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X-ray radioluminescence microscopy (XRLM), a novel fluorescence microscopy technique under

focused x-ray excitation, was used to characterize micro-scale luminescence of Eu:Y2O3 and

Ce:YAG transparent ceramics and bicrystals. The diffusion length of a known semiconductor

measured by XRLM was found to be in agreement with previously measured values, illustrating its

use for characterizing charge carrier transport. Emission intensity was found to drop at the

boundaries in both Eu:Y2O3 and Ce:YAG ceramics and bicrystals. The depletion in emission at

grain boundaries was ultimately found to be related to charge carrier depletion (through either deep

trapping or non-radiative recombination). A charge carrier diffusion model was used to understand

the effect of grain boundaries on charge carrier transport in these scintillators. The diffusion model

was found to accurately predict the spatial distribution of emission in a Ce:YAG single-crystal as a

function of x-ray excitation energy. Structural and chemical characterization of grain boundaries in

an Eu:Y2O3 ceramic using transmission electron microscopy and secondary ion mass spectrometry

mapping showed an ordered boundary region and no detectable segregation of impurities or Eu,

justifying the use of an abrupt boundary condition to determine boundary recombination velocities

in these materials. The boundary recombination velocities were then used to show that, for

ceramics with grain sizes > �20 lm, there would be a minimal effect from the detected charge

carrier depletion at grain boundaries on their bulk x-ray radioluminescence intensity. Ultimately,

this study illustrates how this new XRLM technique can be used to measure charge carrier

diffusion properties and how it may be coupled with microstructural and micro-scale chemical

analyses to fully investigate the effect of grain boundaries on scintillator properties. VC 2012
American Institute of Physics. [doi:10.1063/1.3676222]

I. INTRODUCTION

Ceramic scintillators are a class of nuclear and radiologi-

cal detector materials that have the potential to decrease pro-

duction time and costs and provide for fabrication of near-net

shape and larger-size materials compared to the single-crystal

materials most often used for detector applications. Ceramic

scintillators, such as Pr:Gd2O2S1 and Eu:(Y,Gd)2O3,2 have

been used in x-ray computed tomographs (CT) for a number

of years. More recently, progress on the fabrication of trans-

parent ceramics of a number of scintillator materials, both

cubic3,4 and birefringent,5–7 has lead to the development of

scintillator ceramics with superior properties for additional

nuclear detection application areas. These include: (1) nuclear

security and isotopic identification (energy resolutions down

to 4.5% are achievable in transparent Gd-based garnets

ceramics8), (2) radiological detection (Eu:Lu2O3 transparent

ceramics have been reported to have light yields of up to

75 000 ph/MeV9), and (3) medical imaging (new Ce-doped

garnets10,11 and lutetium orthosilicates (Ce:LSO) ceramics12

have been shown to have fast decay times and high light

yields).

While it is known that point defects in single-crystal

scintillators significantly affect performance by creating

charge carrier traps or introducing non-radiative recombina-

tion pathways, the true effect of ceramic grain boundaries on

scintillator performance has not been well characterized.

Many studies of ceramic scintillators have pointed to

“defects at the boundaries” as a possible source of degrada-

tion in scintillator performance and an origin of deep trap-

ping.2,13,14,17 In one such study, Zych et al.15 reported a

positive relationship between grain size and light output in

two air-annealed, translucent ceramics of Ce:YAG that were

processed under different conditions. They also observed a

fast decay component under c-ray excitation, which was

� 45 ns less than the decay of Ce3þ under direct excitation.

This fast decay has not been reported elsewhere,13,16,18

although other studies have been exclusively based on unan-

nealed ceramics.

A comparison of previous studies on trapping and other

loss mechanisms in ceramic scintillators highlights the impor-

tance of separating out effects on scintillator performance

from processing-related or impurity-related electronic defect

states and states unique to the grain boundaries. This type of

study has been absent in the scintillator literature, but in other

materials for electronic, optoelectronic, and electrochemical

applications, grain boundaries have been shown to have a

a)Author to whom correspondence should be addressed. Electronic mail:

podowitz@stanford.edu.
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strong effect on properties.19–23 A number of these studies

have taken advantage of microscopy techniques, such as cath-

odoluminescence (CL) mapping and electron beam–induced

current (EBIC) imaging, to spatially resolve luminescence or

conductivity and compare these properties to the locations of

grain boundaries or dislocations.24–26 These techniques are

limited in their application, however, because they are both

quite surface sensitive, due to the penetration depth of elec-

trons in most useful optical materials, causing surface states

to strongly affect the intensity maps. Moreover, EBIC may

only be used to characterize electrical conductors.

A similar approach is used here to characterize insulating

scintillator materials, where spatially resolved radiolumines-

cence from excitation under a focused, monochromatic hard

x-ray source is measured, as opposed to cathodoluminescence

from an electron beam. For hard x-rays, the attenuation

length is on the order of tens of micrometers in typical scintil-

lator materials. The emission distributions from spot excita-

tions along lines intersecting grain boundaries were measured

in order to compare the emission intensity near the boundary

to that within the bulk of the grain. Two often-characterized

scintillator materials, Eu:Y2O3 and Ce:Y3Al5O12 (Ce:YAG),

were used as model materials in this study. The chemical and

structural properties of grain boundaries in the ceramic and

bicrystal samples of these materials were characterized by x-

ray fluorescence (XRF) mapping, secondary ion mass spec-

trometry (SIMS) mapping, and transmission electron micros-

copy (TEM).

