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Invited Article

The quest for high resolution γ-ray scintillators

Pieter Dorenbos

Delft University of Technology, Faculty of Applied Sciences, Department of Radiation Science and Technology, Section Luminescence Materials, Mekelweg 15, 2629JB,

Delft, The Netherlands

A B S T R A C T

There are many properties of scintillators that are of importance for application. One property is the energy resolution for the detection of γ-rays, and during past 20

years we witnessed enormous progress. The state of the art resolution for the detection of 662 keV γ photons was 5–6% at the end of the 20th century, and today

scintillators with 2.2% resolution are commercially available. This work will provide a review on the development of high resolution chloride, bromide, and iodide

based scintillators that occurred since the discovery of the LaCl3:Ce
3+ scintillator in 2000. Bandgap engineering and co-doping to eliminate afterglow or to improve

proportionality have become new tools in optimizing scintillator performance. At the end of the review the prospects for the development of scintillators with

resolution <2% are addressed together with new research strategies that might be required to accomplish that.

1. Introduction

The energy resolution is a key parameter of a scintillation detector,

and in this work it will be defined as the full width at half maximum

intensity of the total absorption peak of a γ-ray photon in a so-called

pulse height spectrum. Fig. 1 shows the best ever recorded pulse height

spectrum for the detection of γ-ray photons from a 137Cs-source with a

scintillation detector. It was obtained with a small Sr2+ co-doped

LaBr3:5%Ce3+ scintillator coupled to a Hamamatsu super-bialkali

photomultiplier tube [1,2]. The total absorption peak at 662 keV shows

an unpreceded energy resolution of 2.04%. Beside energy resolution,

there are many other aspects of scintillators like scintillation speed,

stopping power, production cost, timing resolution, type of application,

type of activator (Ce3+, Eu2+, Tl+, Pr3+ etc.), type of compound

(oxides, halides, sulfides), crystal dimensions, afterglow, detection

modalities (continuous mode or X-ray, γ-ray, thermal neutrons event

mode) [3]. The aspects are clearly too many to cover in a single review.

This work will limit to the quest for high resolution scintillators with a

focus on what type of compounds and activators were studied together

with the ideas and research strategies behind it.

Back in 2002, Marvin Weber presented a review on the inorganic

scintillators of ”today and tomorrow” [4], and as a tribute to his ac-

complishments in the field of luminescence and scintillation this work

will start where he ended and will borrow now and then terminology

and ideas from his review. Fig. 2 shows for example the history of

scintillator discovery up to today. A similar figure was presented by

Weber, and he distinguished three phases. Phase I is the early phase

following Röntgen's discovery of X-rays and the discovery of α-particles

beginning 1900. Scintillation light and pulses were detected with the

human eye. The invention of the photomultiplier tube (PMT) around

the 1940′ties triggered phase II. The most famous scintillator NaI:Tl+

was discovered by Hofstadter [5,6] in 1948. After 1960 industry was

able to purify the rare earths to a degree that the lanthanides became

available as luminescence center. Phase III from 1970 to 2000 covers

the period where lanthanide activated scintillators were developed and

crystal growth technology was able to synthesize high melting point

oxide single crystals. During phase III the important scintillator

Bi4Ge3O12 (BGO) was discovered by Weber and Monchamp [7] in 1973,

Gd2SiO5:Ce
3+ (GSO) by Takagi and Fukazawa [8] in 1983,

Lu2SiO5:Ce
3+ (LSO) by Melcher and Schweitzer [9] in 1992, and

LaCl3:Ce
3+ by van Loef et al. [10] in 2000.

In this work the materials and research strategies in what will be

called phase IV in scintillator research and development will be re-

viewed. Phase III then ended with the discovery of LaCl3:Ce
3+. During

phase IV mostly lanthanide (Ce3+ and Eu2+) activated halide (chloride,

bromide, iodide) compounds were developed and discovered. Also new

research strategies like bandgap engineering and co-doping were used

to improve the scintillator properties. The fundamental new insight that

has been gained during phase IV will be addressed. In discussing stra-

tegies, this work will again follow Weber who distinguished three sorts

of strategies in scintillation research; 1) the accidental discovery (ser-

endipity), 2) the Edisonian approach of trial and error (cook and look),

and 3) the rational design (enlightment). At the end of this review, some

recent developments are addressed that may develop into new lines of

research in the tomorrow phase V.

Other reviews have appeared on scintillators during phase IV.

Melcher in 2005 [11] addressed the drivers and strategies of future

scintillator development that still apply to large extend today. Krämer

et al. in 2006 reviewed the development of the Ce3+ doped halide

scintillators. Nikl and Yoshikawa [13] addressed the research trends
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covering the period 2005–2015, i.e., large part of phase IV. It covers the

development of the Ce3+ and Eu2+ doped halides, the garnet com-

pounds, aluminum perovskite compounds, and the ortho- and pyro-si-

licates. Most recently in 2019, Maddalena et al. [14] presented an ex-

tensive review addressing traditional scintillators, lanthanide activated

scintillators, scintillation mechanism and applications, and recent de-

velopments with the halide perovskite and nano-structured scintilla-

tors. Rather than updating these reviews, the focus will be in this work

entirely on the energy resolution and research strategies to develop

high resolution scintillators. Energy resolution appears to be highest for

chloride, bromide, and iodide compounds and most research activity

during phase IV went into that direction. This review will therefore

limit to the halide family of compounds. Besides halides, many other

scintillators were studied. To obtain a good overview, one may consult

the crystal data base developed and maintained by Steven Derenzo

et al. at the Lawrence Berkeley National Laboratory [15] where basic

properties like density, light yield (photons/MeV), decay time, emission

peak and energy resolution at 662 keV γ-detection together with

references can be found. Within the halide family of compounds this

review will, apart from few special cases, only address those com-

pounds and reports that show energy resolution better than 10% at

662 keV.

2. The energy resolution of scintillators

One may distinguish three main contributions to the energy re-

solution R for γ-ray detection [16–18].

