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 A B S T R A C T

SrI2:Eu2+ and CaI2:Eu2+ are two of the brightest known scintillators, but they both suffer from self-absorption. 
Their respective undoped isostructural compounds EuI2 and YbI2 are not suitable for scintillation due to 
the additional problem of concentration quenching. These compounds can however be doped with Sm2+

to turn them into near-infrared emitting scintillators, with the additional benefit that the self-absorption 
probability of the Sm2+ emission is low. Here, the scintillation properties of SrI2:1%Sm2+, EuI2:4%Sm2+, and 
YbI2:1%Sm2+ single crystals are assessed which were grown by the vertical Bridgman technique. SrI2:1%Sm2+

and EuI2:4%Sm2+ fall within the ideal wavelength range for detection with silicon based photodetectors and 
are spectroscopically very similar to each other. However, the key difference is that the scintillation decay 
time of EuI2:4%Sm2+ is 1.1 μs, much shorter than the 1.8 μs of SrI2:1%Sm2+. Both SrI2:Sm2+ and EuI2:Sm2+

are identified as interesting candidates for further optimisation in the development of near-infrared emitting 
scintillators.
1. Introduction

Scintillation research between Delft University of Technology in 
The Netherlands and the University of Bern in Switzerland has a very 
long history that started already in 1992 and is still active today. 
The focus in the TU-Delft laboratories was always on the scintillator 
characterisation and the fundamental aspects of scintillation and scin-
tillation mechanisms. The group in Bern, headed until his retirement 
in 2006 by prof. H. U. Güdel, was specialised in the synthesis of halide 
(chloride, bromide, iodide) single crystals activated with lanthanide 
luminescence centers. The collaboration has resulted in the discovery of 
excellent new scintillation materials, e.g., Cs2LiYCl6:Ce3+ in 1999 [1], 
LaCl3:Ce3+ in 2000 [2], LaBr3:Ce3+ in 2001 [3]. The already excellent 
properties of LaBr3:Ce3+ were further improved in 2013 by means of 
Sr2+ co-doping [4]. Many other halide crystals activated with Ce3+
were explored over the years, and since the fundamental limits on 
scintillation performance were thought to have been reached the focus 
was shifted to near-infrared (NIR) scintillating materials based on Sm2+

activation. A first proof of principle was provided with SrI2:Eu2+,Sm2+

and CsBa2I5: Eu2+,Sm2+ in 2019 [5,6].
SrI2 and CsBa2I5 were selected as host materials for this proof of 

principle, because they form some of the brightest scintillator materials 
when doped with Eu2+. Undoped SrI2 already shows efficient host 
exciton emission with a light yield of 33,000 ph/MeV [7]. When doping 
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SrI2 with Eu2+, the exciton emission intensity decreases and is replaced 
by Eu2+ 4f65d → 4f7 emission [8]. Increasing the Eu2+ concentration 
from 0% to 5% also increases the light yield to a value in excess of 
80,000 ph/MeV [9–13].

The main problem of SrI2:Eu2+ is self-absorption, where a photon 
emitted by Eu2+ gets reabsorbed by another Eu2+ ion before it exits 
the crystal. To illustrate why this occurs, Fig.  1a shows the energy 
levels of Eu2+ in the band gap of SrI2 on a vacuum referred binding 
energy (VRBE) scale. The diagram is constructed with the parameters 
published in [14]. The 4f65d → 4f7 transition of Eu2+ only has the 
4f7 ground state as final state, which is the same state from which 
absorption takes place. When the photon is reabsorbed by Eu2+, the 
newly excited Eu2+ ion can re-emit the photon after some time de-
lay, but there is also a small probability of nonradiative decay. The 
process of emission and reabsorption can occur any number of times, 
lengthening the decay time and lowering the light yield. Specifically 
problematic is that the probability of reabsorption scales with the 
distance a photon travels through the crystal and therefore depends on 
where in the crystal the scintillation event takes place. Because of this, 
the scintillation properties of SrI2:Eu2+ typically worsen with increasing 
crystal size and Eu2+ concentration [8,15].

SrI2 and EuI2 are isostructural [16]. Because of this, it is possible 
to achieve any Eu2+ concentration in SrI2 between 0% and 100%. 
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Fig. 1. (a) Vacuum referred binding energy diagram showing energy levels of Eu2+
and Sm2+ in the band gap of SrI2. The diagram is constructed using the parameters 
published in [14]. (b) VRBE diagram illustrating the band structure of EuI2:Sm2+. 
When an excitation arrives on Sm2+, thermal relaxation makes transfer back to Eu2+
impossible.

However, above a certain concentration, self-absorption is not the only 
phenomenon degrading the scintillation properties. At some point, the 
light yield will also start to decrease due to concentration quenching. 
This can be seen from the shortened decay time of 355 ns in EuI2 [17] 
compared to the intrinsic decay time of approximately 700 ns of 
SrI2:Eu2+ [13]. The two main problems for large SrI2 crystals with high 
Eu2+ are therefore self-absorption and concentration quenching.