A charge carrier transport model was used to understand

and quantify observed depletions in charge carrier concentra-

tions at the grain boundaries as measured by x-ray radiolumi-

nescence microscopy (XRLM). Charge carrier drift and

diffusion models have been utilized to describe mechanisms

for energetic losses of high-energy carriers during the conver-

sion regime of scintillation,27,28 and the kinetics of scintilla-

tion have been described through charge carrier continuity

equations.29,30 However, diffusion equations have not previ-

ously been used to describe the transport of charge carriers in

inorganic scintillators, following their thermalization to the

bottom of the conduction band or top of the valence band,

prior to luminescent recombination. On the other hand, diffu-

sion and continuity equations have accurately modeled CL

and EBIC images of semiconductor materials.31–34 Ulti-

mately, we develop a relationship between grain size and lu-

minescence intensity in bulk ceramics of Ce:YAG and

Eu:Y2O3 using both XRLM characterization and the charge

carrier transport model.

II. EXPERIMENTAL PROCEDURES

A. X-ray radioluminescence microscopy setup

XRLM studies were conducted using the x-ray microp-

robe at beam line 2-3 of the Stanford synchrotron radiation

lightsource (SSRL) within SLAC National Accelerator Lab-

oratory. This beam line provided a focused, monochromatic

x-ray beam with spot size < 1.2 lm at a flux of �1010 pho-

tons/sec.35 The x-ray energy is tunable between 4.5 and

24 keV. The microprobe is both vertically and horizontally

focused using Kirkpatrick-Baez x-ray optics. The beam line

is primarily used as an x-ray absorption spectroscopy (XAS)

imaging station and also has the capability to perform x-ray

fluorescence (XRF) mapping using a Si vortex detector.

Samples were held vertically in the line of the beam and

were positioned using sample stage translational motors in

the X, Y, and Z directions. The sample motors had a posi-

tioning precision of 50 nm.35

An objective microscope equipped with a Photometrics

CoolSNAP cf2 monochrome charge coupled device (CCD)

camera was incorporated into the standard beam line con-

figuration, and visible light optics were used to collect and

direct the emission from the sample produced under excita-

tion from the x-ray microprobe. Emission distributions

were imaged from the back surfaces of the samples in order

to accommodate the optical microscopy setup within the

existing configuration inside the hutch. A collecting lens

was placed 15 mm behind the sample, and an aperture with

a 3-mm diameter was affixed to the front of the lens. A fo-

cusing lens was placed 120 mm from the collecting lens and

105 mm from the objective of the microscope, so that the

rear image plane of the two-lens system was at the working

distance of the objective. Using this geometry, the real

image of the emission distribution was in focus at the work-

ing distance of the microscope objective. Both the collect-

ing and focusing lenses were achromatic doublets with 25-

mm diameters and 60-mm focal lengths. Achromatic dou-

blet lenses were used to decrease spherical and chromatic

aberrations. The two lenses had antireflective coatings that

limited the reflection coefficient (R) at both surfaces to

<1.5% in the 450-750 nm spectral range. An aluminum-

coated mirror was placed in between the collecting and fo-

cusing lenses to redirect the light produced by the sample

into the microscope objective, which was aligned along the

axis parallel to the sample surface and offset by 88 mm, as

illustrated in Fig. 1.

The CCD imaging array of the camera was 1392� 1040

pixels with each pixel cell 4.65� 4.65 lm, giving a detector

resolution of 310 nm at a microscope magnification of 15�.

However, the lateral spatial resolution of the microscope was

limited by the numerical aperture of the objective, such that

its Abbe diffraction limit is between 325 and 527 nm for

wavelengths between 400 and 650 nm. Therefore, there was

some minimal light bleeding between pixels. The aperture in

front of the collection lens provided for a depth of field

FIG. 1. (Color online) Schematic of XRLM setup.
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(DOF) that was between 14.8 and 24.1 lm in this same range

of wavelengths. This DOF is nearly the thickness of the sam-

ples, so that the microscope was in focus at all depths

through each sample. A smaller DOF could be reached by

removing the aperture in front of the collection lens.

In order to verify that the XRLM technique could be

used to measure charge carrier transport behavior, the diffu-

sion length (Ldiff) of a �5-lm-thick film of epitaxial GaAs

on Ge with known properties was calculated from its emis-

sion distribution. The GaAs/Ge sample was thinned from the

substrate surface down to �20 lm, and the GaAs surface

was directed toward the collection lens so that its visible

emission would not be absorbed within the Ge substrate

layer before reaching the optical microscope. Emission spots

were imaged at 15 locations within the sample, and the tails

of the average emission distribution were fitted to a zeroth-

order Bessel function of the second kind (K0) using a proce-

dure described in Sec. IV B, with Ldiff as a fitting parameter,

as shown in Fig. 2. The calculated diffusion length of

17.5 6 0.4 lm is in good agreement with previously reported

values (Ldiff¼ 17.1 lm36).

B. Ceramic materials and sample preparation

Four scintillator samples were characterized by XRLM:

a 0.1 at. % Ce:YAG ceramic, a 0.1 at. % Ce:YAG bicrystal

made by diffusion bonding two single crystals, and two 5 at.

% Eu:Y2O3 ceramics. All samples were ground and polished

to below a single grain thickness (�20 lm) and mounted on

a copper foil over a 3-mm hole in preparation for XRLM

measurements. Samples were thinned to avoid interactions

with multiple boundaries and to limit the effect of scattering

from any residual porosity.

The transparent Ce:YAG ceramic was prepared and sin-

tered through the same procedure as the one described in

Ref. 37 with >99.999% purity Y2O3, a-Al2O3, and CeO2

from Inframat Advanced Materials used as starting powders.

