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Large-sized y-Cul single crystals with ultrafast scintillation property were grown in Lil acetonitrile solvent
through evaporation technique. The LiI exhibits unique properties to y-Cul single crystal preparation. One is that
it increases the solubility of Cul in the solvent, which gives rise to a largest-sized (23 x 14 x 2 mm?) single
crystal with the high optical transmission (over 60%) in the wavelength region of 435-800 nm. The other feature
is that it acts as an effective isoelectronic dopant and improves the molar ratio of copper to iodine, which greatly

enhances the near-band-edge emissions (411 and 432 nm) and suppresses the broadband emission (680 nm). The
decay time of the fast emission under pulsed X-ray excitation is shorter than 450 ps. The results will give a
guidance for optimizing the properties of y-Cul single crystal as an ultrafast scintillator.

1. Introduction

y-Cul is a p-type semiconductor and has an ultrafast scintillation
component with the decay time of 130 ps, which exhibits great super-
iority in high-time-resolution radiation measurements [1,2]. Mean-
while, it also has many particular features such as direct band gap up to
3.1 eV [3], exciton binding energy up to 62 meV [4], etc.

There exist three phase-transition temperatures below the melting
point of Cul, the growth of y-Cul from the melt is impossible [4].
Various routes have been explored to grow bulk y-Cul single crystals,
such as sublimation [5], hydrothermal [6,7] flux [8], sol-gel [9],
oxygen-free temperature reduction [10,11] and evaporation [12]. For
the size of the crystal, the flux, hydrothermal and oxygen-free methods
have obtained the crystals near 1.5 cm. But the flux and hydrothermal
methods need rigorous setups, and the yield ratio is very low, especially
for the flux method that is easy to form an intermediate KCuyls phase
[8]. The sizes of the crystals grown through the sublimation and tra-
ditional evaporation are all less than 1cm. Thus, it is still a great
challenge to grow large-sized y-Cul single crystals with excellent per-
formance.

Evaporation in pure acetonitrile is deemed to be a suitable tech-
nique for fabrication of y-Cul single crystals [13]. However, it has dif-
ficulty in obtaining the single crystal with its size larger than 1cm
because of the low solubility of Cul in pure acetonitrile. The increase in
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the concentration of I~ (iodide ions) can promote the dissolution of Cul
in acetonitrile [11]. In our preliminary experiments, it has been found
that LiI can promote the dissolution of Cul in acetonitrile. That is to say,
the addition of Lil could be helpful for fabrication of larger y-Cul single
crystal in acetonitrile through evaporation technique.

The X-ray excited optical luminescence of y-Cul single crystal con-
sists of two components, which are the near-band-edge emission (ul-
trafast component with a decay time less than 1ns) and a broadband
emission near 680nm (slow component), respectively [14]. Un-
fortunately, the intensity of the fast component is weak while that of
the slow component is very strong [14]. Hence, the scintillation prop-
erty of the single crystal should be improved through enhancing the
intensity of the ultrafast component and suppressing that of the slow
component. The nature of the broadband emission near 680 nm is as-
cribed to the deficiency of iodine [14]. It could form F center due to an
electron trapped at a negative-ion vacancy, as the same as the defi-
ciency of halide in many alkali halide single crystals [15]. Evidently, it
is essential to increase the iodine content in the y-Cul single crystal. The
addition of iodine compound in y-Cul single crystals during the crystal
growth is a good approach to solve the problem. From the above ana-
lyses, it may be an effective route to grow larger y-Cul single crystals
with better scintillation performance by adding Lil in acetonitrile
during the crystal growth.

In the present study, the solubility of y-Cul with Lil in acetonitrile
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was measured, and the concentration of Lil and evaporation technique
for the crystal growth were optimized. As a result, a large-sized y-Cul
single crystal with good transparency was obtained. The properties of
the single crystals were measured and discussed.

2. Experiment
2.1. Solubility study

In order to study the solubility variation of Cul caused by the ad-
dition of Lil in acetonitrile solvent, the solubility of Cul in different Lil
concentration acetonitrile solvents was tested firstly. The starting ma-
terials involving Cul (99.5%) and acetonitrile (99.5%) were supplied
from Sinopharm Chemical Reagent Co. Ltd. Lil (99.999%) was supplied
from Alfa Aesar Co., Inc. All the starting materials were used without
purification. It is reported that the lowest growth temperature which
can successfully obtain y-Cul single crystals is 45 °C [16]. On the other
hand, the solubility of Cul in acetonitrile has negative temperature
dependence [13]. In order to obtain large-sized y-Cul single crystals, the
initial growth temperature was 45 °C. The solubility of Cul in con-
centrations of 0.000, 0.001, 0.005, 0.010, 0.020, 0.030 and 0.040 mol/
L Lil acetonitrile solvent was measured at 45°C using weight loss
analysis, the detailed experimental procedures were described in the
reported paper [17].