Another very bright Eu2+-doped scintillator is CaI2. Both undoped 
CaI2 and with Eu2+-doping have light yields reported in excess of 
80,000 ph/MeV [18–20]. As CaI2 has a different crystal structure than 
EuI2, there is a limit to the dopant concentration. Another potential 
dopant would be Yb2+, which is also sometimes researched as activator 
for scintillator applications [21–23]. YbI2 does have the same crystal 
structure as CaI2 and any concentration of Yb2+-doping would be pos-
sible [24]. However, this is not interesting for scintillator applications, 
because the Yb2+ 4f135d → 4f14 emission contains a spin-forbidden 
component with ms decay time. The intensity of this component also 
increases with increasing Yb2+ concentration [25–27].

Sm2+, on the other hand, does not have a slow spin-forbidden 
component, because its 4f subshell of Sm2+ is less than half filled in the 
ground state. Its energy levels in the band gap of SrI2 are also displayed 
in Fig.  1a. In SrI2, Sm2+ shows broad band 4f55d → 4f6 emission 
which can efficiently be detected with silicon based photodetectors. 
One large benefit of Sm2+ is that its emission is not as susceptible to 
self-absorption as the emission of Eu2+. This is because the 4f55d → 4f6
transitions of Sm2+ can have any of the seven 4f6[7F𝐽 ] states as final 
state. Since absorption only takes place from the 4f6[7F0] ground state, 
photons originating from the 4f55d → 4f6[7F1−6] transitions will have 
a low probability of being reabsorbed.

The 4f6 → 4f55d excitation bands of Sm2+ have high oscillator 
strength and span the entire visible spectrum, making it easily sensi-
tised by for example Eu2+ and Yb2+. By co-doping Eu2+ and Sm2+ in 
CsBa2I5, an energy resolution of 3.2% was attained [6]. When using 
Yb2+ as sensitiser in low (a few %) concentrations, a slow component in 
the Sm2+ emission was observed [25]. This slow component was caused 
by radiationless energy transfer of which the rate was limited by the 
spin-forbidden Yb2+ 4f135d → 4f14 transition. One way to solve this 
slow energy transfer is to drastically increase the Yb2+ concentration, 
e.g., doping Sm2+ in compounds where Yb2+ is one of the host cations. 
Examples of this are CsYbBr3:Sm2+, CsYbI3:Sm2+ and YbCl2:Sm2+. 
Sm2+ can efficiently emit in such compounds and shows near-infrared 
luminescence with a quenching temperature above 700 K [28]. It was 
2 
also shown that Sm2+ shows luminescence in compounds with Eu2+ as 
host cation [29,30].

Fig.  1b illustrates the transfer from Eu2+ to Sm2+ in compounds with 
an Eu2+ host cation. Here, EuI2 is chosen as an example. Because SrI2
and EuI2 are isostructural and the ionic radii of Sr2+ and Eu2+ differ by 
less than 1% [31], it is assumed that all energy levels lie at the same 
VRBE in both compounds. The Eu2+ 4f7 ground state is indicated as a 
narrow band of occupied states around −3.7 eV. Similarly, the lowest 
4f65d excited state is indicated with a narrow band of unoccupied states 
around −0.8 eV. The higher lying 4f65d are not drawn for Eu2+. The 
transition between the 4f7 ground state and lowest 4f65d excited state 
forms the optical band gap of EuI2. The conduction band minimum still 
lies at higher energy than the 4f65d excited state, as it corresponds to 
an electron no longer bound to the hole in the 4f subshell of Eu2+. An 
excitation of Eu2+ into the 4f65d state can show ordinary Eu2+ 4f65d 
→ 4f7 emission [17,32]. However, since it is surrounded by Eu2+ ions 
in the ground state and the Stokes shift is relatively small, it will likely 
hop over many Eu2+ sites before this emission occurs.

When doping EuI2 with Sm2+, the hopping of Eu2+ excitations 
eventually causes the excitation to end up on Sm2+. This is indicated by 
Arrows 1 in Fig.  1b. The energy difference between the lowest 4fn-15d 
excited state of Sm2+ and its ground state is however much smaller for 
Sm2+ than for Eu2+. Because of this, thermal relaxation to the lowest 
4f55d will take place as shown by Arrow 2. From here, not enough en-
ergy is available for the excitation to transfer back to Eu2+, trapping it 
in place and allowing for efficient NIR emission (Arrow 3). Doping EuI2
with Sm2+ therefore solves its problem of concentration quenching, and 
it also tackles the problem of self-absorption as the probability of Sm2+

to reabsorb its own emission is inherently low. When self-absorption 
and concentration quenching are absent, a similar light yield in excess 
of 80,000 ph/MeV could be expected for EuI2:Sm2+, as long as energy 
transfer from Eu2+ to Sm2+ is efficient. Analogous to this description, 
it is also expected that YbI2:Sm2+ shows efficient NIR emission.

SrI2:Sm2+ has already been studied both spectroscopically [33,34] 
and for NIR emitting scintillator applications [5]. The Sm2+ emission 
band has a maximum at 755 nm and has a decay time of 1.5 μs. This is 
among the fastest decay time reported for Sm2+ emission, as the decay 
time in most other compounds is at least 2 μs or longer [35]. As far 
as the authors are aware, there is no available literature on neither 
YbI2:Sm2+ nor CaI2:Sm2+.