= + +R R R Rstat np in
2 2 2 2

(1)

where Rstat is mainly determined by the standard deviation in the

number (Ndp) of detected photons and Rnp is due to the non-propor-

tional response of the scintillator. All the rest is contained in Rin and

includes a non-uniform response at different locations in the scintil-

lator, non-uniformities in the light collection efficiency and light con-

version efficiency in the photon detector. This contribution can be

minimized by perfect crystal synthesis, perfect packaging technology

and excellent photon detector properties. Rstat is a fundamental char-

acteristic of the scintillator with photon detector, and determined by

Poisson statistics

=
+

R
v M

N
2.36

1 ( )
stat

dp (2)

where v M( ) is a contribution from the variance in the electron multi-

plication in e.g. the PMT or avalanche photodiode (APD). Clearly we

need a high light output scintillator emitting at wavelengths where the

quantum efficiency (QE) of the photon detector is maximal. The fun-

damental limit in Ndp at 662 keV can be expressed as

= ×
≈

N QE
E

662000

2.5
dp

VC (3)

where EVC the energy difference between the valence band (VB) top of

conduction band (CB) bottom. The value of ≈2.5 arises from mo-

mentum conservation in the electron-electron interactions [19].

The best energy resolution of 2% measured for Sr2+ co-doped

LaBr3:5% Ce3+ in Fig. 1 was obtained with a superbialkali photo-

multiplier tube detecting Ndp =24300 photons at 662 keV. With

≈v M( ) 0.27 [2], Eq. (2) then predicts a fundamental statistical limit of

1.7%.

Even when =R 0in , the statistical limit is never reached because of

the so-called non-proportional response which means that the light

yield of the scintillator is not proportional to the energy of the electrons

that creates (parts of) the ionization track [17,18]. This is shown for

several scintillators in Fig. 3 as determined by monochromatic X-ray

excitation [1,20–22]. Here the scintillator response in ph/MeV as

function of X-ray energy is shown relative to that at 662 keV. Only for

the ideal response, Rnp will not contribute. NaI:Tl shows a strong po-

sitive deviation in the 10–100 keV region and LSO a strong negative

deviation. The relatively poor resolution of 6–8% displayed by tradi-

tional scintillators like NaI:Tl+, CsI:Tl+, BGO, Lu2SiO5:Ce
3+ from

phase II and III is all caused by such poor proportionality [17,23]. The

LaBr3:Ce
3+ scintillator discovered in 2001 by van Loef et al. [24] dis-

plays at least two times better resolution of 2.8%, and Fig. 3 shows a

response that is much closer to the ideal one. A small addition of

50 ppm Sr2+ dramatically improves the proportionality towards the

ideal response with as consequence the unprecedented energy resolu-

tion of 2.04% in Fig. 1.

Since Rnp appears a limiting factor, many research activities started

around 2007 to gain better insight in the theory and processes re-

sponsible for non-proportionality, see e.g. Refs. [25–31]. Also many

experimental studies were conducted to quantify the non-proportion-

ality as function of electron energy [20–22,32], temperature [33–36],

time [37,38], and co-dopant concentration [39,40]. The results of all

this work is the realization (enlightment) that non-proportionality is

Fig. 1. The 137Cs pulse height spectrum recorded with a Sr2+ co-doped

LaBr3:Ce
3+ scintillator by Alekhin et al. in Refs. [1,2].

Fig. 2. History of scintillator discovery that distinguishes phases I to IV and

phase V for future discoveries.
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determined by many different mechanisms of radiation less re-

combination of free electrons with holes (quenching) that take place

inside the ionization track on a ps time and nm length scale. Those

quenching processes depend not only on ionization density and tem-

perature, but also on defect concentration.

3. Phase IV in scintillation research

Phase 4 witnessed several discoveries that initiated 3 main lines of

research as illustrated in Fig. 4. 1) The research on Ce3+ activated

halides (curve a) increasing from 2000 and diminishing around 2014

with a reviving line of research (curve d) on Ce3+ activated Tl-based

halides that started in 2015; 2) the research on Eu2+ activated halides

(curve b) starting from 2008; and 3) the research on co-doped scintil-

lators (curve c) containing an activator for the luminescence and a co-

dopant to either improve properties or to add functionality increasing

from 2012.

3.1. The Ce3+ activated halides

In Table 1 the energy resolution at 662 keV γ detection and the

photon yield at that energy in photons per MeV absorbed γ photon

energy (ph/MeV) for Ce3+ activated scintillators are listed in order of

the year of first report. In the year 2000 and 2001, Technical University

Delft together with Bern University discovered the scintillation prop-

erties of Ce3+ activated LaCl3 and LaBr3 [10,24]. The outstanding en-

ergy resolution of 2.8% for the detection of 662 keV gamma quanta

together with 35 ns decay time for LaBr3:Ce
3+ in the initial report was a

leap forward in scintillator resolution performance. Also the release of

research funds after the 2001, 9–11 terrorist attack on the Twin Towers

in New York triggered much scintillation research activity in the Ce3+

doped halide family of compounds (chlorides, bromides, iodides), and

many Ce3+ activated halide scintillators were studied since [15].

Considering the importance of the LaBr3:Ce
3+ scintillator some

personal words will be spend on how that invention came to be. In

1992, H.U. Güdel and K. W. Krämer from Bern University (Switzerland)

kindly provided C.W.E. van Eijk and P. Dorenbos from Delft University

(The Netherlands) with Tb3+ doped Cs2LiYCl6 and Ce3+ doped K2LaCl5
from their collection. K2LaCl5:Ce

3+ appeared to be a very good scin-

tillator and this started a long standing and still active collaboration in

Fig. 3. The non-proportionality curves for various scintillators as function of X-

ray energy.

Fig. 4. Main lines of research during phase IV of scintillator discovery. a) The

research on Ce3+ activated halide compounds inspired by the discovery of

LaBr3:Ce
3+, b) the research on Eu2+ doped halide compounds initiated by the

re-discovery of SrI2;Eu
2+, c) the increased research on co-doped scintillators

stimulated by discovery of Sr2+ co-doped LaBr3:Ce
3+, d) the research on Ce3+

activated Tl-based compounds initiated by Tl2LiGdCl6.

Table 1

Yield (ph/MeV) and resolution R (%) for Ce3+ doped halide compounds.

Reference to the first report and the reports with best resolution (<10%) or light

yield (photons/MeV) are given.

compound year R yield Ref.