Fig. 1(a) shows the solubility curve of Cul in acetonitrile with dif-
ferent concentration of Lil at 45 °C. It clearly illustrates that the addi-
tion of Lil can greatly increase the solubility of Cul in acetonitrile. The
solubility is as high as 38.5 g/l in 0.040 mol/L Lil acetonitrile solvent.

The previous experiments show that high concentration of Lil leads
y-Cul to grow into polycrystalline shape with dark color. The proper
concentration of Lil is about 0.005 mol/L. In order to understand the
temperature dependence of the solubility with the addition of Lil and
difference between it and that without the addition of Lil, the solubility
of Cul in both 0.005mol/L Lil acetonitrile and pure acetonitrile was
measured at the temperature from 30 to 70 °C with an interval of 5 °C.
Fig. 1(b) shows the results of both cases. The solubility of Cul in
0.005 mol/L Lil acetonitrile solvent can be expressed as

S = 44.61 — 0.44t,

where S is the solubility (g/L), and t is the temperature (°C). It indicates
that the addition of Lil can greatly promote Cul to dissolve in acet-
onitrile with the temperature between 30-70 °C.

2.2. Crystal growth

The growth of bulk y-Cul single crystals was scheduled in
0.005 mol/L Lil acetonitrile solvent at 45 °C. At first, the Cul and Lil
powder were dissolved into acetonitrile solvent at 45 °C. The starting
concentration of Cul was set as 22 g/L, which is lower than the sa-
turation concentration of Cul in Lil acetonitrile at 45°C. Then the
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1000 ml beaker was filled with the 800 ml of the prepared solution
which was filtered using the four-level filter papers. At last, the beaker
was sealed with a single-deck plastic film before being transferred to the
incubator. Fig. 1(a) has clearly illustrated that the solubility of Cul in
acetonitrile solvent can be increased by a higher concentration of Lil. So
with the evaporation of the solvent, the concentration of Lil is en-
hanced, thus increasing the solubility of Cul. As shown in Fig. 1(c), the
solution is unsaturated at the early stage of the acetonitrile evaporation.
With the acetonitrile evaporation, the solution begins to be saturated.
After that, the saturation concentration of Cul increases with the de-
creasing in the volume of the acetonitrile solvent because of the in-
crease of Lil concentration. This will slow down the growth rate of y-Cul
single crystals. So it is very important to improve the growth rate
through designing temperature programming. The detailed tempera-
ture raising procedures were in the similar way reported in the litera-
ture [13]. Before the temperature increasing, the solution was main-
tained at 44 °C for three days to further reduce the number of crystal
nucleus.

2.3. Characterization

The structure of obtained Cul crystal was detected by using an X-ray
diffractometer (XRD, Haoyuan DX2700). The element contents of Li
and Cu were measured by an inductively coupled plasma optical
emission spectrometry (ICP-OES, PerkinElmer Optima 8000). The op-
tical transmission of the crystal was measured using a JASCO V570
spectrometer. The photoluminescence (PL) spectra and the excitation
spectra of the crystals were measured by using a fluorescence spectro-
photometer (Edinburgh FLS920). The excitation source was a xenon
lamp with the wavelength of 325nm. The X-ray excited optical lumi-
nescence spectra of the crystals were conducted with an X-ray excited
fluorescence spectrometer. The X-ray source was an F-30III X-ray tube
with W anode target operating under 80 kV and 4 mA, and the spectrum
detector was made with a Zolix SBP300 monochrometer and a
Hamamatsu PMTH-S1-CR131 photomultiplier. The decay time curve of
the 680 nm emission excited by 325 nm ultraviolet light was measured
by the fluorescence spectrophotometer (Edinburgh FLS920) using a
half-width of 1.0-1.6 ns hydrogen flashlamp as the excitation source.
The decay time curves of fast luminescence of the crystal were per-
formed by a streak camera. An ultrafast pulse laser (EKSPLA PL3140,
351 nm) with the pulse width of 10 ps was used as the excitation light
source. The optical filters were used to block the scattered light and the
test range is 1 ns. The decay time of the fast emission excited by X-ray
was measured by a pulsed X-ray facility where the pulsed X-ray was
generated by a half-width of 100 fs laser (532 nm, 10 TW, Amplitude
Systemes) through a Cu target, and a microchannel plate photo-
multiplier tube (PMT140, Photex) was used to detect the emission of
the crystal. The detector and crystal were placed in a closed container
made of aluminum foil to prevent the interference of scattered excita-
tion light. The transit time fluctuation of PMT140 is about 450 ps. All of
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Fig. 1. (a) The solubility curve of Cul in LiI acetonitrile solvent as a function of Lil concentration at 45 °C; (b) the solubility curves of Cul in pure and 0.005 mol/L Lil
acetonitrile solvents as a function of the temperature; (c) the solubility variation of Cul in Lil acetonitrile solvent with the evaporation of acetonitrile at 45 °C.
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Fig. 2. photograph of the y-Cul single crystal grown in Lil acetonitrile solvent.