In this work, the scintillation characteristics of SrI2:1%Sm2,
EuI2:4%Sm2+ and YbI2:1%Sm2+ single crystals grown by the vertical 
Bridgman method are assessed. The emission spectra and decay time 
under X-ray excitation are measured and an estimate of their light 
yield is made. Furthermore, more evidence is gathered that the self-
absorption probability of the Sm2+ emission is low. This is done by 
determining which of the Sm2+ 4f55d → 4f6[7F𝐽 ] transitions are the 
most intense using optical spectroscopy. Lastly, the intrinsic lumines-
cence decay times of the Sm2+ emission are measured and compared 
between the samples.

2. Experimental techniques

SrI2:1%Sm2+, EuI2:4%Sm2+, and YbI2:1%Sm2+ single crystals were 
grown from molten mixtures of the respective binary iodides in sealed 
Ta ampoules by the vertical Bridgman technique. The reported Sm2+

doping was the nominal SmI2 content of the melt. The purely divalent 
oxidation state of Sm was assured by adding a piece of 20 mg Sm 
metal to each batch of 2 g total weight. SrI2 was synthesised from 
SrCO3 (4N4, Alfa) and 57% HI acid (p.a. Merck), dried at 200 ◦C in 
vacuum, and purified by Bridgman crystal growth. EuI2 and YbI2 were 
prepared from the elements in a silica ampoule sealed under vacuum. 
Eu (3N, Metall Rare Earth Ltd.) or Yb (4N, Metall Rare Earth Ltd.) 
and I2 (Merck, p. a., sublimed) were slowly heated to 650 ◦C. One 
end of the ampoule protruded from the tube furnace to avoid high 
iodine pressure during the reaction. After the reaction was finished, the 
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ampoule was opened and heated in vacuum to remove excess I2. The 
product was sealed in a silica ampoule and purified by Bridgman crystal 
growth. SmI2 was prepared from SmI3 by reduction with Sm (3N, Metall 
Rare Earth Ltd.) in a Ta ampoule sealed by He arc welding. SmI3 was 
synthesised from the elements, as described above, and purified by 
sublimation under vacuum in a sealed silica ampoule. All materials are 
highly hygroscopic and Sm2+ compounds sensitive to oxidation. The 
syntheses and spectroscopic investigations were done under strictly dry 
and oxygen-free conditions in a glove box (H2O and O2 < 0.1 ppm) or 
sealed sample containers.

X-ray excited emission spectra were recorded using a Varex VF-
80JM X-ray tube with tungsten anode as excitation source. The X-ray 
tube was operated at a voltage of 79 kV and a current of 1 mA. A 
1 mm thick copper filter was used to block out the low energy X-rays 
to prevent radiation damage to the sample. The samples, which were 
sealed in a silica ampoule, were positioned in a sample chamber which 
was kept at a vacuum below 10−4 mbar during measurement. The light 
coming from the sample under a 90◦ angle with respect to the X-ray 
tube was focussed by a parabolic mirror into an optical fibre and read 
out using an Ocean Insight QEPro spectrometer.

X-ray excited decay curves were measured using a time correlated 
single photon counting technique. A Hamamatsu N5084-40 pulsed light 
excited X-ray tube with tungsten anode operated at 40 kV was used as 
excitation source. The X-ray tube was excited by a PicoQuant LDH-P-C-
400M laser diode, and a start signal was generated upon triggering the 
laser diode. A bare crystal was mounted on the cold finger of a Janis 
N2 cryostat and placed in a sample chamber with beryllium entrance 
window on the side of the X-ray tube. This action was performed inside 
a N2 filled glovebox. During measurement, the sample chamber was 
kept at a vacuum below 10−4 mbar. Photons coming from the sample 
under a 90◦ angle with respect to the X-ray tube were detected using 
an ID Quantique ID100-50 single photon avalanche diode, generating 
a stop signal. The start and stop signal were fed into an Ortec 567 
time-to-amplitude converter and read out using an Ortec AD114 16K 
analog-to-digital converter.

Pulse height spectra were recorded using an Advanced Photonix 
APD (type 630-70-72-510) operated at a bias voltage of 1570 V. Two 
Peltier coolers were used to stabilise the temperature of the APD 
at 260 K. The APD signal was converted using a Cremat CR-112 
pre-amplifier and Ortec 672 spectroscopic amplifier. The resulting sig-
nal was read out using an Ortec 926 analog-to-digital converter. The 
bare and unpolished samples were mounted above the APD using the 
pressed powder method described in [36], in which the sample is 
surrounded by PTFE powder reflecting all scintillation photons towards 
the detector.

The absolute light yield of SrI2:1%Sm2+ has been determined
through the pulse height spectrum on a single crystal measured on the 
APD. The number of detected photons during an event that falls within 
the 662 keV photopeak was compared to the pulse height of 241Am 
17.8 keV directly absorbed in the APD. SrI2:1%Sm2+ was used as a 
reference sample for determining the light yield of EuI2:4%Sm2+ and 
YbI2:1%Sm2+ using the set-up described for recording X-ray excited 
emission spectra. For this, single crystals of each compound were 
ground to a powder using a mortar and pestle. Identical sample holders 
with fused silica windows were filled in a glovebox with the powderised 
samples.

