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X-ray detectors are commonly used for medical, crystallography and space physics applications. Most of the current x-ray
detectors use cadmium zinc telluride (CZT) as the active medium. This report investigates high density semiconducting
and scintillating glasses as potential alternatives to CZT. For the semiconducting glasses, samples composed of xCuO—
((1-x)/2)PbO—~((1-x)/2)V,05 and xFeO—((1-x)/2)PbO—((1-x)/2)V,Os, for the scintillating glasses, samples composed
of xGd,O5+yWO;s+(1-x~y)2H;BO;, doped with 1-6% Eu’* or Tb*, were investigated in this study. The glass-making
conditions, density, Raman spectroscopy analysis, photoluminescence excitation and emission spectra, as well as con-
ductivity measurements performed on various samples, are reported. The interaction of x-rays with all the glass samples
was simulated using GATE software, and their mass attenuation coefficients were calculated and compared with CZT.

Introduction

X-ray detection, and the development of materials for
x-ray detectors, are strategic areas of interest.” The
applications of x-rays are widespread;*? however,
several factors limit the effectiveness of various ma-
terials such as x-ray sensors. Sensor materials should
provide good energy resolution and high spatial
resolution while having a high effective atomic num-
ber (Z.x) and high mass attenuation coefficients for
efficient x-ray detection.” Finally, many sensors are
constrained by manufacturing limitations regarding
the ease of bulk production and the cost of material
components. Almost all x-ray detectors use either
semiconducting or scintillating active media. This
work investigates the use of glass as a competitive
solution in both categories.

The most commonly used detector material for
medical imaging is cadmium zinc telluride (CZT).*®
This is due to its high density, high effective
atomic number and high mass attenuation; as well
as its excellent performance at room temperature.®®
However, the mass production of CZT, being a crys-
talline material, has some difficulties, such as high
costs, low production yields, and extensive produc-
tion time.*” % Several glasses offer properties that
make them potential alternatives to CZT as the active
material in x-ray detectors."'' The main advantage
of these glasses is that they directly address the
manufacturing problems of CZT; specifically, ease
of production, mouldability, low manufacturing cost
and low manufacturing time."”"¥

This investigation focuses on two types of glasses

* Corresponding author. Email uakgun@coe.edu
DOI: 10.13036/17533546.64.2.04

to be used as convenient alternatives to CZT as x-
ray detector materials. The first type of glass is lead
vanadate, doped with iron and copper, for use as a
semiconductor detector."” Semiconductor detectors
respond to incident radiation by exciting electrons
from the valence band to the conduction band, creat-
ing electron-hole pairs, which can be used to produce
an electric signal.*” The intensity of the electrical
signal is related to the energy of the x-ray. The second
type of glass is gadolinium borotungstate doped with
europium or terbium 3+ ions which act as scintillating
agents;"" scintillator-based detectors utilize optical
signals to detect x-rays.®” In this case, the intensity
of the light, transformed into an electrical signal by
the photodetector is related to the energy of the x-ray.

The semiconducting glasses were chosen for their
high density, high effective atomic number, bandgap
and charge carrier mobility. Iron and copper were
chosen for dopants because of their ability to create
mixed-valence states when in glass, making them
ideal for increasing small polaron hopping,*'* a
feature already present in vanadate glasses.”*" In
this report, we investigate the changes in the electri-
cal properties of these glasses as the concentrations
of the dopants increase.

The scintillating glasses were chosen for their high
density, high effective atomic number, and optical
transparency to scintillation emission."” Europium
and terbium were chosen as dopants because their
emission wavelengths match the sensitivity of com-
mercial photodetectors®*' and they are easy to
integrate into the glass systems of interest.

There have been many recent developments in the
use of glass-based particle detectors. Radiolumines-
cence measurements have previously evaluated high
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Table 1. Semiconducting glasses - chemical composition (by molar fractions) and properties