K2LaCl5 1995 5.1 29000 [41,42,115]

RbGd2Br7 1997 3.8 54000 [116]

Cs2LiYCl6 1999 4.5 22000 [46,47,50]

LuBr3 1999 6 32000 [43,117]

LuCl3 1999 11.4 5400 [43,117]

LaCl3 1999 3.1 46000 [10,43]

LaBr3 2001 2.8 61000 [24]

GdBr3 2001 >10 44000 [118]

Cs2LiYBr6 2002 7 23600 [47,119]

LuI3 2004 3.3 98000 [45,120,121]

K2LaI5 2005 4.5 55000 [115]

K2LaBr5 2005 5 40000 [115]

Cs2LiLuCl6 2005 – 7000 [122]

Cs2NaLaBr6 2006 3.9 46000 [123,124]

PrBr3 2006 6.9 21000 [125]

Cs2NaLuBr6 2006 5.8 10500 [123]

Cs2NaYBr6 2006 6.3 9500 [123]

Cs3LaBr6 2007 4.9 32500 [124,126,127]

Cs3Lu2I9 2007 9 22800 [126]

Rb2LiYBr6 2007 4.7 23000 [128]

YI3 2008 9.3 99000 [129]

Rb2LiLaBr6 2008 4.8 33000 [48]

GdI3 2008 4.7 44000 [129,130]

SrI2:Ce; Na 2008 6.4 16000 [60]

Rb2LiYBr6 2008 4.7 23000 [48]]

BaBr2:Ce; K 2008 9.8 10300 [58]

NaGdCl4 2009 n.r. 39400 [131]

LiGdCl4 2009 n.r. 64600 [131]

Cs2LiGdCl6 2009 5 20000 [132]

Cs2LiLaCl6 2009 3.4 35000 [49,50]]

Cs2LiGdCl6 2010 5 20000 [133]

Cs2LiLaBr6 2011 2.9 60000 [50]

CsGd2Cl7 2011 n.r. 38000 [134]

KGd2Cl7 2011 10 30000 [135]

Rb2LiGdCl6 2013 6.8 18500 [136]

Cs2NaGdBr6 2013 3.3 48000 [137,138]

Cs2NaLaCl6 2014 4.4 26400 [124]

Cs2NaLaBr3I3 2014 2.9 58000 [139]

Cs2NaGdCl6 2014 4 27000 [138,140]

Cs2NaYBr3I3 2014 3.3 43000 [139]

Cs3LaCl6 2014 8.6 16000 [124,127]

Cs3GdCl6 2014 4.5 24500 [138]

Cs3GdBr6 2014 4 47000 [138]

Cs2LiGdBr6 2014 7.1 30500 [142]
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scintillator research and development between Delft and Bern

University. Serendipity led to the discovery of K2LaCl5:Ce
3+ published

in 1995 [41,42] with 5.1% energy resolution at 662 keV and 29000 ph/

MeV. This raised our interest in Ce3+ doped halides, and the scintilla-

tion properties of Ce-doped LuCl3, LuBr3, and LaCl3 compositions (cook

and look) were first reported by us in 1999 [43]. With 0.56% Ce3+, the

properties of LaCl3 were not yet that extraordinary. Inspired by the

similarity in scintillation mechanism (enlightment) between LaCl3:0.56%

Ce3+ and K2LaCl5:Ce
3+ [42] it was decided to synthesize LaCl3 with

higher Ce3+ concentration. One year later in 2000 van Loef et al. re-

ported the 3.1% energy resolution and 46000 ph/MeV for LaCl3:10%

Ce3+ [10]. A resolution almost twice better than commercial scintil-

lators at that time. All Ce3+ doped REX3 (RE=La, Ce, Gd, Y, Lu and

X=Cl, Br, I) were studied in the years to follow (cook and look). Al-

ready our first study on LaBr3:0.5% Ce demonstrated the excellent

scintillation performance with 2.8% resolution and 61000 ph/MeV

[24]. First studies on iodides were presented by the Delft-Bern team in

2005 for LaI3:Ce
3+ [44] and LuI3:Ce

3+ [45].

Serendipity also led to the discovery of the thermal neutron scin-

tillation properties of Ce3+ doped Cs2LiYCl6 (CLYC) from the elpasolite

family by the Delft-Bern team in 1999 [46]. By replacing Cs by Rb,

replacing Y by La, Gd, or Lu, and replacing Cl by Br or I other com-

positions can be made and many of them were tried (cook and look).

Cs2LiYBr6 was first reported by Bessiere et al. [47] in 2004, Rb2LiYBr6
and five other elpasolites by Birowosuto et al. [48] in 2008. Other la-

boratories also entered the field and Cs2LiLaCl6 in 2009 and Cs2LiLaBr6
in 2011 were reported by Glodo et al. [49,50]. Within the elpasolite

family, Ce3+ doped Cs2LiYCl6 (CLYC) and Cs2LiLaBr6 (CLLB) where

developed and commercialized as thermal neutron scintillator. A re-

view on thermal neutron scintillators was made by van Eijk in 2012

[51].

Eighteen years after its discovery, LaBr3:Ce
3+ still appears the best

scintillator in terms of energy resolution. Only Cs2NaLaBr3I3 and

Cs2LiLaBr6 with 2.9% approach LaBr3. It seems that with LaBr3:Ce
3+

the best halide was found, and research activities in this field are de-

clining. Yet there appears a small revival with Ce3+ doped Tl-based

compounds, see Table 2. Kim and co-workers were the first to explore

Ce3+ scintillation in the Tl-based compound Tl2LiGdCl6 [52,53] in

2015 and found quite good properties. Tl+ is about 10% smaller than

Cs+, and the Cs-based compounds of Table 1 can also be synthesized as

Tl-based compounds. Many Tl-based compounds were studied soon

after 2015 (cook and look). The best one Tl2LaCl5:Ce
3+ shows 3.4%

resolution and 76000 ph/MeV [54].

3.2. The Eu2+ activated halides

The first Eu2+ doped halide scintillator was LiI for thermal neutron

detection discovered by Schenck in 1953 [55] followed later by CaI2
reported by Hofstadter et al. [56] in 1964 and SrI2 patented by Hof-

stadter in 1968 [57]. Thereafter, the research on Eu2+ doped scintil-

lators more or less stopped. It started again in 2008 with Eu2+ doped

BaCl2 and BaBr2 reported by Selling et al. [58] and SrI2 and BaI2 re-

ported by Cherepy and co-workers [59,60]. The rediscovery of

SrI2:Eu
2+ with 2.8% energy resolution and about 100000 photons/MeV

triggered, just like LaBr3:Ce
3+ before, a wide research activity but now

into Eu2+ activated halide compounds. Table 3 compiles the main re-

sults obtained since.