Photoluminescence emission spectra were recorded using a 450 W 
Xenon lamp and Horiba Gemini 180 monochromator as excitation 
source. The sample inside a silica ampoule was mounted on the cold 
finger of a Janis He cryostat. The sample chamber was kept at a vacuum 
below 10−4 mbar during measurement. The emission light coming from 
the sample under a 90◦ angle with respect to the excitation source was 
coupled into an optical fibre and read out using an Ocean Insight QEPro 
spectrometer. The excitation light was filtered out using an optical long 
pass filter placed between the sample and the optical fibre.
3 
Fig. 2. X-ray excited emission spectra at room temperature of (a) SrI2:1%Sm2+, (b) 
EuI2:4%Sm2+, and (c) YbI2:1%Sm2+.

Photoluminescence excitation spectra were recorded using the ex-
citation source, cryostat and sample chamber as for the photolumi-
nescence emission spectra. The emission coming from the sample first 
passed through an optical long pass filter and a SpectraPro-SP2358 
monochromator before being detected using a Hamamatsu R7600U-20 
or H10330A-75 PMT. The spectra were corrected for the Xenon lamp 
spectrum and excitation monochromator by measuring the light inten-
sity coming out of the monochromator using an Opto Diode UVG100 
photodiode.

Photoluminescence decay curves were measured using an EKSPLA 
NT230 OPO laser as excitation source. The pulse width of the laser is 
6 ns and it was operated with a repetition rate of 100 Hz. The sample 
inside a silica ampoule was mounted on the cold finger of a Janis 
N2 cryostat. The emission coming from the sample passed through an 
optical long pass filter and SpectraPro-SP2358 monochromator before 
being detected using a Hamamatsu R7600U-20 or H10330A-75 PMT. 
The signal coming from the PMT was recorded using a CAEN DT5730 
digitizer. The signals of multiple pulses were added up using the trigger 
signal from the laser driver for synchronisation.

3. Results

To assess whether the emission wavelength of the studied samples 
is suitable for read out with silicon based photodetectors, their room 
temperature X-ray excited emission spectra are shown in Fig.  2. It was 
previously assessed that the SrI2:1%Sm2+ emission wavelength is close 
to the optimal emission wavelength for Sm2+-doped scintillators [35]. 
Its emission spectrum in Fig.  2a shows a single emission band with 
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Fig. 3. X-ray excited decay curves at room temperature of (1) SrI2:1%Sm2+, (2) 
EuI2:4%Sm2+, and (3) YbI2:1%Sm2+. The fast components of EuI2:4%Sm2+ and 
YbI2:1%Sm2+ are ascribed to left over Eu2+ and Yb2+ emission, respectively.

Fig. 4. Pulse height spectra of (1) LaBr3:Ce3+,Sr2+ and (2) SrI2:1%Sm2+ measured on 
an APD. The light yield of SrI2:1%Sm2+ is estimated to be 57,000 ph/MeV.

maximum at 755 nm, in accordance with literature values [5,33,34]. 
This band is assigned to the Sm2+ 4f55d → 4f6 emission.

The X-ray excited emission spectrum of EuI2:4%Sm2+ in Fig.  2b 
looks almost identical to that of SrI2:1%Sm2+. This is according to 
expectation, since both SrI2 and EuI2 have the same crystal structure 
and the similar ionic radii of Sr2+ and Eu2+ [31]. Because of this, the 
chemical environment of Sm2+ is almost identical in both compounds, 
resulting in the same wavelength and shape of the emission band. This 
means that the emission spectrum of EuI2:4%Sm2+ is also close to 
optimal for read out with silicon based photodetectors.

The X-ray excited emission spectrum of YbI2:1%Sm2+ is shown in 
Fig.  2c. Like SrI2:1%Sm2+ and EuI2:4%Sm2+, it shows a single emis-
sion band in the near-infrared. In YbI2:1%Sm2+ this emission band is 
however shifted to longer wavelengths and has a maximum at 910 nm. 
As YbI2 and CaI2 have the same crystal structure [24] and the ionic 
radii of Yb2+ and Ca2+ are almost identical [31], the Sm2+ 4f55d → 4f6
emission is expected to lie at the same wavelength in both compounds, 
similar as is the case for SrI2 and EuI2. Because of this, a prediction of 
the Sm2+ emission wavelength in YbI2 can be made based on the Eu2+
emission wavelength in CaI2. The Sm2+ 4f55d → 4f6[7F0] transition 
always lies at approximately 1.22 eV lower energy than the Eu2+
4f65d → 4f7 transition in the same compound [37]. The Eu2+ emission 
wavelength lies at 470 nm in CaI2 [18,38], from which follows that the 
Sm2+ emission wavelength in YbI2 is expected around 890 nm. Based 
on this, the strong emission band at 910 nm is also ascribed to the Sm2+
4 
Table 1
Overview of the scintillation properties of SrI2:1%Sm2+, EuI2:4%Sm2+, and 
YbI2:1%Sm2+.
 Compound 𝜆 (nm) 𝜏 (μs) Light yield (ph/MeV) 
 SrI2:1%Sm2+ 755 1.8 57,000  
 EuI2:4%Sm2+ 755 1.1 5,300  
 YbI2:1%Sm2+ 910 2.1 6,800  

4f55d → 4f6 transition. The longer emission wavelength compared to 
SrI2:1%Sm2+ and EuI2:4%Sm2+ is expected due to the increased crystal 
field splitting, which is caused by the 6-fold coordination of Sm2+ in 
YbI2. Because almost all of the emission lies at wavelengths longer than 
800 nm, it can no longer be detected by silicon based photodetectors 
with near 100% efficiency.