Figure 3(a) shows the in-line transmission and x-ray radiolu-

minescence (XRL) emission spectra of the Ce:YAG sample

characterized in this study. The characteristic 4f-5 d Ce3þ

absorption (342, 460 nm) and emission (528, 560 nm) bands

were observed.38 The low-intensity, ultraviolet emission

band is likely caused by charge transfer between Ce3þ and

antisite defects.39,40 A broad and shallow defect absorption

band was also observed from �650-750 nm. The in-line opti-

cal transmission in the spectral region of the emission band

was found to be 61-62% for a 2.75-mm-thick sample, as

compared to the Fresnel limit for YAG of 84%.41

The Ce:YAG bicrystal was produced through diffusion

bonding two parts of a cut single crystal back together. The

single crystal, obtained from Hilger Crystals, was grown by

the Czochralski process. The single crystal was cut normal to

the (111) plane and then the cut surface of each half was pol-

ished to prepare the sample for optical bonding. The halves

were optically bonded together and then uniaxially pressed at

1100 �C and 10 MPa in an inert atmosphere. Samples for

XRLM characterization were cut from the center of the

bonded bicrystal. Eu:Y2O3 transparent ceramics were pre-

pared using the same starting material (mixture of Y2O3 and

Eu2O3 powders) and a similar procedure to the one described

in Ref. 42. Both ceramics were hot-pressed at a maximum

temperature of 1600 �C and maximum pressure of 40 MPa.

However, ceramic “YO1” was sintered through a single ramp

up to maximum pressure after outgassing at 1150 �C, while

temperature and pressure were ramped up step-wise during

sintering of ceramic “YO2.” The total sintering times for

Eu:Y2O3 ceramics YO1 and YO2 were 16 and 25 h,

FIG. 2. (Color online) Average x-ray radioluminescence (XRL) intensity

(dots) of epitaxial GaAs on Ge as a function of distance from the center of

the 8.1 keV x-ray excitation beam. The line shows the fit of emission distri-

bution tail using a K0 function in order to calculate Ldiff.

FIG. 3. (Color online) Optical transmission (curves i) and XRL emission

(curves ii) spectra of (a) a 2.75-mm-thick sample of the Ce:YAG ceramic

used in this study and (b) a 2-mm-thick sample of Eu:Y2O3 ceramic YO2.

XRL spectra were taken under 40 keV and 50 keV peak excitations, respec-

tively. The insets are photographs of bulk ceramics of (a) Ce:YAG in ambi-

ent light and (b) the YO2 sample under ultraviolet light with red emission

from Eu3þ, respectively.
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respectively, which provided less time for inter-diffusion of

atomic species in YO1, causing small Eu concentration gra-

dients that were not observed in YO2, as discussed in Sec. III

A. Both ceramics were air annealed at 1100 �C for 72 h to

reintroduce oxygen lost during sintering in a reducing envi-

ronment. After annealing, small segments of the samples

were polished and chemically etched to measure their grain

sizes using scanning electron microscopy (SEM) and the

intercept method. The optical properties of samples were also

characterized after annealing. Only Eu3þ absorption peaks

were observed in the in-line optical transmission spectra (Fig.

3(b)) of both samples.43 The percent transmissions of 2-mm-

thick samples of YO1 and YO2 at 600 nm were 52.8% and

78.7%, respectively, compared to 81.6% at the Fresnel limit

of Y2O3.44 The XRL spectra (Fig. 3(b)) of both samples con-

tained the Eu3þ emission peaks from the 5D-7F transitions.45

C. Locating grain boundaries for XRLM
characterization

Localized scintillation emission intensities were meas-

ured in the ceramics and bicrystal by moving the sample by

increments of 0.25 lm so that the x-ray beam was focused

one spot at a time at points along several �14-lm-long

lines intersecting boundaries. At each spot, a number of

images of the emission’s spatial distribution were acquired

and were used to calculate an averaged distribution. The

maximum intensities (i.e., the peak) of the averaged distri-

butions at each location along a line were compared in

order to visualize the effect of the boundary. The excitation

energy was held at 8.1 keV for all measurements, unless

otherwise specified.

Boundaries were located through different means for

each sample. For the Eu:Y2O3 ceramic with Eu concentra-

tion gradients (YO1), boundaries were identified by using

this concentration variation. Eu concentrations were mapped

using x-ray fluorescence from the Kb peak of Eu using the Si

vortex detector within the beam line hutch. For the other

Eu:Y2O3 ceramic (YO2), Eu maps showed little contrast,

none of which was clearly associated with boundaries (see

Fig. 4(d)). Therefore, boundaries were located by performing

spot excitations along much longer lines on the order of the

average grain size (>54.1 lm) to observe regions of symmet-

ric depletion. Figure 5 shows the XRL intensities at spots

along a 110-lm line in this ceramic, where the separation

between the two depletion regions is close to the average

grain size. Grain boundaries in the Ce:YAG ceramic were

located using a similar method. The exact location of the

bonding interface in the Ce:YAG bicrystal was identified

using the CCD camera with the sample backlit.

FIG. 4. (Color online) Maximum XRL intensity of emission spots excited at positions 0.25 lm apart from each other along lines that cross a boundary in sam-

ples (a) YO1 and (b) YO2. Intensities were normalized to the initial point on the line. XRF maps of Eu (c) in YO1 showing line across which (a) was taken

and (d) in YO2. The arrows in (c) and (d) identify the boundaries at the positions of 4.25 lm in (a) and 7 lm in (b), respectively.

FIG. 5. (Color online) Maximum XRL intensities of emission spots measured

at positions spaced 0.5 lm apart along a line that crosses multiple boundaries

in sample YO2. Intensities are normalized to the initial point on the line.
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Once a boundary was located, spots along a line strad-

dling the boundary were measured over 2 to 3 passes to con-

firm reproducibility and the absence of hysteresis.

D. TEM, SIMS, and confocal microscopy

An FEI Tecnai G2 F20 X-TWIN transmission electron

microscope (TEM) was used to characterize the crystallinity

of grain boundaries in sample YO2. The point-to-point reso-

lution of the microscope was 2.5 Å. Thinned samples were

ion milled, and the boundaries around the hole that formed

during milling were imaged.

A CAMECA NanoSIMS 50L (secondary ion mass spec-

trometer with nanoscale spatial resolution) with an oxygen

ion gun was used to map the content of Eu dopant and other

possible impurities in sample YO2. The trace impurities

mapped in this study (Ca, Si, Fe, La, and Zr) were those with

the highest concentrations measured by the supplier of the

starting powders, using inductively coupled plasma mass

spectrometry (ICP-MS). Ion currents were mapped over

regions within the ceramics and measured along �24-lm

lines crossing a boundary at 47-nm increments while sputter-

ing over an area of 0.25 lm2 for 10 seconds at each spot.