the tests were conducted at room temperature.
3. Results and discussion
3.1. Crystal quality

The photograph of the Cul crystal grown in 0.005mol/L Lil acet-
onitrile solvent is shown in Fig. 2. The crystal size is as large as
23 X 14 x 2 mm?®, which is larger than the crystal grown in pure
acetonitrile solvent [13,16]. It clearly demonstrates that Lil is of great
significance for the growth of large-sized Cul single crystals although
the shape of the crystal has not been regular enough and requires fur-
ther study.

3.2. Structural property and element analysis

Fig. 3 shows the XRD patterns of the Cul crystal grown in Lil acet-
onitrile solvent through evaporation technique and its pulverized
crystals. It indicates that all of the diffraction peaks of the samples are
matched well with those of y-Cul (JCPDS card No. 06-0246). And the
revealed crystal plane of y-Cul grown in Lil acetonitrile solvent is the
(111) crystal plane.

In order to confirm whether Li* (lithium-ion) is introduced into the
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Fig. 3. XRD patterns of Cul single crystal wafer and pulverized crystal grown in
Lil acetonitrile solvent, and JCPDS card.
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Fig. 4. Optical transmission of the y-Cul single crystal grown in LiI acetonitrile
solvent. The inset (a) is the fine polished y-Cul single crystal, the inset (b) is the
plot of (ahv)? vs hv.

y-Cul single crystal, the element components were determined using an
inductively coupled plasma optical emission spectrometry. The result
reveals that the incorporation of Li* is 0.02 mol%, and the contents of
Cu* and I~ are 48.92mol% and 51.06 mol%, respectively, in y-Cul
single crystal. It shows that Li* is successfully introduced into y-Cul
single crystal and the content of I” is improved by the addition of Lil, as
compared to the crystal grown by traditional acetonitrile evaporation
method, in which the contents of Cu™ and I~ were 53.1% and 46.9%,
respectively [18].

3.3. Optical transmittance

The crystal shown in the inset of Fig. 4 was cut and polished into a
wafer with the thickness of 1.36 mm for the optical transmittance
measurement. It is observed that the crystal has a transparent window
over 60% in the visible region as shown in Fig. 4. The optical bandgap
of the as-grown single crystal is determined by the property of the direct
bandgap of the semiconductor. The graph of the variation of (ahv)? with
hv is given in the inset of Fig. 4. The bandgap is calculated to be
2.955 + 0.001 eV, which is a little larger than that of the y-Cul crystal
grown without Lil [19]. The absorption spectra of samples grown with
and without Lil are shown in Fig. 5. Both of them show intensive ab-
sorption at the edge of 415 nm, which is the characteristic of direct-gap
interband transitions [7].
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Fig. 5. Absorption spectra of the y-Cul crystals grown in pure and Lil acet-
onitrile solvents.
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Fig. 6. PL of y-Cul single crystals grown in pure and Lil acetonitrile solvents.