To confirm that excitations arrive at Sm2+ quickly after excitation, 
the room temperature X-ray excited decay curves are shown in Fig.  3. 
The decay curve of SrI2:1%Sm2+ (Curve 1) is well approximated by 
a single exponential decay curve with decay time of 1.8 μs, which is 
300 ns longer than 1.5 μs reported in literature [5,33,34].

Unlike SrI2:Sm2+, the decay curve of EuI2:4%Sm2+ (Curve 2) does 
not follow a single exponential function, but has a fast component. 
This fast component is attributed to Eu2+ emission, as the on average 
around 10 keV X-rays excite the sample primarily at the surface that the 
detector is pointing at. This is different to the X-ray excited emission 
measurements in Fig.  2b, where the higher energy X-rays primarily 
excite the bulk of the sample. The main component in the EuI2:4%Sm2+

decay curve is attributed to the Sm2+ emission and has a decay time 
of 1.1 μs. This is shorter than the decay time of SrI2:1%Sm2+, which 
as far as the authors are aware is the shortest reported radiative decay 
time for Sm2+ emission. No slower components than 1.1 μs are detected, 
which indicates that the decay time of EuI2:4%Sm2+ is not limited by 
the rate of energy transfer from Eu2+ to Sm2+.

The decay curve of YbI2:1%Sm2+ also has a fast component, which 
is attributed to Yb2+ emission for the same reasoning as for EuI2:4%Sm2+

The main component has a decay time of 2.1 μs, which is slower than 
SrI2:1%Sm2+ and EuI2:4%Sm2+. The longer decay time compared to 
EuI2:4%Sm2+ is in line with the expected 𝜆3 dependence. However, as 
the expected decay time for Sm2+ emission around 900 nm is expected 
to be between 3 μs and 4 μs [35], the 2.1 μs of YbI2:1%Sm2+ is still fast 
for its emission wavelength. Again, no slower components than 2.1 μs
are detected, indicating that also the spin-forbidden transitions of Yb2+
do not cause slow energy transfer to Sm2+.

The pulse height spectrum of SrI2:1%Sm2+ is shown in Fig.  4. For 
comparison, it also shows the pulse height spectrum of LaBr3:Ce3+,Sr2+
which has a light yield of 78,000 ph/MeV [39]. For SrI2:1%Sm2+, over 
37,000 photons were detected for events that fall within the 662 keV 
photopeak. Assuming near 100% photon detection efficiency of the set-
up, the light yield is determined to be around 57,000 ph/MeV. The 
energy resolution attained with this crystal is 8.6%.

An attempt to measure a pulse height spectrum using the other 
samples was not successful. Therefore, their light yield was determined 
from the intensity of their X-ray excited emission spectrum using 
SrI2:1%Sm2+ as reference. The light yield of the EuI2:4%Sm2+ and 
YbI2:1%Sm2+ is 5,300 ph/MeV and 6,800 ph/MeV, respectively. This 
is about 10 times lower than that of SrI2:1%Sm2+. The scintillation 
characteristics of all samples are summarised in Table  1.

To confirm that excitations of Eu2+ and Yb2+ arrive at Sm2+, the 
photoluminescence excitation and emission spectra at 10 K are shown 
in Fig.  5. The emission spectrum of SrI2:1%Sm2+ excited at 350 nm is 
shown in Fig.  5a. This excitation wavelength corresponds to one of the 
higher energy Sm2+ 4f6 → 4f55d transitions. The emission spectrum 
contains only the Sm2+ emission around 755 nm. At 10 K, the Sm2+

4f55d → 4f6 emission consists of multiple emission bands. The shape 
of the emission spectrum is in accordance with data from Karbowiak 
et al. [34]. Each of these bands corresponds to a different 4f6[7F ] state 
𝐽
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Fig. 5. Photoluminescence excitation and emission spectra at 10 K of (a) SrI2:1%Sm2+, 
(b) EuI2:4%Sm2+, and (c) YbI2:1%Sm2+. Most of the Sm2+ emission comes from the 
4f55d → 4f6[7F1−2 transitions.

as final state. The expected maxima of each of these emission bands is 
calculated from the Eu2+ emission wavelength in SrI2:Eu2+ [8,13,37] 
and indicated by the black vertical lines. This shows that the Sm2+

emission primarily comes from the 4f55d → 4f6[7F1−4] transitions, and 
most importantly not from the 4f55d → 4f6[7F0] transition. This signif-
icantly reduces the self-absorption probability in SrI2:Sm2+ compared 
to SrI2:Eu2+ [5,35,40]. The excitation spectrum monitoring the Sm2+

emission at 780 nm (Curve 2) contains all the overlapping 4f6 → 4f55d 
bands and is in good accordance with literature [33].