A WITec alpha300 S confocal microscope with an argon

laser was used to map the emission from direct excitation of

Eu3þ in the YO2 sample. The argon laser excited the 5D1

and 5D2 absorptions of Eu3þ in Y2O3. Emission spectra from

focused laser excitation and confocal laser scanning micro-

graphs of the 611-nm Eu3þ peak were obtained.

III. EXPERIMENTAL RESULTS AND DISCUSSION

A. Micro-scale scintillation across boundaries

1. Eu:Y2O3

The maximum XRL intensities plotted in Figs. 4, 5, and

6 were calculated from spatial distributions of the emission

profiles and were normalized to the value at the beginning of

each line (nominal position¼ 0 lm). The error bars on each

of the intensities signify the 95% confidence interval of its

mean value.

Figure 4(a) shows the normalized maximum XRL inten-

sity along the 10.5-lm line identified in Fig. 4(c). The loca-

tion of a grain boundary is indicated by the arrow and

coincides with a position of 4.25 lm in Fig. 4(a). Other than

at this position, the trend in intensity followed the change in

Eu concentration. Because the Eu concentration varied from

�4.5 mol. % to �5.5 mol. % in this area of the sample and

the light yield of Eu3þ:Y2O3 has been shown to vary roughly

linearly with concentration over this range,46 the overall trend

in XRL intensity with position likely originated from this dif-

ference in Eu3þ concentration along the line.

In contrast, the depletion regions in YO2 (e.g., Figure

4(b)) were much more distinctive than those observed in

YO1. Significant depletion was found over a region �1 lm

wide, and clear depletion began to occur over a region

�2 lm wide. The effect of Eu concentration gradients within

YO1 on local emission intensity largely obscured any effect

of the boundary, such as that observed in YO2, beyond a nar-

row width right at the boundary.

2. Ce:YAG

Maximum XRL intensities in the Ce:YAG bicrystal

(Fig. 6(a)) and the ceramic sample (Fig. 6(b)) had a similar

shape to that of sample YO2. While the attenuation regions

at the boundaries characterized in the Ce:YAG samples had

very similar widths (�2-2.5 lm) and depths (30-35%) com-

pared to each other, they were wider and deeper than those

characterized in YO2. The similarity between the Ce:YAG

samples suggests that the bicrystal boundary may be a good

model for a ceramic grain boundary in this context and that

there was no significant additional effect from surface dam-

age during polishing of the crystals before bonding.

A difference in the emission intensity at grain boundaries,

such as the ones observed here, has been variously attributed

to: (1) a decrease in material thickness due to grain boundary

grooving at the surfaces,47 (2) light channeling due to a differ-

ence in refractive index across a boundary,48 (3) excited state

quenching of activator ions from defect states at the bound-

ary,49,50 and/or (4) depletion of charge carriers at boundary

states prior to recombination at luminescent centers.51–56

For effect 1, the volume of absent material within the

grain boundary groove must be of comparable size to the

emission volume. Because the attenuation lengths of

Eu:Y2O3 and Ce:YAG at 8.1 keV (16.5 lm and 31.7 lm,57

respectively) are close to the thickness of the samples, a sig-

nificant effect on XRL intensity from grooves at the surface

FIG. 6. (Color online) Maximum XRL intensity of emission spots excited at positions 0.25 lm apart from each other along lines that cross a boundary in a

Ce:YAG (a) bicrystal and (b) ceramic. Intensities were normalized to the initial point on the line.
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is unlikely. As an example, even for an aggressively ther-

mally etched Al2O3 ceramic, grooves were only �450 nm

wide and 50 nm deep.58 If similarly large grooves were pres-

ent in our samples, the missing area would account for only

0.05-0.1% of the observed depletion in intensity at the

boundary.

Light channeling (effect 2) is also unlikely in these

materials because of their cubic crystal structures and iso-

tropic refractive indices. Additionally, light channeling

would typically lead to an increase in intensity at the grain

boundaries.48

The remaining effects (3 and 4) alter scintillation behav-

ior due to defect states in the electronic band structure cre-

ated by either chemical or structural defects. Such chemical

defects may consist of impurity and dopant segregation near

the boundary,59 and structural defects may arise from dislo-

cation generation and long-range disorder within the

“mantle” of the grain.60,61 Furthermore, even at grain boun-

daries with nearly coherent bonding, shallow energy levels

have been shown to exist below the conduction band.51–55

Additional deeper electronic states may exist within the dis-

location cores near some boundaries, caused by the location

of the vacuum level within the bandgap.56 Such defect states

that are isolated at boundaries may also cause trapping over

a much more extended region, due to the kinetics of charge

carrier diffusion.

The remainder of this paper focuses on identifying the

origins of XRL depletion at the boundary and extending its

effect to bulk scintillation properties. In an effort to identify

which effects were operative here, SIMS and TEM were

used to characterize the chemical and structural properties of

the boundaries in the YO2 sample. Confocal laser scanning

microscopy was used to investigate the emission from the

direct excitation of Eu3þ at energies below the bandgap, in

contrast to the cross-bandgap excitation used for XRLM.

B. Structural and chemical characterization
of boundaries

Based on transmission electron microscopy (TEM) and

secondary ion mass spectrometry (SIMS) studies, neither sig-

nificant structural (dislocation segregation and long-range

structural disorder) nor chemical (dopant and impurity segre-

gation) effects at the boundaries were observed in the YO2

sample.

Figure 7 shows a TEM image of a typical grain bound-

ary in the region of the sample used for XRLM characteriza-

tion. The �5 nm width of the boundary in the image appears

to be a region of overlap between the two grains on either

side of the boundary (Fig. 7, right inset), because the lattice

fringes of each of the grains extend through the region.