Semiconducting (e) Fe,O; CuO PbO V,0s T, (°C) Density (g/cm’) Zey

Glass e0 0 0 0-5 0-5 256 54 4876
Glass el 0-01 0 0-495 0-495 255 54 48-50
Glass e2 0-025 0 0-4875 0-4875 276 53 48-11
Glass e3 0-05 0 0-45 0-45 281 53 45-02
Glass e4 0-1 0 0-45 0-45 287 52 46-15
Glass e5 0-2 0 0-4 0-4 287 51 43-54
Glass e6 0 0-01 0-495 0-495 246 54 48-54
Glass e7 0 0-025 0-4875 0-4875 250 53 48-21
Glass e8 0 0-05 0-475 0-475 256 52 47-65
Glass €9 0 0-1 0-45 0-45 256 52 46-55
Glass el0 0 0-2 0-4 0-4 256 51 44.33
Glass ell 0 0-3 0-35 0-35 231 52 42-12

density Sm’ and Ce** doped glasses."***? It has been
reported that nanoparticles in glass ceramics improve
spatial resolution in digital radiography.*” Similar
research has also sought to make fluoride glass
calorimeters for use in the Large Hadron Collider.®”
These results can be easily adapted to make a smaller
detector suitable for medical x-ray imaging. Similar
materials can be used for proton detection,”*” and
improved with artificial intelligence (AI) to make
them even more effective than current x-ray radia-
tion therapy for cancer.®*? A similar approach of
scintillating glass and machine learning can also be
used for neutron detection.® Lead vanadate-based
semiconducting glasses have been previously used,
by the author of this study, in resistive plate chamber
detectors designed for high energy physics experi-
ments.®

This work focuses on developing copper or iron-
doped lead-vanadate semiconducting glasses, as
well as europium or terbium-doped gadolinium and
tungsten-based scintillating glasses for x-ray detec-
tors in various applications.

Methods

Both semiconducting and scintillating glass samples
were prepared using powdered chemicals of reagent
grade purity or higher. Semiconducting reagents and
their relative amounts are reported in Table 1 by
molar fractions. The formulas used for the semicon-
ducting glasses were xCuO—((1-x)/2)PbO—((1-x)/2)
V,0;s and xFeO—((1-x)/2)PbO—((1-x)/2)V,Os. These
compounds were combined in alumina crucibles and
manually mixed for 5 min to ensure homogeneity.
The samples were heated in a furnace at temperatures
ranging from 900 to 1000°C for 10 to 20 min. The
samples were poured on a steel plate or a graphite
mould, to be quenched at room temperature.

The compounds and their relative ratios used
for the scintillating glasses are reported in Table 2.
The formula used for the scintillating glasses was
xGd,05+yWO;+(1-x-y)2H;BO;. Rare earth com-
pounds in the form of Eu,O; and Tb,O;, were added
in excess to the glass mixtures ranging from 1 to 6
mol%. Similarly, the reagents were manually mixed
in alumina crucibles for 5 min to ensure homogeneity.
The samples were heated in a furnace for 30 min at
1200°C. The melted samples were then poured onto a

steel plate. In both cases, the crucibles were weighed
partway through melting to ensure the expected
weight loss.

The glass transition temperature (T,) was deter-
mined in two different ways. The T, of the semi-
conducting glass samples was measured using a TA
Instruments Q200 differential scanning calorimeter
(DSC), and the T, of the scintillating glass samples
was measured using a PerkinElmer simultaneous
thermal analyzer (STA) 6000. Density measurements
were performed using a Quanta Chrome micro-ultra
pycnometer 1000. A Keithly 6517B electrometer was
used for the DC resistivity values of the semicon-
ducting glasses. Gold sputtering was used to create
electrodes on either side of the sample, and an ad-
justable 1000 V power supply was used during the
resistivity measurements. The top surface of the glass
samples was first surrounded with a gold guard to
prevent interference with surface conductivity and
secured with copper tape. The bottom of the sample
was then secured with copper tape onto a brass plate.
Electrodes were then attached and the electrometer
settings were arranged to ensure isotropic behaviour
in the sample. The whole setup was electrically
shielded and monitored with an oscilloscope.

The mass attenuation coefficients were calculated
for the various glasses using data from simulations
performed with GATE software.® GATE®? is an open-
source, Monte-Carlo simulation kit designed for medi-
cal physicists, utilizing the most common open-source
particle physics simulation software GEANT4.%”
GATE provides well-validated physics models,
sophisticated geometry descriptions, and powerful
visualization and 3D rendering tools with the original
features specific to emission tomography. Studies
show accuracy finer than 2% can easily be achieved
for the passage of particles through matter.®
The simulations reported here utilized GATE’s
standard EM Physics package in all simulations.
The simulated setup consisted of a 0-01 mm sample
of the material in front of a gamma beam with a
lead block behind it. The sample had to be this thin
to achieve a measurable transmission of low-energy
electromagnetic radiation. The mass attenuation
coefficients were calculated using the Beer—-Lambert
law, I(x)=Ioe**, where I(x) is the intensity of the beam
at depth x, p is the linear attenuation coefficient,
and x is the thickness of the absorbing material. The
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Table 2. Scintillating glass bases: chemical composition (by
molar fractions) and properties