Fig.  5b shows the 10 K photoluminescence emission and excita-
tion spectra of EuI2:4%Sm2+. Similar to the emission spectrum of 
SrI2:1%Sm2+, the emission spectrum of EuI2:4%Sm2+ excited at 350 nm 
also contains the Sm2+ emission around 755 nm. The shape of the emis-
sion spectrum is almost identical to that of SrI2:1%Sm2+. It contains the 
same 4f55d → 4f6[7F𝐽 ] emission bands which also have almost the same 
relative intensities. In addition, it contains a low intensity band around 
430 nm which is ascribed to the Eu2+ 4f65d → 4f7 emission [17,32]. As 
the sample was excited with 350 nm light, the high Eu2+ concentration 
causes most of the light to be absorbed near the sample surface and 
as a result some Eu2+ emission can be detected, similar to what was 
observed in Fig.  3b.

The excitation spectrum monitoring the Sm2+ emission of
EuI2:4%Sm2+ at 780 nm (Curve 2) has many similarities with that of 
SrI2:1%Sm2+ between 430 nm and 700 nm. This is where the excitation 
spectrum exclusively consists out of Sm2+ 4f6 → 4f55d bands. Similar 
to how the emission spectra between the two samples closely resemble 
each other, the excitation bands of Sm2+ do as well. At wavelengths 
shorter than 430 nm, Eu2+ also starts to absorb while Sr2+ is not 
5 
Fig. 6. (a) Photoluminescence decay curves of the Sm2+ 4f55d → 4f6 emission at 300 K 
in (1) SrI2:1%Sm2+, (2) EuI2:4%Sm2+, and (3) YbI2:1%Sm2+. (b) The photoluminescence 
decay time of the Sm2+ 4f55d → 4f6 emission versus temperature.

optically active. Therefore, at wavelengths shorter than 430 nm, the 
excitation spectra between SrI2:1%Sm2+ and EuI2:4%Sm2+ differ in 
shape. The presence of these Eu2+ 4f7 → 4f65d absorption bands in 
the excitation spectrum of the Sm2+ indicates that Eu2+ excitations are 
transferred to Sm2+.

The 10 K photoluminescence emission and excitation spectra of 
YbI2:1%Sm2+ are shown in Fig.  5c. Similar to EuI2:4% Sm2+, the emis-
sion spectrum (Curve 1) contains a weak emission band around 500 nm 
that can be ascribed to the Yb2+ 4f135d → 4f14 emission. The Sm2+

emission between 850 nm and 1100 nm again consists out of multiple 
bands. Just like in Fig.  5a, the expected wavelengths of the 4f55d →
4f6[7F𝐽 ] transitions are marked with black vertical lines, which line 
up well with the different emission bands in the spectrum. Again, the 
transition to the 4f6[7F0] ground state is relatively weak, which reduces 
the probability of self-absorption. Just like for EuI2:Sm2+, the excitation 
spectrum monitoring the Sm2+ emission at 1000 nm (Curve 2) consists 
of Sm2+ bands between 450 nm and 800 nm. At wavelengths shorter 
than 450 nm, the Yb2+ bands are dominant in the excitation spectrum.

Fig.  6a shows the room temperature photoluminescence decay 
curves of the Sm2+ emission in all three samples upon exciting one 
of the Sm2+ 4f6 → 4f55d transitions. All three samples show single 
exponential decay. SrI2:1%Sm2+ has a decay time 1.8 μs, EuI2:4%Sm2+

has a decay time of 1.1 μs, and YbI2:1%Sm2+ has a decay time of 2.1 μs. 
All these decay times correspond to the slowest components observed 
under X-ray excitation (Fig.  3), confirming that these components 
belong to the Sm2+ emission.

To show that the Sm2+ is not quenched at room temperature, the 
decay time of the Sm2+ emission as a function of temperature is shown 
in Fig.  6b. SrI2:1%Sm2+ shows a gradual lengthening of the decay 
time with temperature. For Eu2+ emission this is often a sign of self-
absorption. However, for Sm2+, this is intrinsic behaviour and can be 
ascribed to thermal excitation from the 4f55d state to the higher lying 
4f6[5D0] state [35]. This occurs, because the energy gap between the 
two states is only about 5 meV and can be easily crossed at room 
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temperature. No signs of thermal quenching are observed, even at a 
temperature of 700 K.

EuI2 also shows some lengthening of the decay time with increas-
ing temperature. This is expected due to similar emission wavelength 
between EuI2:4%Sm2+ and SrI2:1%Sm2+, meaning the energy gap be-
tween the 4f55d state and 4f6[5D0] state is also about 5 meV. The effect 
is much smaller than in SrI2:1%Sm2+. Also, no thermal quenching can 
be observed up to 700 K.

In YbI2:1%Sm2+, the energy gap between the Sm2+ 4f55d state and 
the 4f6[5D0] state is about 280 meV. With an energy gap of this size, 
the thermal equilibrium hardly changes between 300 K and 700 K. The 
decay time therefore does not lengthen with increasing temperature, 
but instead the decay becomes slightly faster. Above 600 K, the onset 
of thermal quenching is visible for YbI2:1%Sm2+.