Eu2+ has different valence than Ce3+ and almost all studies deal

with compounds where Eu2+ is on a divalent lattice site. For Eu2+ on a

trivalent site the 5d-level is usually located inside the conduction band

preventing any 5d-4f emission, and for Eu2+ on a monovalent site a

charge compensator is needed. Experience teaches that this introduces

charge carrier traps and loss of scintillation performance. For the same

reasons, most studied compounds for Ce3+ in Table 1 pertain to Ce on

trivalent lattice sites.

Inspecting the Eu2+ doped compounds in Table 3 they generally

display higher light yields than the Ce3+ doped ones and several of

them, like KSr2I5, CsBa2I5, and KCa0.8Sr0.2I3:Eu
2+ even surpass

LaBr3:Ce
3+ in terms of energy resolution. All of these are iodide com-

pounds, and the best so far is CsBa2I5 discovered by Bourret-Courchesne

Table 2

Yield (ph/MeV) and resolution R (%) for Tl-based compounds. Reference to the

first report and the reports with best resolution (<10%) or light yield (photons/

MeV) are given.

compound year R yield Ref.

Tl2LiGdCl6:Ce 2015 4.6 58000 [52]

Tl2LiYCl6:Ce 2016 4 25000 [143–145]

Tl2LiGdBr6:Ce 2016 17 17400 [145]

Tl2LaBr5:Ce 2017 5 43000 [146]

Tl2LaCl5:Ce 2017 3.4 70000 [54,147]

Tl2LiLuCl6:Ce 2017 5.6 27000 [151]

TlMgCl3:undoped 2017 3.7 30600 [148]

TlCaCl3:undoped 2017 5 30600 [149]

Tl2Sr2Br5:undoped 2017 4.6 37600 [150]

TlCaI3:undoped 2017 6.2 42200 [148]

Tl2GdCl5:Ce 2018 5 53000 [152]

TlSr2I5:Eu 2018 4.2 70000 [153]

Tl2ZrCl6:undoped 2018 4.3 47000 [74,75]

Table 3

Yield (ph/MeV) and resolution R (%) for Eu2+ doped halide compounds.

Reference to the first report and the reports with best resolution (<10%) or light

yield (photons/MeV) are given.

compound year R yield Ref.

LiI 1953 7.5 15000 [55,63]

CaI2 1964 5.2 90000 [154]

SrI2 1968 2.6 90000 [57,59,60,65]

BaCl2 2008 3.5 52000 [58,155]

BaBr2 2008 6 49750 [58,156]

BaI2 2008 5.6 38000 [59,156]

CsBa2I5 2009 2.3 97000 [61,62,157]

BaBrI 2010 3.4 91000 [157,158]

CaBa2Br5 2011 n.r. 92000 [159]

CsSrI3 2011 3.9 73000 [160,161]

CsCaI3 2012 8 38500 [161]

CsCaCl3 2012 8.9 18000 [161]

BaClBr 2012 3.55 52000 [162]

BaFI 2012 8.5 55000 [162]

BaClI 2012 9 54000 [162]]

CaBr2 2013 8.9 36000 [163]]

CsCaBr3 2013 9.3 28000 [164]

KCaI3 2015 3 72000 [165,166]

KSr2I5 2015 2.4 94000 [167]

KSr2Br5 2015 3.5 75000 [168]

KBa2I5 2016 2.4 90000 [169]

K2BaI4 2016 2.9 63000 [169]

CsSrBr3 2016 4.9 40200 [170]

KCa0.8Sr0.2I3 2016 2.8 73000 [171,172]

LiCa2I5 2016 5.6 90000 [173]

LiSr2I5 2016 3.5 60000 [173]

LiSr2Br5 2016 6.1 32000 [173]

CsCaI0.2Br0.2:Eu
2+ 2017 5.2 40000 [174]

RbSr2Br5 2017 4 64700 [175]

RbSr2I5 2017 3 90400 [175]

LiSrI3 2017 5.2 35000 [176]

Cs3KCaI6 2018 3.9 62000 [177]

Cs4CaI6 2018 3.6 51800 [177,178]

Cs3RbCaI6 2018 4.5 38000 [177]

Cs4SrI6 2018 3.3 62300 [177,178]

Cs3RbSrI6 2018 5.1 31000 [177]

Cs3KSrI6 2018 5 29000 [177]

Cs3.5Rb0.5SrI6 2018 3.3 75000 [177]

CsSrBrI2 2019 3.4 65300 [179]

CsSrClBr2 2019 3.6 35100 [179]

CsCaBaI2 2019 3.9 51800 [179]

CsSrBr3 2014 9 31300 [180]
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et al. [61] with 2.3% energy resolution and 93000 photons/MeV re-

ported for a small sample by Alekhin et al. [62]. Unfortunately, the

properties of Eu2+ doped compounds worsen quite significantly when

large crystals are synthesized. This was already noted for LiI:Eu2+ by

Syntfeld et al. in 2005 [63], and Glodo et al. [64] in 2010 found for SrI2
a lengthening of the scintillation decay time with Eu2+ concentration

and the volume of the scintillator. Large 6 cm sized crystals of SrI2:Eu

can be grown as shown by Boatner et al. [65] but at the expense of

energy resolution; a 26 cm3 sized crystal displayed 3.8% resolution. The

resolution degradation and decay time lengthening was attributed to

radiation trapping or self-absorption. The emission of Eu2+ is re-ab-

sorbed by another Eu2+, re-emitted again etc., and in the process it may

get lost by radiation less decay, or at defects, or at the crystal-reflector

interface [66,67]. By crystal growth technology defect concentrations

can be reduced, and today 1” diameter and 1” tall scintillators are

commercially available with resolution down to 2.9%. Although not as

good as LaBr3:Ce, SrI2 has the advantage that it is free from intrinsic

radioactivity.

Fig. 5 shows typical 4f and 5d level energies for Eu2+ and Ce3+.

