relative intensities of 
the emissive bands in upconversion nanoparticles 

We have demonstrated the ability to modulate the interionic distances between 

sensitizer and activator by means of a modified coprecipitation reaction. By injecting 

lattice components at controlled points throughout the reaction a basic manipulation of 

the dopant distribution within the nanocrystal can be achieved. By altering this dopant 

distribution we have shown a change in the relative intensities of the green and red 

emission bands as well as an increase in the NIR emission at 1550nm. These changes 

derive from differences in efficiency of the multiple upconversion pathways as a result 

of changing interionic distance of the sensitizer and activator. Further, we’ve shown that 

in Ce-doped samples that have similar emission properties as our i-[NaY0.78F4:Yb0.20Er0.02], 
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we see the same change in dopant distribution that are report here. As such, we propose 

that the current understanding of cross relaxation between Ce-Er ions is incomplete and 

the impact of changes in dopant distribution need to be considered to fully address the 

upconversion mechanism involved. 

The work here introduces a new delayed injection reaction method, which allows 

for manipulation of the sensitizer-activator distance. By doing so, we show for the first 

time the ability to control the emissive properties of a consistent [NaY0.78F4:Yb0.20Er0.02] 

through synthetic manipulation rather than changes in the overall composition. Further 

development of these methods may allow for fine tuning emission bands, in situ core-

shell reactions, or the inclusion of additional lanthanide dopants localized to the surface 

to enhance the UCNP functionality (i.e. Gd for magnetic properties, Nd for lower 

wavelength absorption, etc.). Additionally, this work demonstrates the necessity of 

evaluating the dopant distribution within the nanocrystal rather than simply the overall 

composition when evaluating upconversion nanomaterials 

6.2 The development of a 3D imaging modalities that leverage 
the unique photophysical properties of upconverting 
nanomaterials 

The work here represents the first use of upconversion nanomaterials as a 

contrast agent in a 3D imaging modality. Importantly we show that UCNPs can be 

retained in biological tissue through treatment and clearing processes making it suitable 

for biological studies. Additionally, through imaging the results of both ex vivo and in 
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vivo injections we show that UCNPs can be used both pre and post sacrifice for animal 

studies. Images of UCNPs injected ex vivo into the lung show the ability to use UCNPs to 

image the structural features of the tissue. Further, the in vivo injection imaging shows 

the first seen visualization of the removal of upconverting nanomaterials through the 

lymphatic system and highlights the advantage of using these materials as a contrast 

agent in OECT.  

6.3 The application of scintillating nanoscale radiation detection 
materials as an alternative to the single-crystal bulk 
lanthanide doped materials and plastic scintillators 
currently employed 

Initial results with a novel real time dosimeter for brachytherapy are 

encouraging, with few device failures, and good concordance in the majority of 

measurements in comparison to the treatment planning system and reference 

dosimeters. Future efforts will be focused on hardware construction that will include 

radiopaque markers for contrast in CT image sets for ease of identification, prevention of 

movement of the nanoFOD between planning and treatment, and translation into more 

complex treatments including tandem and ovoid/ring brachytherapy 

Further, we have demonstrated here the first ever use of a 3D printable radiation 

detector. These detectors can function both as an imaging screen using low cost 

webcams to further reduce total system cost as well as a dosimetric tool with a liner 

scintillation response to dose rate for a given excitation energy. Given the nanoscale 

nature of the scintillating material, the spatial resolution of the detector is likely 
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determined by the effective size of the nanoparticles within the polymer matrix of the 

printed device. Further, given the low cost and sub millimeter resolution of 3D printing, 

this technology offers an unprecedented ability to produce low-cost radiation detectors 

en masse and multiple small detectors could be incorporated into pixel arrays where 

individual detectors can be replaced at will.  These new printable radiation detectors can 

significantly reduce the cost of radiation detection in clinical settings and early testing 

has shown we are within striking distance of clinically viable devices.  
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Appendix A – Synthetic Methods 

Brief synthetic procedures for the lanthanide nanomaterials are described in the 

methods for each section but a more detailed and formal procedure can be found here. 

For each reaction type, a single standard procedure is given. Work presented in this 

dissertation whose synthetic methods differ from these standards will be indicated as 

they occur.  

A.1 Coprecipitation Reaction:  

To a two neck round bottom flask with stir bar, 1.56mmol of YCl3, 0.40mmol of YbCl3 

and 0.04mmol of ErCl3 were added. These powders were dissolved in approx. 1ml of 

methanol via sonication and 24ml of Oleic Acid and 18ml of octadecene were added. 