4. Discussion

Sm2+ as an activator allows the use of host compounds that contain 
Eu2+ and Yb2+ as cations, which can often fully replace Sr2+ and Ca2+
in the same crystal structure. It was shown in Fig.  5 that spectro-
scopically, SrI2:1%Sm2+ and EuI2:4%Sm2+ show great similarity. The 
excitation bands belonging to the Sm2+ are almost identical between 
the compounds, and so are the structures in their emission spectra. 
Especially the similarity in emission spectra is important for applica-
tion, as the emission spectrum of SrI2:1%Sm2+ lies close to optimal 
for Sm2+-doped scintillators. It lies almost entirely at a wavelength 
shorter than 800 nm, where some silicon based photodetectors can be 
exploited to gain a photodetection efficiency close to 100% [36]. How-
ever, its wavelength is still long enough that the 4f55d level lies just 
below the 4f6[5D0] level, avoiding lengthening of the decay time [35]. 
Additionally, most of the emission arises from the Sm2+ 4f55d →
4f6[7F1−2] transitions. The near absence of the 4f55d → 4f6[7F0] emis-
sion makes the probability of self-absorption small, a problem that 
prevents the use of large crystals in its Eu2+-doped counterpart [8]. 
Just like SrI2:1%Sm2+, the emission spectrum of EuI2:4%Sm2+ also has 
all these beneficial characteristics.

Opposed to SrI2:1%Sm2+ and EuI2:4%Sm2+, the emission spectrum 
of YbI2:1%Sm2+ lies almost entirely at wavelengths longer than 800 nm 
and spans all the way to 1100 nm. While this wavelength can still be de-
tected with silicon based photodetectors, some unrecoverale losses will 
likely occur due to the transmission of scintillation photons through the 
detector [36]. It is therefore considered less suitable for application as 
a NIR scintillator.

The longer emission wavelength of YbI2:1%Sm2+ compared to 
SrI2:1%Sm2+ and EuI2:4%Sm2+ is ascribed to its different crystal struc-
ture. As Sm2+ is 6-fold coordinated in YbI2 and 7-fold coordinated in 
SrI2 and EuI2, the larger crystal field splitting causes a lower energy 
of the 4f55d level. In iodides, the crystal field splitting of the 4f𝑛−15d 
levels can be 0.5 eV larger on octahedral (6-fold coordinated) and 
cubic (8-fold coordinated) sites compared to sites where the crystal 
field splitting is small, such as the case for 7-fold and 9-fold co-
ordination [41]. Table  2 shows an overview of the Sm2+ emission 
wavelength and coordination number in different iodide compounds. 
All compounds in which Sm2+ is 6-fold or 8-fold coordinated have 
an emission wavelength of 800 nm or longer. On the other hand, 
all compounds in which Sm2+ has a coordination number of 7 emit 
in the ideal wavelength range between 730 nm and 800 nm. As a 
rule of thumb, the search for ideal host materials should therefore be 
primarily focussed on iodides with 7-fold coordination. Also the 9-fold 
coordinated BaI2 emits in the desired wavelength range and would be 
a good candidate. It is possible to expand the search from iodides to 
lighter halides, as the smaller nephelauxetic effect would move the 
4f𝑛−15d centroid to higher energies [42]. However, this would come 
at the expense of an increase of the band gap [43].

One of the downsides of using Sm2+ as an activator is its relatively 
long decay time compared to other activators such as Eu2+ and Ce3+. 
6 
Table 2
Comparison of the Sm2+ 4f55d → 4f6 emission wavelength and the coordination number 
of Sm2+ in several compounds. *Estimate of the Sm2+ 4f55d → 4f6[7F0] emission 
wavelength based on the Eu2+ 4f65d → 4f7 emission.
 Compound 𝜆 (nm) CN Reference  
 CsSrI3 841 6 [44]  
 CsYbI3 800 6 [28]  
 Cs4EuI6 848 6 [29]  
 NaI 850 6 [45]  
 YbI2 910 6 This work 
 CaI2 890* 6 [18,38]  
 SrI2 755 7 [5,33,34]  
 EuI2 755 7 This work 
 CsBa2I5 755 7 [6]  
 KBa2I5 791* 7 [46]  
 K2BaI4 801* 8 [46]  
 BaI2 730* 9 [47,48]  

Sm2+ emission will always be much slower than the fast decay of Ce3+, 
which is for example 16 ns in LaBr3 [49]. However, Eu2+ typically 
shows an intrinsic decay time between 0.5 μs and 1 μs [13,50–53]. 
The decay time of Eu2+-doped scintillators can however be significantly 
longer due to their inherent self-absorption problems. Decay times of 
well over 2 μs are reported for large SrI2:Eu2+ crystals with a Eu2+
concentration below 5% [54–56]. This is where the decay time of 
Sm2+ becomes interesting, as similar lengthening in large crystals is not 
expected for Sm2+ emission due to its low probability of self-absorption.

As far as the authors are aware, SrI2:Sm2+ shows the shortest 
reported radiative decay time of 4f55d → 4f6 emission with a value 
of 1.5 μs [5,33,34]. In this work, a value of 1.8 μs is reported. This is 
still faster than other Sm2+-doped iodides, as no reports of decay times 
shorter than 2 μs could be found. Even a decay time of 1.8 μs makes it 
faster than the above mentioned scintillation decay of large SrI2:Eu2+
crystals.