After optical absorption to the 5d level, the 5d level lowers in energy

with respect to the ground state due to lattice relaxation. The energy

difference is the Stokes shift S∆ . In the case of Eu2+, the 5d-4f emission

is always from the lowest 5d excited state to the 8S7/2 4f ground state,

and the 5d-4f emission appears as a single band with width (FWHM) of

the same order as the size of the Stokes shift. This means that the short

wavelength side of the Eu2+ emission can be re-absorbed by another

Eu2+. In the case of Ce3+, the 5d-4f emission appears as a doublet band

due to transitions to the 2F5/2 ground state and the 2F7/2 state at

2200 cm−1 (0.27 eV) higher energy. Only the emission to the ground

state has significant probability to be reabsorbed by another Ce3+. After

absorption, Ce3+ again gives doublet emission. Effectively this means

that the 2F5/2 emission is partly converted into 2F7/2 emission. After

several re-emission cycles, only 5d-2F7/2 emission is left and self-ab-

sorption stops. Furthermore, Ce3+ emission tends to have 50% larger

Stokes shift than Eu2+ emission [68] which further helps in reducing

self-absorption. LaCl3 and LaBr3 are very special because the Stokes

shift of Ce3+ emission is almost 1 eV and self-absorption is not an issue

even for 3” large crystals with 100% Ce3+ concentration as in CeBr3.

The search for Eu2+ doped halide scintillators still continues, but

one may wonder whether much improvements can still be expected.

The self-absorption in Eu2+ will remain a fundamental issue. Although

for small samples, compounds with better energy resolution than that of

SrI2 were found, it remains to be seen whether it will still apply for large

crystals, and in that respects LaBr3:Ce
3+ is still the best. In order to pass

the 2% energy resolution target, other research strategies may be

needed.

3.3. Other dopants and intrinsic scintillators

Phase IV also witnessed research activities with other dopants than

Ce3+ or Eu2+. The 5d-4f scintillation of Yb2+ was studied in SrI2 and

CsBa2I5 and resolution down to 4.3% was demonstrated, see Table 4.

Pr3+ was introduced as activator in LaBr3 by Glodo et al. [69] showing

several 4f-4f line emissions between 490 nm and 750 nm. It is one of the

first red emitting scintillators that show good resolution of 3.2% but the

scintillation decay of about 10 μs is rather slow. Although not a halide,

Pr3+ activated Lu3Al5O12 reported in 2006 by Ogino et al. [70] is also

listed in Table 4. Here, the fast 20 ns 5d-4f emission of Pr3+ provides

the main scintillation decay component. A resolution of 4.6% with

19000 ph/MeV was reported by Drozdowski et al. in 2008 [71]. By

making solid solutions with yttrium, the properties were further im-

proved to 4.4% resolution and 33000 ph/MeV.

Table 4 and also Table 2 lists various undoped compounds. The Ce-

based halides might as well be considered as the isostructural La-based

halides with 100% Ce3+ doping, and properties appear so far always

less than that of the Ce3+ doped analogues in Table 1. CeBr3 can for

example be considered as LaBr3:100% Ce3+ and was first studied by

Shah et al. [72] in 2005. In 2015 the γ-ray scintillation properties of

undoped Cs2HfCl6 were first reported by Burger et al. [73]. It shows

excellent energy resolution of 3.3%. The related compounds Tl2ZrCl6
[74,75] and Cs2HfI6 also demonstrates good scintillation properties

[76,77].

3.4. Co-doped scintillators

The main dopant in impurity activated scintillators is always the

carrier recombination or luminescence center. With co-dopants we

generally mean additional dopants that are not active as luminescence

center but have otherwise a positive effect on the scintillator properties.

One may distinguish several functions; 1) co-doping to improve crystal

growth yield and crystal properties, 2) co-doping to reduce afterglow,

3) co-doping as a charge compensator, 4) co-doping to affect the scin-

tillation mechanism, 5) co-doping to affect the scintillation decay (to

introduce e.g. particle discrimination modalities). Various references to

Fig. 5. The Ce3+, Eu2+, and Sm2+ level energies typical for in an iodide

compound. In each case optical absorption starts from the 4f ground state and

emission starts from the lowest 5d-state. Typical values of 0.3 eV, 0.2 eV, and

0.2 eV for the Stokes shift of Ce3+, Eu2+, and Sm2+ were used. There are one,

two, and seven final states in emission for Eu, Ce, and Sm, respectively.

Table 4

Yield (ph/MeV) and resolution R (%) for other activators than Ce and Eu.

Reference to the first report and the reports with best resolution (<10%) or light

yield (photons/MeV) are given.

Compound year R yield Ref.

LaBr3:Pr
3+ 2005 3.2 60000 [69]

CeBr3 2005 3.6 60000 [72,181]

Lu3Al5O12:Pr
3+ 2006 4.6 19000 [70,71]

BaBr2 2007 5.4 19300 [182]

K2CeCl5 2007 5.8 30000 [183]

K2CeBr5 2008 6.3 50000 [184]

CsCe2Cl7 2008 5.5 28000 [185]

Cs2NaCeCl6 2009 8.3 20000 [186]

Rb2CeBr5 2009 6.9 34000 [187]

Cs2LiCeCl6 2010 5.5 22000 [188]

Cs2NaCeBr6 2010 6.7 25000 [189]

Rb2LiCeBr6 2010 6.3 33000 [190]

Cs3CeCl6 2011 8.4 19000 [191]

(Lu0.75Y0.25)3Al5O12:Pr
3+ 2012 4.4 33000 [192,193]

Rb2LiCeCl6 2012 7.9 23000 [194]

SrI2:Yb
2+ 2013 4.35 56000 [195]

CsBa2I5:Yb
2+ 2013 5.7 54000 [195]

Cs2HfCl6 2015 3.3 54000 [73,196]

CsCe2Br7 2015 7 35500 [197]

Tl2ZrCl6 2018 4.3 47000 [74,75]

Cs2HfI6 2018 4.2 64000 [76,77]
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where and how co-dopants have been used in scintillators can be found

in Refs. [78,79]. Here we will concentrate on co-dopants that affect

energy resolution and light yield studied during phase IV.

Harrison et al. [80,81] applied aliovalent co-doping to strengthen

CeBr3 and to improve ingot yields. Slight changes in emission and in-

crease in fracture toughness were observed. Industry used similar

method for LaBr3:Ce
3+, and Yang et al. [82] reported in 2012 that the

scintillation properties of 6 cm diameter LaBr3:Ce crystals can be im-

proved by Sr2+ or Ba2+ co-doping. The resolution improved from 3.7%

to 3.0% and the scintillator showed particularly below 100 keV a better

proportionality. This finding went parallel to the realization in

2011–2012 that non-proportionality is a property of a compound that

can be altered by dopants. The 2% energy resolution of small sized

LaBr3:Ce
3+;Sr2+ shown in Fig. 3 was a result of such enlightment. That

only 50 ppm of optically inactive Sr2+ or Ca2+ co-doping can have such

significant improvement on the proportionality curve as shown in Fig. 3

was one of the main triggers to increase research initiatives on co-doped

scintillators following 2012. Soon it was found that the same co-do-

pants improve the resolution of the 70 years old scintillator NaI:Tl+ to

5.3% [83].