Within a distance of �10 nm from the boundary, the lattice

is slightly distorted. A very low concentration of line defects

were present within the sample (< �10/grain) (Fig. 7, left

inset). Typically, these line defects were close to the edge of

the distorted region, but also present within the bulk of the

grain. The observed locations of line defects indicate that

they may accommodate lattice mismatch across the bound-

ary, due to a difference in grain orientation. However, while

some disorder in the crystalline structure was observed near

the boundaries, there still was a strong crystalline order at

the boundary, and any increased concentration of structural

defects was present within a very limited width around it.

Although additional electronic states from these structural

defects may serve as trapping and non-radiative recombina-

tion centers,25 their localized concentration only extended

over 1/100th of the width of the scintillation intensity deple-

tion region measured by XRLM.

Therefore, any effect that the disorder near the boundary

may have on scintillation should be considered together with

the effect of electronic defects at the boundary.

Chemical segregation at boundaries within ceramics can

also cause differences in scintillation emission. The 89Y and
153Eu SIMS maps of the region characterized by XRLM are

shown in Fig. 8. The ratio of the Eu to Y ion currents in each

grain of the maps was found to be the same, which confirms

the conclusions drawn from the absence of contrast in XRF

maps measured simultaneously to XRLM measurements.

The contrast variation between grains seen in Fig. 8 arose

from the effect of crystallographic orientation on the ion cur-

rent intensity, not concentration variation.62

The SIMS measurements showed no preferential segre-

gation of Eu or other impurities at grain boundaries with a

spatial resolution (47 nm) much less than the observed

FIG. 7. TEM image of grain boundary in Eu:Y2O3 ceramic, showing lattice

fringes of both grains that extend through the �5 nm overlap near the bound-

ary between the two grains. A TEM image of typical dislocation loop is shown

in the inset on the top left. A schematic of the thinned TEM sample with a

boundary at an angle to the surface is shown in the inset on the top right.

FIG. 8. (Color online) SIMS maps of (a)
89Y (showing the circular aperture on the

ion beam), (b) 89Y in the boxed region in

(a), and (c) 153Eu of the same region as

in (b). The line in (b) shows the length of

the line scan presented in Fig. 9.
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emission depletion width (1-2 lm). Figure 9 shows a typical

line profile for Eu and two of the major impurities across the

grain boundary in Fig. 8(b). The 56Fe and 92Zr were at <2

counts per 15 msec. No 139La ion current was detected.

C. Fluorescence confocal microscopy of emission
from activator ion

Figure 10 shows a confocal microscopy image of the

611 nm emission of the YO2 sample under excitation from

an argon laser. At this wavelength, the 5D multiplet of Eu3þ

is excited. The emission intensity was found to vary only

right at the boundaries. Also, the emission spectrum did not

shift across the boundary.

Therefore, the decrease in emission intensity observed at

the grain boundaries by direct excitation of Eu3þ was not as

wide as that measured by XRLM, making excited state

quenching of activator ions an unlikely source of the depletion.

It is worth noting that concentration quenching was not even

observed in Eu:Y2O3 ceramic YO1, where the local Eu con-

centrations never reached above �5.5 at. %, which is below

the Eu concentration at which quenching has been reported.46

IV. MODELING RESULTS AND DISCUSSION

The experimental results presented above showed that

charge carrier depletion at electronic defect states located in

the immediate vicinity of the boundary led to the decrease in

XRL intensity. To verify this effect, we began our analysis

with a charge carrier transport model, which will be introduced

in Sec. IV A. Then, using this model and experimentally meas-

ured transport parameters, “boundary recombination veloc-

ities” were calculated by fitting simulated XRL profiles to

measured data as a method of quantifying the effect of the

grain boundaries on XRL intensity.

A. Charge carrier transport model

The spatial extent of an emission distribution represents

the volume over which charge carriers are generated and

subsequently transported before radiatively recombining at

activator ions or other radiative sites within the host material.

Thus, the distributions measured in this study provide infor-

mation on the nature of both charge carrier generation and

transport in Eu:Y2O3 and Ce:YAG. Generally, the spatial

distribution of free carriers within a material under steady-

state, ionizing excitation can be described by the continuity

equation,

Dr2n� n

s
þ SðrÞ ¼ 0; (1)

where D is the diffusion coefficient of the charge carrier of

interest (i.e., electron, hole, ambipolar, exciton), n is the

charge carrier concentration, s is the lifetime of the carrier,

and S(r) is a spatially dependent carrier source term. Similar

charge carrier diffusion models have been used extensively

to describe conductivity in semiconductors since the results

of the Haynes-Shockley experiment were reported.63

In its time-dependent form, Eq. (1) has also been used to

describe the kinetics of emission from photoelectric semi-

conductor materials,64–67 where the emission intensity is

assumed to be proportional to the minority charge carrier

concentration. A similar approach can be used to describe

the transport of charge carriers in inorganic, insulating mate-

rials excited by ionizing radiation,68–70 such as the scintilla-

tors investigated here.

As mentioned in the introduction, charge carrier trans-

port in inorganic scintillators most often occurs through

trapping at activator ions, sometimes in the presence of

deeper trapping (and, thus, de-trapping) states. Also, trans-

port may occur through hopping between transport states,

such as is the case for small polarons. Nonetheless, the in-

finitesimal generator for the stochastic process that

describes free carrier motion also applies to transport under

these conditions.71 In the case of charge carrier diffusion in

ionized insulators, D can be treated as the an effective

ambipolar diffusion coefficient, and s then represents the

contribution from the rates of trapping and de-trapping at

the recombination (both radiative and non-radiative) and

FIG. 9. (Color online) Secondary ion mass spectrometry (SIMS) line profile

across a grain boundary for 89Y, 153Eu, 40Ca, and 28Si along the line in Fig.

8(b). Ion currents are normalized to that of 89Y at each position. The position

of the grain boundary is indicated by the dashed line.