Scintillating T, Density

(c) Gd,O; WO, 2H;BO; (°C) (g/em®)  Zy
Glass c1 0-20 0-20 0-60 724 517 29-81
Glass 2 0-25 0-25 0-50 689 526 35-42
Glass ¢3 0-25 0-35 0-40 664 5-54 41-37
Glass c4 0-25 0-45 0-30 649 6-15 47-31

intensity of the beam was measured in terms of the
number of incoming photons, and I(x) is the number
of particles that passed through the x thickness of
an absorber without interacting at all. Mass attenu-
ation coefficients are energy-dependent; therefore,
the simulation was run for a range of energies from
0-01 MeV to 20 MeV. The results were compared to
the mass attenuation coefficients reported by NIST
for water.®®

The Z.; values of the glasses reported in Tables
1 and 2 were calculated using the power law for
compounds, which depends on the fraction of the
total number of electrons and the atomic number
for each element. The Z for each compound used
was calculated and then a weighted average of these
values was used to determine the Z of each glass.

Photoluminescence emission (PL) and excita-
tion (PLE) measurements were obtained using a
Jobin Yvon Horiba Fluorolog 3 spectrophotometer
equipped with a 450 W Xe lamp for excitation. A
dedicated monochromator was used to select desired
excitation wavelength from the Xe lamp source, and
another dedicated monochromator was used to se-
lect desired emission wavelength for measurement.
The number of detected photons was automatically
corrected by the instrument’s software for the back-
ground and spectral differences in excitation intensity
and detection sensitivity. Emission and excitation
spectra were acquired by scanning at the glass’s peak
excitation and emission wavelengths, respectively.
For Eu-doped glasses, excitation measurements were
set at 394 nm, and emission measurements were set
at 613 nm. For Tb-doped glasses, these values were
378 nm and 542 nm, respectively.

Raman Spectroscopy was performed only on
scintillating glasses using a JASCO NRS 3100 micro-
Raman spectrophotometer with a 785 nm laser.
Measurements were taken with a 50x magnification
lens, using two acquisitions that lasted 30 s each.

Results and discussion

As previously mentioned, the goal of this study is to
find a viable glass replacement for CZT-based x-ray
detectors. To maximize the interactions with the
x-rays the material should have a high mass den-
sity, high Z, and high mass attenuation coefficient.
These variables are all related to each other and are
used to compare the materials. Table 1 and Table 2
list the density and Z.; values for the glass samples
prepared for this work. Figure 1 demonstrates that
the density of the scintillating glasses mainly depends
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Figure 1. Density of glasses in g/cm’ organized by glass
and dopant concentration. Diamonds labelled E1-5 and E6-
11 correlate to the semiconducting glasses, whereas circles
labelled C1-Eu through C4-Tb correlate to the scintillating
glasses. Eu and Tb in the labels of scintillating glasses C1
through C4 represent the dopants within the glass samples
[Colour available online]

on the tungsten concentration and varies between
45 and 6:3 g/cm’, with slightly higher densities for
the higher Eu and Tb concentrations. The semicon-
ducting glasses have less density variation despite
the greater dopant concentration range, with values
between 5-1 and 5-4 g/cm’. Interestingly, the density
of the semiconducting glasses decreased for higher
dopant concentrations. Overall, these density values
are comparable, and in some cases superior, to the
CZT density (5-68 g/cm?).

Figure 2 shows that the scintillating glasses can
reach up to Z.=47-3 with 45% tungsten concentra-
tion and go down to Z,=30 with 20% tungsten
concentration. Similar to the density variation, the
semiconductive glasses show less variation in their
Z values. The samples with the highest lead con-
centrations reach up to Z.=48 while the lowest lead
concentrations go down to Z.=42. Especially, the

o0
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Figure 2. Zz of the glass samples organized by glass and
dopant concentration. Blue circles labelled e0—e11 correlate
to the semiconducting glasses, whereas the orange diamond
labels C1-C4 correlate to the scintillating glasses [Colour
available online]

Glass Technology: European Journal of Glass Science and Technology Part A 2023 Volume 64 Number 2 59