There were other triggers for co-doping studies. Ca2+- as a co-

doping in Lu2SiO5:Ce
3+ was first introduced as a means to suppress the

afterglow [78,84] but has also a positive effect on the scintillation

speed and light yield. Blahuta et al. [85] performed more detailed

studies into this phenomenon and showed in 2013 that Ca2+ co-doping

increases the Ce4+ concentration in the materials. Instead of first cap-

ture of a hole by Ce3+ followed by electron capture and 5d-4f emission,

a more rapid recombination route of scintillation is introduced. In the

presence of Ce4+ just the capture of a free electron already causes the

scintillation. The hole can be captured at a later stage by another Ce3+

to convert that one into Ce4+. The original Ce3+/Ce4+ ratio is then

restored. Note that here two different Ce atoms are involved in the

scintillation. Although, similar phenomenon was observed already in

1992 for the cathode luminescence of Ca2+ co-doped Y3Al5O12:Ce
3+

[86], the phenomenon for the scintillator Lu2SiO5:Ce
3+ created en-

lightment and a new research tool to optimize other Ce-doped scintil-

lators. It was applied to garnet scintillators like Lu3Al5O12:Ce
3+ and

Gd3Al2Ga3O12:Ce
3+ where Mg2+ co-doping gives significant improve-

ment in the light yield [87,88] or response time [89] due to Ce4+

formation.

The development of the Ce3+ and Pr3+ activated Lu3Al5O12 derived

scintillators illustrates nicely how performance can be improved by

band gap engineering and co-doping strategies. Nikl et al. [90] in their

review paper of 2013 describe the discovery and development of

bandgap engineering for multicomponent (Gd,Lu)3(Ga,Al)5O12:Ce
3+

scintillators. The admixture of Ga3+ and Gd3+ leads to conduction

band engineering, and otherwise present afterglow can be replaced for

prompt scintillation. Table 4 shows that the light yield of

Lu3Al5O12:Pr
3+ is increased from 19000 to 33000 with resolution im-

provement from 4.6% to 4.4% by forming a solid solution with

Y3Al5O12:Pr
3+. Foster et al. [91] showed in 2018 that resolution even

further improves to 4.1% with Li+ co-doping. The precise role of Li+ is

not clear yet. It appears not to affect the proportionality, and resolution

improvement must be caused by the other terms of Eq. (1).

Co-coping can also benefit Eu2+ activated scintillators as demon-

strated for KCaI3:Eu
2+ [92] and SrI2:Eu

2+ [93] where Zr4+ co-doping

improves resolution. Ca2+ improves the energy resolution of NaI:-

Tl+;Eu2+ as demonstrated by Khodyuk et al. [94]. Note, that in this

compound the emission is from Eu2+. Tl+ is not acting as luminescence

center but it seems to act as the electron-hole capture center with

subsequent energy transfer to Eu2+.

Above results and Table 5 demonstrate that scintillator resolution

can often be improved by means of suitable co-dopants, and expectedly

this line of research will remain active for each scintillator that has not

reached its fundamental limit of resolution dictated by Rstat in Eq. (1).

4. Below 2% energy resolution; phase V in scintillator research

In the 2018 prospect paper of Dujardin et al. [3] on the needs,

trends, and advances in inorganic scintillators several challenges were

formulated: 1) Energy resolution of 2–3% for energy discrimination in

nuclear security and spectroscopy, 2) sub 100 ps timing resolution for

next generation PET scanners in medical imaging and particle physics

experiments, 3) high γ detection efficiency which means high density

and high effective atomic number, and this all together with 4) low cost

production techniques.

Since this review focusses on the first challenge one may ask what is

the ultimate resolution achievable and what research strategies may

lead to such scintillator? In the 2006 review paper of Krämer et al. [12]

it was already predicted that the ultimate energy resolution for Ce3+

doped compounds will be below 2%. It seems that seven years later

with LaBr3:Ce
3+,Sr2+ we have more or less reached that fundamental

limit. The high light output, the total absence of self-absorption, and the

engineered very good proportionality has led to 2% energy resolution

for small sized scintillators. Industry managed to synthesize large

LaBr3:Ce
3+;Sr2+ scintillators maintaining excellent energy resolution

of 2.2%.

A first requirement to go below 2% is to have scintillators with ideal

proportionality. Phase IV taught us that the nonproportionality can to

some or even large extend be engineered by co-doping. It also taught us

that iodides generally show very good proportionality. A second re-

quirement is to have scintillators with a high photon yield, and then a

small band gap, as expressed by Eq. (3), is crucial. Small band gap io-

dides that combine excellent proportionality with high light output

have then highest potential. Indeed Tables 1 and 3 demonstrate that the

highest light yield and best resolution scintillators are almost all iodide

compounds. Particularly CsBa2I5:Eu
2+ with 2.3% and 97000 ph/MeV

seems very promising. With such light yield and using the best PMT

with v M( )=0.2 and QE=40%, Eq. (3) and Eq. (2) predict an ultimate

resolution of R= Rstat =1.6%. Apparently there is still room to go

below 2%, and possibly with suitable co-dopants further progress can

be made. However, the aspect of self-absorption of Eu2+ emission will

remain an issue the moment large crystals are synthesized.

The energy resolutions listed in the various tables are all obtained

with a photomultiplier tube which is not the most sensitive photon

detector. The number of detected photons can be increased and there-

with Rstat decreased with Si-based photodetectors. Avalanche photo-

diodes (APDs) can reach 80–100% quantum efficiency. In theory with

twice higher QE, Rstat will be reduced by a factor of 1.4 which would

imply an ultimate resolution near 1.2% for CsBa2I5. Of course this can

only be reached when the noise contribution from the photon detector

is negligible, when proportionality is ideal, and when crystal quality

and light collection efficiency is perfect. To approach such limit we

need to avoid the Eu2+ self-absorption problem and to use an activator

that emits in the red to infra-red in order to exploit the high QE of Si-

based photon detectors. In other words we need other research

Table 5

Yield (ph/MeV) and resolution R (%) for scintillators with co-doping. Reference

to the first report and the reports with best resolution (<10%) or light yield

(photons/MeV) are given.