FIG. 10. (Color online) Scanning fluorescence confocal microscopy image

of 611-nm emission from Eu3þ at a depth of 5 lm in Eu:Y2O3 ceramic YO2

under 488-nm excitation.
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trapping sites. Such a value of s is expressed in the scintilla-

tion decay time, as will be discussed in more detail in

Sec. IV B.

With a radially symmetric, Gaussian source term and no

boundary conditions imposed, the solution to Eq. (1) can be

written as72

IðrÞ ¼ S0

2pr

ð1
0

e�ðr
2þn2Þ=2r2

I0ð2rn=2r2ÞK0ðn=Ldiff Þndn; (2)

where I is the emission intensity, r is the radial distance from

the center of the source distribution, S0 is the maximum

value of the Gaussian source term, Ldiff is the effective diffu-

sion length, r is the standard deviation of the source term

(where 2r
ffiffiffiffiffiffiffiffiffi
2ln2
p

is the full-width at half maximum

(FWHM)), n is a spatial integration vector, and the I0 and K0

are the zeroth-order modified Bessel functions of the first

and second kind. When r� r (i.e., a couple of microns from

the source), Eq. (2) approximates as

IðrÞ / K0ðr=Ldiff Þ: (3)

Therefore, Ldiff may be calculated by fitting the tail of an

emission distribution with a K0 function. The effective diffu-

sion coefficient in Eq. (1) may then be experimentally deter-

mined from calculated values of Ldiff and the measured

scintillation decay times (s), using

D ¼
L2

diff

s
: (4)

To understand the physical parameters associated with

the observed emission intensity depletion in the boundary

region, a boundary condition that could account for the effect

of sink states (deep traps and non-radiative recombination

centers) was used to simulate emission distributions in our

Eu:Y2O3 and Ce:YAG samples. Because limited segregation

of dopants, impurities, and structural defects was observed at

the boundaries in these materials, an abrupt boundary condi-

tion was found to be an appropriate assumption. The bound-

ary condition73

n
! �rI ¼ I

D=s
(5)

was used to account for rate-limited, non-radiative recombi-

nation at a boundary surface, where s is the boundary recom-

bination velocity and ~n is the unit vector normal to the

boundary. As to be discussed in Sec. IV D, calculated values

for s, based on solutions to Eqs. (1) and (5), were used to

quantify the effect of a nearly abrupt boundary on the deple-

tion of nearby charge carriers.

B. Effective charge carrier diffusion lengths and
decay times

The effective charge carrier diffusion lengths (Table I) in

Eu:Y2O3 and Ce:YAG ceramics were calculated from XRL

emission distributions (e.g., Figure 11). Each emission profile

consisted of three regions: (1) one that decreased faster than

exponential, (2) a second that decreased nearly exponentially

(the linear section on the log-linear plot), and (3) a third at

the detection limit below the level of background. Because

the Gaussian tails of the x-ray source distribution falloff

faster than exponential, the exponential-like “tails” that arise

from transport of charge carriers generated within the

extremes of the Gaussian source volume were easily identi-

fied. These tails were fit with a K0 function (an exponential-

like function) using a least-squares fitting method to deter-

mine Ldiff according to the relationship in Eq. (3).

In order to confirm that Eq. (3) can be used to isolate the

generation and conversion volume from its extended trans-

port volume, thus making it possible to calculate charge car-

rier transport parameters from XRLM results, values of Ldiff

calculated from emission under four different excitation

energies were compared. This comparison was done for the

Ce:YAG bicrystal because emission spots could be imaged

at positions far from the boundary, so that diffusion parame-

ters within an individual crystallite could be calculated with-

out any substantial effect from depletion at the boundary.

Effective charge carrier diffusion lengths were calculated

from each of the four distributions in Fig. 12(a) through a

similar procedure to the one used for the ceramics. The cal-

culated Ldiff’s were found to be nearly identical for the four

excitation energies (Table I).

Effective charge carrier lifetimes (s) were calculated

from bulk scintillation emission decay after c-excitation (Ta-

ble II). In the cases where multiple decay components were

observed, an effective s was calculated based on the relative

contributions of the components. The decay in scintillation

TABLE I. Measured effective diffusion lengths of samples.

Sample

Energy

(keV)

Effective diffusion

length (lm)

Boundary recombination

velocity (cm/s)

Ce:YAG bicrystal 5.0 0.99 6 0.03 ...

8.1 0.98 6 0.03 8500

10.0 1.01 6 0.03 ...

17.04 0.96 6 0.04 ...

Ce:YAG ceramic 8.1 0.89 6 0.07 8900

Eu:Y2O3 ceramic #1 8.1 1.47 6 0.14 ...

Eu:Y2O3 ceramic #2 8.1 1.56 6 0.09 4500

FIG. 11. (Color online) XRL emission profile from excitation in one of the

crystals of the Ce:YAG bicrystal sample. The black squares plot the inten-

sities at each pixel averaged over images of emission from excitations at a

number of different spots. Inset (a) shows a schematic of the technique used

to measure profiles. Inset (b) illustrates the contribution of the source vol-

ume to the total emission volume.
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intensity with time represents the probability that charge car-

riers radiatively recombine at a given time after their genera-

tion. The decay time expresses the exponential fall-off rate of

this probability. Trapping and non-radiative recombination

effect the probability of radiative recombination within a

given time window and therefore effect the values of decay

time.74,75 Scintillation decay times are also affected by acti-

vator ion relaxation rates, which are over 4 orders of magni-

tude larger for Eu3þ than Ce3þ.45,76 Under the high-flux,

steady-state excitation conditions present here, activator ions

can be continuously populated, so that the relaxation rate sig-

nificantly affects the time (and equivalently the distance)

over which a charge carrier must hop until it finds a free acti-

vator ion. Therefore, scintillation decay times can be used as

a measure of the effective charge carrier lifetimes of interest

in this study.