B.SMITH ETAL: SEMICONDUCTING AND SCINTILLATING GLASSES FOR X-RAY DETECTION

10! 4

100

10—1 4

— T
= iGZF 2
2 104
10 Glass el —— Glass c1
—— Glass c1-E4
—— Glass e2
—— Glass e3 —— Glass c1-T4
—— Glass e4
10! 4 —— Glass e5 10? 1
—— Glass e6
—— Glass e7
—— Glass e8
: —— Glass e9 100 -
1079 —— Glass el0
—— Glass ell
A —— Glass el12
10-1 4 10-1 4
T T T T T T T T
102 107! 10° 10! 102 101 10° 10!
Energy Mev Energy MeV
| — czZT , —
10 —— Glass c2-T4 10° 4 —— Glass c3-E4
—— Glass c2-T5 —— Glass c3-E5
—— Glass c2-T6 —— Glass ¢3-E6
—— Glass ¢3-T5
10! 4 10! —— Glass ¢3-T6
10° 4 10°
101 5 1071 4
102 107! 10° 10! 102 107! 10° 10!
Energy MeV Energy MeV
. — CFT
10° 3 —— Glass c4-E4
—— Glass c4-E5
—— Glass c4-T5

—— Glass c4-T6

1072 107!

10° 10!
Energy MeV
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high lead concentration semiconducting glasses and
high tungsten concentration scintillating glasses have
comparable Z values to that of CZT, which is 50.%”

The Z. value is known to have energy depend-
ency, and the power law is known to have its limita-
tions. Consequently, the mass attenuation coefficients
were also calculated. Mass attenuation coefficients,
determined by GATE simulations, are displayed in
Figure 3.

Based on our simulated data, both types of glasses

have slightly higher mass attenuation coefficients
than CZT for energies below around 20 keV, corre-
sponding to the range of molybdenum-based mam-
mography.®” However, in the 20 to 60 keV energy
range CZT mass attenuation coefficient is around two
times higher than the tested glass samples. Beyond
60 keV (0-06 MeV) energy the mass attenuation coef-
ficient values are almost the same for the glasses and
CZT; this range corresponds to high-energy x-rays
used in CT scans.®”
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Based on the density data, varying the dopant
concentrations would likely have an effect on mass
attenuation. The scintillating glasses with increased
dopant concentration and therefore increased density
likely have higher mass attenuation coefficients than
the values predicted for the base glasses. Inversely
so with the semiconducting glasses, as the density
decreased with increased dopant concentration.

The electrical conductivities of the semiconducting
glasses are reported in Figure 4, in log scale, where an
overall increase of the conductivity for higher dop-
ant concentrations was observed. More specifically,
increasing the concentration of copper increased
the conductivity of the glasses by several orders of
magnitude before mostly levelling off at 10 mol%. On
the other hand, the effects of iron concentration on
conductivity were relatively minor, with an overall
conductivity increase by about an order of magnitude
before seemingly levelling off immediately at 1 mol%.
Conductivity at 2-5 mol% anomalously dropped
below the conductivity of the base glass, while all
samples with higher dopant concentrations seem
to have conductivities consistent with the 1 mol%
sample. It's unknown at this time why this anomaly
is observed.

We propose two, non-exclusive, methods by which
the change in conductivity with the addition of the
dopants is brought about. The most obvious idea is
dopants themselves could introduce new conduction
mechanisms into the system. Transition metals in
the form of transition metal oxides were originally
chosen as dopants with this hypothesis in mind. The
change in conductivity could also be brought about
by a change in the valence state of V> to V* caused
by the addition of transition metal dopants.® Indeed,
the electrical conductivity of vanadate glasses is at-
tributed to polaron hopping from V** to V* sites.*”

The conductivity of CZT ranges from 10 to 10”
S/cm for most compositions of CZT.“*® The iron-

Table 3. Europium ion photoluminescent transitions

Type Transition Wavelength (nm)
Excitation Fo—"D, 362
Excitation Fo—°G, 382
Excitation "Fo—"Le 394
Excitation F,—°D, 414
Emission "Dy—"F, 579
Emission *Dy—"F, 591
Emission "Dy—"F, 613
Emission *Dy—"F, 652
Emission “Dy—"F, 701

doped samples fall within the range from 8-77x10~ to
8:03x107" S/cm, very close to the conductivity range of
CZT. The copper-doped samples, with the exception
of the minimally doped 1 mol% sample, fall within a
wide range from 2:15x107° to 3-96x10™° S/cm, spanning
from the upper bound of CZT conductivities and
increasing by two orders of magnitude.

The photoluminescence spectra of the scintillat-
ing glasses are shown in Figure 5. Excitation spectra
are presented on the left, while emission spectra are
presented on the right. The top graphs correspond to
the photoluminescence results from the europium-
doped glasses, and the bottom ones are from the
terbium-doped glasses.