Compound year R yield Ref.

NaI:Tl+;Eu2+;Ca2+ 2010 4.9 52000 [94,198]

LaBr3:Ce
3+;Sr2+ 2012 2 78000 [1,82]

Lu1.8Y0.2SiO5:Ce
3+;Ca2+/Mg2+ 2013 8.4 34000 [85]

Lu3Al5O12:Ce
3+:Mg2+ 2014 n.r. 21900 [87,88]

CeBr3:Sr
2+ 2014 3 55000 [199,200]

NaI:Tl+;Ca2+/Sr2+ 2015 5.3 30000 [83]

KCaI3:Eu
2+;Zr4+ 2018 2.7 72000 [92]

(Lu0.75Y0.25)3Al5O.:Pr
3+;Li+ 2018 4.1 25000 [91]

SrI2:Eu
2+;Zr4+ 2019 2.5 95000 [93]
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strategies in phase V.

4.1. Small bandgap near infra-red emitting scintillators

NaI:Tl+ is like CsI:Tl+ so popular because it can be produced at low

cost, but light yield, resolution, and proportionality for both com-

pounds are far from optimal. Many efforts were put in improving NaI:Tl

scintillators by co-doping. By adding Li+, the materials becomes

thermal neutron sensitive which has led to a new industrial product for

dual γ neutron spectroscopy. Khodyuk et al. [94] used a combinatorial

search and found that NaI:Tl+;Eu2+;Ca2+ has improved properties. A

resolution of 4.9% with 52000 photons/MeV scintillation yield was

obtained. The addition of Eu2+ replaces the broad band Tl+ emission

near 415 nm by the more narrow band Eu2+ emission near 460 nm. It

seems that the role of Tl+ is the capture of the charge carriers from the

ionization track and to transfer the excitation energy to Eu2+. Eu2+ is

then the luminescence center. This is a first example that one activator

is used to capture the carriers and another for the scintillation. However

with Eu2+ one still has to deal with self-absorption issues.

The Delft-Bern team recently followed an approach to convert blue

Eu2+ scintillating halides into an infrared emitting scintillator. For that

purpose Sm2+ is used, and the typical Sm2+ level scheme is shown in

Fig. 5. The 5d-4f emission of Sm2+ is always at 1.20 eV lower energy

than the Eu2+ emission [95]. The idea is that Eu2+ still acts as a center

to efficiently capture the free charge carriers from the ionization track,

but that it will transfer its excitation energy to the co-dopant Sm2+

which will then emit in the infrared. This idea was first tested for Sm2+

co-doped SrI2:Eu
2+ [96]. With proper doping concentration, the Eu2+

emission is fully converted into infrared 750 nm Sm2+ emission. The

emission from Sm2+ is much less self-absorbed than that of Eu2+ be-

cause 1) its concentration can be kept small, 2) the absorption strength

to the lowest 4f55d level is relatively weak, 3) the emission can be from

transitions to several 7FJ=0,1,2,3,4,5,6 final states as illustrated in Fig. 5.

Like with Ce3+, the re-emission effectively causes a red shift and self-

absorption will automatically stop. Although the principle works, the

energy resolution was disappointing. Another attempt with Sm2+. co-

doped CsBa2I5:Eu
2+ was much more successful [97]. With APD and Si-

PM readout, energy resolutions of 3.2% and 5.4% were obtained as

shown in Fig. 6. This first result is very encouraging and it may initiate

a new strategy in scintillation research.

4.2. Perovskite scintillators

Scintillation properties of organic-inorganic methylamonium (MA)

lead halide perovskites under proton irradiation were first reported by

Shibuya et al. in 2002 [98] and the first γ-ray pulse height spectrum,

although still with poor energy resolution, was reported on

(C6H5(CH2)2NH3)2PbBr4 by van Eijk et al. in 2008 [99]. Four years later

the same family of materials becomes a hot topic for solar cell appli-

cations. In the family of Pb-perovskite halides, the life time of free

charge carriers (electrons and holes) is very long enabling solar energy

harvesting with 15% efficiency as demonstrated in 2012 by Lee et al.

[100]. The same long carrier lifetime can also be utilized for solid state

semi-conductor scintillation detection. By applying an electric field, the

charge carriers are separated efficiently, and Wei et al. first demon-

strated the detecting capability of continuous wave X-rays [101]. One

year later the first 662 keV γ-ray pulse height spectrum with 6.5% re-

solution was presented [102] for CH3NH3PbBr3 diluted with 6% Cl−.

Crystals can be produced with wet chemistry from solution at room

temperatures and at low cost. Because of the small band gap of 2.5–3 eV

(verify) about 150000 electron hole pairs are created per MeV, and

when this can be converted into photons in theory scintillators with

<R 1%stat are possible.

Birowosuto at al. [103] studied the scintillation properties of 3-D

and 2-D layered perovskites under X-ray excitation. MAPbBr3 emits at

550 nm and MAPBI3 at 750 nm which is attributed to exciton emission

near the band gap of the compounds. In this first generation of Pb-

halide perovskites the emission is strongly quenched at room tem-

perature and less than 1000 ph/MeV survive. At 10 K however intense

emission is observed and [103] write about yields up to 200000 ph/

MeV. The quenching is attributed to the small e-h binding energy in the

exciton that decreases for Cl to Br to I [104]. Interestingly one may

replace the organic MA group with Cs+ to obtain full inorganic CsPbX3

halide perovskites. Depending on the Cl, Br, I content the triplet X-ray

excited exciton emission can be tuned from 430 nm to 700 nm

[105,106]. One may also dilute Cs with Rb to obtain similar tuning

[107]. Above very recent developments demonstrate that the organic-

inorganic and all inorganic Pb-halide perovskites have various inter-

esting properties that may lead to an important phase V scintillator

research initiative. The small band gap and expectedly good pro-

portionality of especially the iodides with emission in the infrared then

already meet many of the requirements for<2% resolution scintillators.

The challenge is then to find suitable activators or dopants to capture

and stabilize the triplet excitons. Additional advantage for this class of

materials is the low cost of the wet chemistry production technique and

the presence of Pb2+ which provides it with good γ-ray stopping power.