C. Simulated emission distributions

Before calculating values of s, by fitting solutions to the

diffusion equation (Eq. (1)) with the appropriate boundary

condition (Eq. (5)) to XRLM data, we first confirmed that

both charge carrier generation and transport could be effec-

tively modeled. Simulated emission distributions were found

to be in good agreement with the measured values. The dis-

tributions in Fig. 12(b) are solutions to the partial differential

equation (PDE) in Eq. (1) with a two-dimensional, Gaussian

source term centered at point (x0, y0), given by

Sðx; yÞ ¼ exp �ðx� x0Þ2 þ ðy� y0Þ2

2r2

 !
: (6)

The PDE was solved over a 525 313 node mesh within a cir-

cular area with a diameter of 75 lm. The diffusion coeffi-

cient used in the PDE for all four energies was calculated

from the average of the calculated diffusion lengths and the

scintillation decay time for the Ce:YAG crystal from which

the bicrystal was cut.

The standard deviation (r) of S(x, y) was calculated

through the convolution of a Gaussian x-ray source with the

interaction volumes of a single collimated x-ray when only

considering sequential photoelectron emission (i.e., the low

energy limit) from the element with the largest photoelectric

interaction cross-section. The three-dimensional distributions

of the energy deposited by photoelectrons in 103-nm3 bins

were modeled using the CASINO 2.42 software package.77

These distributions were then integrated over the sample

thickness to produce a two-dimensional distribution of the

energy deposited by each photoelectron. The convolution of

the sum of the Gaussians from the possible photoelectron

energies (from excitation with the primary x-ray or x-ray flu-

orescence from the relaxation of electrons to cores energy

levels in Eu, Ce, Y, Al, or O) was fit by a Gaussian function

to determine the r of the excitation source, i.e., the initial

distribution of charge carriers with energies below the

threshold for photoelectric interactions (set to < 50 eV here).

D. Calculation of boundary recombination velocities

The intensities of the simulated XRL distributions for

the Ce:YAG bicrystal excited by a source centered at differ-

ent positions with respect to a boundary are shown in

Fig. 13. The position (x0, y0) was varied to simulate the spot-

by-spot excitations measured by XRLM. Solutions were

plotted for a number of different values of s for the boundary

condition in Eq. (5) and were compared to the XRLM data

near a boundary. Solutions were calculated over a

75 lm� 75 lm two-dimensional cell with linear boundaries,

as in the configuration shown in Fig. 13(b). Recombination

velocities for the grain boundaries were determined by com-

paring XRLM results to simulated emission spot intensities

for different values of s. Table I shows the values of s calcu-

lated through this method.

Based on these results, a number of important trends

were observed. Firstly, as recombination velocity increased,

FIG. 12. (Color online) XRL emission spots from excitations with different energies in one of the crystals making up the Ce:YAG bicrystal. The cross-

sections of spots shown in (a) were calculated by averaging XRLM images taken at a number of different locations within the crystal. The intensity maps in

(b) were simulated in two-dimensional space with no boundary condition. The hue-saturation-value of the maps (see online for color version) is normalized

with respect to the maximum intensity of each individual distribution.

TABLE II. Scintillation decay times of samples.

Sample Decay time Percentage

Ce:YAG bicrystal 82 ns 79%

394 ns 28%

Ce:YAG ceramic 73 ns 71%

578 ns 11%

Eu:Y2O3 ceramic (YO1) 0.983 ms 93%

Eu:Y2O3 ceramic (YO2) 0.978 ms 95%
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changes in the width and depth of the depletion region became

less pronounced for a given effective diffusion coefficient.

Therefore, there is little effect on the total XRL intensity from

defects (e.g., traps and non-radiative recombination sites)

beyond a certain concentration or rate of trapping on such

sites in the immediate vicinity of a boundary. This may in part

explain the minimal differences observed in the depletion

regions measured across different boundaries in the same ce-

ramic, even though the crystalline orientation of grains was

random. Secondly, both the recombination velocity at the

boundary and the flux rate at which charge carriers can diffuse

to the boundary affected the characteristics of the depletion

region. Such a mechanism preserves local thermodynamic

equilibrium and is dependent on transport properties both at

the boundary and within the bulk of the grains. Therefore,

while the recombination velocities of the Eu:Y2O3 and

Ce:YAG ceramics characterized in this study were similar,

their depletion widths and depths were quite different. Lastly,

even though the D/s-ratio for Eu:Y2O3 was nearly four orders

of magnitude smaller than that of Ce:YAG, its much smaller

D led to a smaller charge carrier flux rate in response to the

same concentration gradient, which caused a smaller depletion

region. In this way, the transport properties within the bulk of

the grains had a significant affect on the depletion of charge

carriers near the boundary.

It should be noted that the error in the calculation for

values of s was quite large (>2250 cm/s and <40 500 cm/s)

because of the spread in the measured XRL intensities and

the small differences in simulated intensity for different val-

ues of s. Calculated mean values were, however, found to be

similar to surface and boundary recombination velocities

reported in the literature.78–82 Most importantly, the trends

observed here are still accurate, even with the large error,

and because the value of s appears to be less significant than

D, there was much less error in the calculated values of bulk

XRL intensity presented in Sec. IV E.

E. Effect of grain boundaries on bulk XRL intensity

Figure 14 shows the simulated effect of grain size on

XRL intensity compared to the case of an infinite single crys-

tal of Eu:Y2O3 using the effective diffusion lengths and

recombination velocities given in Table I. These values were

compared to the measured values for bulk XRL intensity for

a set of optically transparent Eu:Y2O3 ceramics processed

FIG. 13. (Color online) Experimental and simulated XRL intensity at different excitation spots within 7 lm of a boundary. The boundary is located at the

7 lm marker on the plot. Five simulated line profiles are shown in (a) with different boundary recombination velocities (s) along with XRLM data. The inten-

sity maps in (b) show the simulated distributions in two-dimensional space with the boundary condition in Eq. (5) at the righthand surface of the figures and an

s¼ 10 000 cm/s for identical Gaussian excitations centered at (i) 7 lm and (ii) 0.25 lm from the boundary. The color map (see online for color version) scales

with intensity shown in Fig. 12(b).