For the europium doped samples, excitation peaks
at 362, 382, 394 and 414 nm can be attributed to the
"Fo—°D,, "Fi—°G,, "F;—°Ls and "F,—°D, transitions
of Eu’ ions, respectively, and the emission peaks at
579,591, 613, 652 and 701 nm can be attributed to the
°*Dy—="Fo, °Dy—"F;, °Dy—"F,, °Dy—"F; and °Dy—"F, tran-
sitions of Eu* ions, respectively.® For the terbium-
doped samples, the excitation peaks at 352, 370 and
378 nm can be attributed to the "Fs—°Lo, "F¢—°L,,,
and "F¢—°G¢+'D; of Tb™ ions, respectively, and the
emission peaks at 488, 544, 586 and 620 nm can be
attributed to the °D,—’F,, °D,—’Fs, °D,—’F,, °D,—’F,,
transitions of Tb* ions, respectively.’”

The europium excitation spectrum intensity is
lowest at 1 mol% concentration and steadily in-
creases intensity up to 5 mol%. At 6 mol% europium
concentration, self-quenching effects dominate and
intensity decreases appropriately. The europium
emission spectrum behaves similarly. Emission
intensity is lowest at 1 mol% and steadily increases
up to 5 mol%. At 6 mol% concentration, emission in-
tensity decreases due to self-quenching. The relative
intensity of all excitation and emission peaks remains
constant across the different dopant concentrations.

The terbium excitation spectrum intensity is lowest
at 1 mol%. At 378 nm excitation, the highest intensity
peak, all samples have similar intensity, with the 4
mol% sample being the most intense. At 370 nm ex-

Table 4. Terbium ion photoluminescent transitions

Type Transition Wavelength (nm)
Excitation "Fe—"Lo 352
Excitation Fe—"Lyo 370
Excitation "Fe—="Ge+°D, 378
Emission “D,—"F, 488
Emission *D,—"F; 544
Emission D,—F, 586
Emission *D,—'F, 620
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Figure 5. The photoluminescence excitation (a) and (c) and emission (b) and (d) spectra of the Eu- and Tb-doped scintil-

lating glasses [Colour available online]

citation, the 3, 5 and 6 mol% samples all have similar
intensity, however, this peak is more pronounced
in the 2 and 4 mol% samples. The 352 nm excitation
peak is the least pronounced, however, it is again
anomalously prominent in the 2 mol% sample. The
terbium emission spectrum intensity is lowest at
1 mol%. Emission spectrum intensity at 2, 3 and 5
mol% are all very similar. Emission spectrum inten-
sity is the highest at 4 mol%. Self-quenching effects
diminish the emission spectrum intensity at 6 mol%,
making the spectrum intensity slightly lower than the
2,3 and 5 mol% samples. The relative intensity of the
emission peaks remains constant across the different
dopant concentrations.

Conclusions

This work shows that scintillating and semiconduct-
ing glasses have the potential to be used as an active
medium for x-ray detection. With a large density
variation, from 4-5 to 6:3 g/cm’, choice of electrical
or optical readout, and easy manufacturing these
glasses have the potential to be used in a variety of
applications.

All the semiconducting glasses and the scintil-
lating glasses c1 and c2 are lacking in density when
compared to CZT. However, the mass attenuation
coefficients calculated from GATE simulations show
that these glasses are comparable with CZT. The
calculated mass attenuation coefficients predict
that these glasses should interact with x-rays more
intensely than CZT at energies lower than 20 keV,*?

and that these glasses interact with x-rays nearly the
same way for energies greater than 60 keV.*"

This investigation also shows that increasing the
dopant amount in the scintillating glass increases
density. This could lead to higher mass attenuation
coefficients and thereby even more effective detectors,
though luminescence quenching effects may have to
be considered.

Increasing the copper or iron dopant amount in the
lead vanadate glasses causes a slight decrease in the
density. This work shows that we can achieve three
orders of magnitude variation in conductivities on
these glasses, and this range can easily be extended.
The high variability of the conductivities of these
high-density glasses opens a vast range of applica-
tions areas from medical to space, to high-energy
physics experiments.

The vanadium-based semiconducting glasses can
be used in either high-energy physics or low-energy
medical physics applications. Since CZT also is a
semiconducting material, vanadium-based semicon-
ducting glasses can easily replace CZT in the same
detector systems.

In conclusion, this work showed potential for the
use of either dense borate scintillating glasses or lead
vanadate semiconducting glasses for the detection
of x-rays.
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