The solution was placed under vacuum, heated to 125°C with stirring and kept at 

temperature for 30 minutes. Thereupon, the reaction was removed from vacuum, the 

solution sparged with argon, heated to 150°C and sustained at said temperature for 45 

minutes. Following this, the reaction was cooled to room temperature and a solution of 

10mmol of NaOH and 8mmol NH3F in methanol was rapidly injected. The solution was 

heated to 100°C under argon to evaporate methanol. The reaction was then alternated 3x 

between vacuum and argon, affixed with a reflux condenser and transferred to a molten 

salt bath. The reaction was heated under heavy argon flow to 315°C over the course of 8-

10 minutes and maintained at temperature for 2 hours. The reaction was then removed 

from heat, cooled to room temperature and diluted with a 50/50 mix of ethanol and n-
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hexanes to 250ml. This solution was fractioned into 6 centrifuge tubes, and additional 

ethanol was added to each tube to obtain a final volume of 35ml. The samples were 

centrifuged at 20,500 x g for 20 minutes at 5°C. The supernatant was discarded and the 

pellicle was suspended in n-hexane. The 6 fractions were recombined and divided into 2 

centrifuge tubes and each was diluted to 25ml with n-hexane. These solutions were then 

further diluted with ethanol to a final volume of 35ml and centrifuged under the same 

conditions. The supernatant was again discarded, and each pellicle suspended in 25ml 

ethanol and 10ml water. Following a further round of centrifugation, the pellicle was 

suspended in pure ethanol, centrifuged, supernatant discarded and the samples left to 

air-dry overnight. A white powder comprised of β-NaYF4:Yb/Er (20/2%) was thus 

recovered.   

A.2 Thermal Decomposition: 

To a two-necked round bottom flask with stir bar, reflux condenser and affixed septum 

was added 1.56 mmol of yttrium trifluoroacetate, 0.40 mmol of ytterbium 

trifluoroacetate, and 0.04 mmol of erbium trifluoroacetate. These compounds were 

dissolved in 12 mL of oleic acid and 34 mL of octadecene and the reaction was heated to 

125°C under vacuum for 30 minutes. Subsequently, 12 mL of trioctylphosphine was 

injected and the reaction was sparged with argon for 20 minutes. The reaction was then 

transferred to a salt bath, affixed with a thermocouple and heated to 315°C over 

14minutes and held at that temperature for 30 minutes under a heavy argon flow. The 
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reaction was removed from heat, cooled to room temperature and finally washed in the 

same manner described for coprecipitation reactions. 

A.3 Combustion Synthesis: 

To a 50ml beaker with stir bar was added 4.75 mmol of Y(NO)3�6H2O, and 0.25 mmol of 

Eu(NO)3�5H2O, as well as 0.4 mmol LiNO�5H2O and 7.5 mmol glycine. The mixture was 

dissolved in 50ml of water with stirring at room temperature. After dissolution, the stir 

bar was removed and the beaker placed in secondary glass containment. The reaction 

was heated to boiling and all water was removed to yield a molten salt mixture. The 

secondary container was covered and the entire apparatus placed within a plexiglass 

safety chamber. Further heating of the molten mixture resulted in ignition of a large 

flame dispersing nanomaterial throughout the reaction chamber. The reaction was 

removed from heat, cooled and the material was collected in a ceramic crucible. 

Subsequently, the white and brown powder was heated in an oven at 250°C for 8hrs to 

yield a fine white powder of cubic [Y1.9O3; Eu0.1, Li0.16]. 
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Appendix B 

This is my recipe for Cinnamon Vanilla Cream Ale. It has little relevance to my 

dissertation but I did drank a lot of it during grad school and I think it’d be funny to 

technically have it published. 

To a 10 gallon mash tun was added 10 pounds of pale malt, 2 pounds flaked 

maize and 1 pound of caramel malt at lovibond 20°. The grain mixture was kept at 146°F 

for 45 minutes with a water ratio of 1.25lb grist per liter. The mash was fly sparged into a 

stainless steal kettle with additional water at 175°F until a final volume of 6 gallons was 

obtained. This was heated to boiling, and once boiling, willamette hops were added. The 

boil was maintained for 60 minutes. MaltoDextrine was added in the final 5 minutes of 

the boil. Cool via an immersion chiller to 80°F, transfer to a 6.5 gallon fermenter and 

aerate via vigorous shaking. Ferment at 60°F using Wyeast001 California ale yeast for 7 

days. After fermentation, rack to a keg. One vanilla bean (chopped) and 5 sticks of 

cinnamon (crushed) were steeped in 212°F water for 20 minutes to make a vanilla and 

cinnamon tea. This tea was added to the keg, the keg was then sealed and reduced to 

40°F under 14psi of CO2 pressure for an additional week. The CO2 pressure was reduced 

for serving and excess head pressure bleed from the keg. Serving lines were attached 

and delicious pale golden-amber ale was obtained in good yield.  
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