The decay time of EuI2:4%Sm2+ is only 1.1 μs (Figs.  3 and 6). It 
was shown in Fig.  6 that this short decay time is not caused by thermal 
quenching, meaning that the radiative decay time of Sm2+ is signifi-
cantly shorter in EuI2 than in SrI2. Spectroscopically, both compounds 
are very similar. The coordination of Sm2+ and emission wavelengths 
are almost identical, meaning these likely do not contribute signifi-
cantly to the change in decay time. A logical contribution left is then 
the refractive index 𝑛, which is different between the compounds. The 
decay time rapidly shortens with an increase in refractive index, scaling 
approximately with 𝑛5 [57]. Therefore, only a 5% difference refractive 
index between SrI2 and EuI2 would be enough to explain shortening of 
the Sm2+ decay time by several 100 ns.

When two compounds have similar crystal structure, lattice param-
eters and anion types, their difference in refractive index is primarily 
determined by the cation ionisation energy [58]. This is because the 
weakest bound electrons contribute most to the polarisability of the 
cations. While the binding energy of the Sr2+ core electrons lies well 
below the valence band maximum, the ionisation energy of Eu2+ is 
much smaller due to the many occupied 4f7 states being present in the 
band gap, as shown in the VRBE diagram in Fig.  1. This effect could be 
confirmed by comparing the refractive index of SrI2 and EuI2, however 
no data could be found for the refractive index of EuI2. Luckily, a 
comparison between the refractive indices of the isostructural SrF2 (𝑛
= 1.44 [59]) and EuF2 (𝑛 = 1.55 [60]) also shows a significant increase 
in 𝑛 upon replacing Sr2+ by Eu2+. This increase is large enough to 
cause a change in luminescence decay time of the order of magnitude 
as observed between SrI2 and EuI2. The short decay time of 1.1 μs in 
EuI2 is therefore ascribed to the higher refractive index compared to 
SrI2. The same argument should hold when replacing Ca2+ with Yb2+, 
as also the occupied 4f14 states of Yb2+ are present in the band gap.

Among NIR emitting scintillators, the light yield of 57,000 ph/MeV 
reported for SrI :1%Sm2+ in this work is comparable to the 60,000 
2
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ph/MeV reported for Cs2HfI6 [61,62]. It also surpasses previous at-
tempts at Sm2+ (co-)doped SrI2, which stopped at 42,000 ph/MeV. 
Compared to SrI2:Eu2+, for which light yields of over 80,000 ph/MeV 
are reported, the light yield is still low. However, the light yield of 
SrI2:Eu2+ is maximal for Eu2+ concentrations between 5% and 10%. 
It is therefore expected that further improvements of SrI2:Sm2+ are 
possible by optimising the Sm2+ concentration.

No fundamental reason could be found for the relatively poor light 
yield of EuI2:4%Sm2+ and YbI2:1%Sm2+. The Sm2+ emission is not 
quenched under photoluminescence. Especially for EuI2:4%Sm2+, no 
signs of thermal quenching were visible even up to a temperature of 
700 K. This indicates that excitations are already lost before they end 
up on Sm2+. This suggests that the crystal quality is suboptimal and 
significant improvements can be made through optimisation of crystal 
growth and dopant concentration. This would be especially interesting 
for EuI2:Sm2+, as its emission wavelength and scintillation decay time 
of 1.1 μs are the most ideal of any Sm2+-doped compound reported so 
far.

5. Conclusions

The scintillation properties of SrI2:1%Sm2+, EuI2:4%Sm2+ and YbI2:
1%Sm2+ were assessed. SrI2:1%Sm2+ and EuI2:4%Sm2+ have almost 
identical emission spectra, which almost exclusively consist of the 
Sm2+ 4f55d → 4f6 emission. The similarities in emission spectrum are 
ascribed to both compounds having the same crystal structures in com-
bination with Sr2+ and Eu2+ having almost identical ionic radius. Both 
compounds however show a difference in the decay time of the Sm2+

4f55d → 4f6 emission, which is 1.8 μs in SrI2:1%Sm2+ and shortens to 
1.1 μs in EuI2:4%Sm2+. The Sm2+ emission decay time in EuI2 is the 
fastest reported in literature so far. The Sm2+ 4f55d → 4f6 emission 
in YbI2:1%Sm2+ has a maximum at 910 nm, which is at too long 
wavelength for efficient detection with silicon based photodetectors. 
With a decay time of 2.1 μs, it also has the longest scintillation decay 
of the samples in this work. Emission coming from the Sm2+ 4f55d 
→ 4f6[7F1−2] transitions is the strongest in all compounds reported 
in this work, while the emission band corresponding to the 4f55d →
4f6[7F0] transition has low intensity. As a consequence, the probability 
of self-absorption in these Sm2+ is expected to be low, especially when 
compared to Eu2+-doped compounds such as SrI2:Eu2+. Because of this, 
SrI2:Sm2+ and EuI2:Sm2+ are identified as interesting candidates for 
further optimisation to develop near-infrared emitting scintillators.
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