4.3. New research strategies

With the studies on the Ce3+ and Eu2+ doped halides in phase IV of

scintillator discovery, the compositional space of research was still

limited. We deal with only one single dopant, and the amount of po-

tential compounds was still manageable. A research strategy based on

serendipity and on cook and look still sufficed. However, with the en-

lightment that scintillator performance can be much improved by 1)

band gap engineering, 2) co-doping, and 3) energy transfer to other

activators, the compositional space has become enormously large. This

will require research strategies like a combinatorial approach to screen

large number of compositions and/or rational design (enlightment) to

select the most potential areas within the compositional space.

During phase IV much progress was made to understand and predict

the location of impurity levels within the band gap of compounds which

to large or some extend enables rational design. Fig. 7 shows for ex-

ample the type of diagrams that can be made more or less routinely

now. It is a stacked vacuum referred binding energy (VRBE) diagram

where the Eu2+ and Ce3+ levels together with the top of the valence

and bottom of the conduction bands are shown relative to the vacuum

Fig. 6. Pulse height spectrum of the first high resolution near infrared scintil-

lator CaBa2I5:Eu
2+;Sm2+ as reported by Wolszczak et al. in Ref. [97] read out

by 1) an APD and 2) a Si-PM.
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level.

The ground state energy of Eu2+ is always near−4 eV and changes

few 0.1 eV in a predictable fashion with compound properties [109].

That of Ce3+ is at lower energy but also changes in a predictable

fashion. The same applies for all other lanthanides. The VRBE in the

excited 5d-level shows more variation, and Fig. 8 illustrates this for 150

different compounds against the so-called U-parameter of the host

compound. This U-parameter is a key parameter in the construction of

VRBE diagrams [109]. It is large 7-4-7.6 eV in fluoride crystals and

decreases towards chlorides, bromides, and iodides. On average, the

lowest Ce3+ 5d-level is at −1.8 eV and the ±0.5 eV variations are

caused by the 5d-crystal field splitting. The VRBE in the lowest level of

Eu2+ is always at higher energy and on average near - 0.99 eV.

In design strategies for an Eu2+ or Ce3+ activated scintillator, the

emitting 5d-level should be well below the conduction band bottom EC,

otherwise emission is quenched at low temperature or even entirely

absent. The Ce3+ emission in LaI3 quenches for example already at

120K because of too close proximity of the CB-bottom as illustrated in

Fig. 7.

Recently Awater et al. conducted a search on the spectroscopy of

Tl+, Pb2+, and Bi3+ activated compounds to establish the VRBEs. Tl+,

Pb2+, and Bi3+ share the same 6s2 ground state electron configuration,

and the only difference between these activators is then a different

nuclear charge. Fig. 9 from Awater et al. [110] shows the VRBE for an

electron in the Bi3+ ground and excited state in different compounds as

function of U. It illustrates that the binding decreases (VRBE less ne-

gative) with smaller U-value. That of the ground state decreases more

rapidly than that of the excited state. Similar type of figures with about

the same VRBE energies apply for Pb2+ and Tl+ although there is a

slight tendency of decreasing binding energy with smaller charge in

going from Bi to Pb to Tl.

It was also found that the VRBE in the Bi2+ ground state is always

somewhat (≈ 0.5 eV) below the VRBE in the Bi3+ excited state, and

similar applies for Pb- and Tl-based compounds [111]. Since the CB-

bottom in Bi-based compounds is derived from the Bi2+ ground state

orbitals, this means that EC will be at lower energy than the P1
3 Bi3+

excited state level. Combining the results of Fig. 9 with that of Fig. 8,

one may conclude that the VRBE in the lowest Ce3+ 5d-level will al-

ways be close or above the CB-bottom of Bi3+ based compounds. In-

deed Ce3+ emission has never been reported in Bi-based and also not in

Pb-based compounds. The best changes to observe Ce3+ emission in

6s2-based compounds is in Tl-compounds with small U-values. The

compounds of Table 2 are precisely that family.

Fig. 9 and similar for Pb2+ and Tl+ combined with diagrams like in

Fig. 7 are not yet conclusive enough to arrive at a full rational design,

however, they do provide a guide in what areas of the compositional

space to search. Even more importantly it provides a guide in what

areas not to search. We know for example that the chances to find

lanthanide 5d-4f emission in the Pb-halide perovskite family of com-

pounds are very small because the emitting 5d-level is-predicted always

in the conduction band.

From the field of luminescence and scintillation, a wealth of spec-

troscopic data is available in the archival literature on lanthanides, 6s2

elements, transition metal elements etc. Part of that information was

collected and analyzed during a time span of 20 years which led to

various empirical models on lanthanide luminescence and to the theory

and methods behind the stacked VRBE diagrams as in Fig. 7. However,

still only a fraction of information is collected, and one may expect

more and better predicting models when a much larger effort is un-

dertaken. A possible new strategy is then to exploit machine learning

algorithms for retrieving predictive trends or materials design criteria

from collected data [112]. First steps into that directions for band gap

prediction were made by Zhuo et al. [113] and for scintillator discovery

by Pilania et al. [114].

5. Summary, conclusions and outlook

The quest for high resolution scintillators during Phase IV of scin-

tillator research during past 20 years has been reviewed in this work.

Resolution at 662 keV γ-detection has improved impressively with al-

most a factor of three from 5 to 6% down to 2%. We learned a lot about

the non-proportional response, where it comes from and how it affects

energy resolution. We also learned that scintillation properties can be

improved a lot by band gap engineering with solid solutions and by the

use of optically inactive co-dopants. When we look at the prospects of

Fig. 7. The vacuum referred binding energy of an electron in the Ce3+ and

Eu2+ 4f ground and lowest 5d excited state within the band gap of halide

compounds. Large part of the diagram can also be found in Ref. [108].

Fig. 8. The VRBE in the lowest Ce3+ and lowest Eu2+ 5d level in 150 different

compounds. The ranges of U-values for different compound types are indicated.

Fig. 9. The VRBE in the Bi3+ ground and excited state in compounds.
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developing scintillators with below 2% energy resolution, theoretically

1.5% is feasible. To accomplish that we need high light output

(>100000 ph/MeV) scintillators combined with 90–100% effective

quantum efficiency Si-based detectors, and almost ideal proportion-

ality. This dictates smaller than 4 eV band gap materials and new re-

search strategies. How this will progress, we have to experience what

phase V will eventually lead to.
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