FIG. 14. (Color online) (a) Simulated (squares) and experimental (dia-

monds) bulk XRL intensities as a function of ceramic grain size relative to

the infinite single crystal case for Eu:Y2O3. Numerical solutions to Eq. (1)

with a homogeneous source term over the entire grain and with boundary

condition in Eq. (5) at circular boundaries with different radii were inte-

grated over the entire solution space to calculate the XRL intensity. A

recombination velocity of s¼ 4500 cm/s (the measured value for YO2) was

used. (b) Example of an intensity map of simulated distribution in two-

dimensional space under bulk excitation of a ceramic grain.
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under similar conditions to the YO2 sample. Ceramics were

hot-pressed at different temperatures to produce different

grain sizes. Otherwise, they were processed under identical

conditions. In order to minimize the effect of oxygen non-

stoichiometry on their bulk XRL intensity, we compared

ceramics that were air annealed for 72 h to our simulated

values.83

The prediction was found to be in good agreement with

ceramics of Eu:Y2O3 with this grain size range. As an exam-

ple, when comparing a Eu:Y2O3 ceramic with a grain size of

5.5 lm to one with a grain size of 34.1 lm, our model pre-

dicted a relative XRL intensity of 58%, and a relative bulk

XRL intensity of 63% was measured for samples with these

same grain sizes.

V. CONCLUSIONS

We have shown that x-ray radioluminescence micros-

copy (XRLM) may be used to directly visualize the scintilla-

tion emission near grain boundaries in transparent ceramics.

When coupled with chemical and structural analysis on grain

boundaries, which in certain cases may be taken simultane-

ous to XRLM imaging, XRLM was found to be a powerful

technique that can be used to study the origin of grain bound-

ary effects on bulk luminosity and scintillation. We have

also shown that emission profiles measured through this

method can be used to calculate charge carrier transport

properties in both optoelectronic semiconductors (e.g.,

GaAs) and inorganic, insulating scintillator materials (e.g.,

Eu:Y2O3, Ce:YAG). Effective diffusion lengths were calcu-

lated from emission distributions by fitting their exponential-

like tails with Bessel functions in order to isolate the

contributions to the distributions from charge carrier genera-

tion and transport from each other. Measured transport

parameters, along with the boundary recombination velocity,

were also used to model observed localized emission inten-

sity near grain boundaries. Values of recombination veloc-

ities were able to accurately predict the effect of grain size

on bulk scintillator luminosity.

Symmetric regions of emission intensity depletion were

measured in both Eu:Y2O3 and Ce:YAG ceramic and bicrys-

tal samples. The width of the depletion region around the

grain boundaries were � 1 lm for Eu:Y2O3 and �2 lm for

Ce:YAG. In the case of Eu:Y2O3, the depletion region origi-

nated from charge carrier trapping or non-radiative recombi-

nation. This trapping and non-radiative recombination

appeared to have occurred primarily within a more limited

region right at the grain boundary, which nonetheless depletes

the charge carrier concentration over larger volume. In

Eu:Y2O3, a significant decrease in emission intensity was pre-

dicted below a grain size of �20 lm. These results were con-

sistent with preliminary results on Eu:Y2O3 ceramics with

<5 lm grain sizes and literature values.

The XRLM method can readily be extended to other

luminescent materials, particularly insulators, to characterize

the effect of grain boundaries and other structural defects on

emission under high-flux x-ray irradiation. Simultaneously

coupling XRLM with acquisition from other x-ray analytical

techniques, such as x-ray absorption spectroscopy, x-ray

micro-diffraction, and pulsed x-ray excitation, would make

XRLM an even more versatile tool.
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42S. R. Podowitz, R. Gaumé, and R. S. Feigelson, J. Am. Ceram. Soc. 93(1),

82 (2010).
43Z. Fu, S. Zhou, T. Pan, and S. Zhang, J. Lumin. 124(2), 213 (2007).
44Y. Nigara, Jpn. J. Appl. Phys. 7(4), 404 (1968).
45N. Rakov, W. Lozano, G. S. Maciel, and C. B. de Araújo, Chem. Phys.
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76M. Moszyński, T. Ludziejewski, D. Wolski, W. Klamra, and L. O. Norlin,

Nucl. Instrum. Methods Phys. Res. A 345, 461 (1994).
77D. Drouin, A. Réal Couture, D. Joly, X. Tastet, V. Aimez, and R. Gauvin,

Scanning 29, 92 (2007).
78D. E. Burk, S. Kanner, J. E. Muyshondt, D. S. Shaulis, and P. E. Russell, J.

Appl. Phys. 54(1), 169 (1983).
79S. A. Bukesov and D. Y. Jeon, Appl. Phys. Lett. 81(12), 2184 (2002).
80Y. Rosenwaks, L. Burstein, Y. Shapira, and D. Huppert, Appl. Phys. Lett.

57(5), 458 (1990).
81M. Passlack, M. Hong, E. F. Schubert, J. R. Kwo, J. P. Mannaerts, S. N. G.

Chu, N. Moriya, and F. A. Thiel, Appl. Phys. Lett. 66(5), 625 (1995).
82L. W. Tu, W. C. Kuo, K. H. Lee, P. H. Tsao, C. M. Lai, A. K. Chu, and J.

K. Sheu, Appl. Phys. Lett. 77(23), 3788 (2000).
83S. R. Podowitz, S. Hanrahan, E. Bourett-Courchesne, N. Cherepy, R. M.

Gaume, and R. S. Feigelson, “Effect of Grain Size and Processing on Light

Yield of Eu:Y2O3 Transparent Ceramics,” in Symposium on Radiation
Measurements and Applications (SORMA XII) (University of Michigan,

Ann Arbor, MI, 2010).
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