3.4. Photoluminescence

The PL spectra of the crystals grown with and without Lil are shown
in Fig. 6. The crystal grown without Lil has two emission bands located
at 411 nm and near 680 nm, respectively. The 411 nm emission origi-
nates from the free-exciton emission [20]. The 680 nm emission is re-
lated to the deficiency of iodine [14]. The PL spectrum of the crystal
grown with Lil is quite different from that grown without Lil. The free-
exciton emission (411 nm) has been enhanced. Meanwhile, the 680 nm
emission is suppressed, which demonstrates that the deficiency of io-
dine in y-Cul single crystal is reduced greatly as is been verified by ICP-
OES. Additionally, an emission peak at 432 nm is observed in the crystal
grown with Lil. It is well known that if a semiconductor was doped with
isoelectronic impurities with different electronegativity, the more
electropositive (or electronegative) impurity can trap holes (or elec-
trons) [21]. In this work, the electronegativity of Li* is 0.98 which is
quite lower than that of Cu* (1.90), and Li* could act as a hole trap
when it substitutes Cu™ in the crystal [21,22]. The 432 nm emission
could be related to the recombination of electrons to isoelectronic hole
traps on the Lic,. The excitation spectra monitoring the three peaks are
shown in Fig. 7. There are no obvious excitation peaks for 411 and
432 nm emissions. While the excitation peak for 680 nm is located at
415 nm.

3.5. X-ray excited optical luminescence

The X-ray excited optical luminescence spectra of the crystals grown
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Fig. 7. The excitation spectra of the y-Cul single crystal grown in Lil acetonitrile
solvent.
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Fig. 8. X-ray excited optical luminescence spectra of y-Cul single crystals grown
in pure and Lil acetonitrile solvents.

with and without Lil are exhibited in Fig. 8. Both crystals have a near-
band-edge emission at 430 nm and a broadband near 680 nm. Although
the whole intensity of luminescence is enhanced, the ratio of the in-
tensity of 430 nm emission to that of 680 nm emission is obviously
improved by the addition of Lil. The enhancement of near-band-edge
emission could be the result of the additional recombination of elec-
trons to isoelectronic hole traps on the Lic,, and the increase of 680 nm
emission is likely due to the fact that its excitation peak is at the near-
band-edge emission band and the transmittance of the crystal is im-
proved. In order to know the relative scintillation efficiency of the
crystal, a PbWO, single crystal with the same size was tested for
comparison. The X-ray excited optical luminescence spectra of the
samples are shown in Fig. 9. It can be calculated that the light yield of
ultrafast emission for the y-Cul single crystal is about 40% of that for
PbWO,.

3.6. Decay time

Fig. 10 depicts the decay curves of the emissions at 411, 432 and
680 nm of the crystal grown with Lil. The decay times of 411 and
432nm emissions are 26.5 and 24.5 ps, respectively. They illustrate
that both emissions belong to ultrafast luminescence. For the 680 nm
emission, the luminescence intensity I(t) can be expanded by two ex-
ponential decay components [23],
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Fig. 9. The X-ray excited optical luminescence of y-Cul and PbWO, single
crystals.
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Fig. 10. The streak images of the emission at 411 nm (a) and 432 nm (b), the
single crystal grown in Lil acetonitrile solvent.
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Fig. 11. The decay curve of the fast emission for the y-Cul single crystal under
pulsed X-ray excitation.

I(t) = Ay X exp(—t/7) + Ay X exp(—t/n), 1)

where 7; and 7, represent the decay times of short- and long-decay
components, respectively, parameters A; and A, are weight factors. The
average decay time is determined by,

AT+ AT

0= (An + A1)

(2

The average decay time of 680 nm emission is 224 *= 7 ns, which
includes two components, i.e., 76 * 5ns (18.86%) and 325 * 6ns
(81.14%).

The 411 nm free exciton emission has ultrafast decay time because
of the oscillator strength enhancement [24]. With regard to the decay
time of the 432 nm emission, it could be understood that Li* can trap
the exciton, as discussed above, and this trapped exciton emission
usually has ultrafast decay time [21]. The same phenomenon was also
reported in ZnO:Ga [25].

The decay time of the fast emission of the y-Cul single crystal under
pulsed X-ray excitation measured with fluorescence spectrophotometer

decay curves of the emission at 411 nm (c), 432 nm (d) and 680 nm (e) for the y-Cul

is shown in Fig. 11. The decay curve is overlapped with the response
function of the pulsed X-ray facility. It illustrates that the decay time of
the fast emission is less than that of the detection limit (450 ps), i.e. less
than 450 ps.

4. Conclusion

y-Cul single crystals with transmittance over 60% in visible region
were grown in Lil acetonitrile solvent through evaporation technique.
The single crystal with the dimension of 23 x 14 x 2 mm? is the largest
at present, and it has an excellent crystallinity. The addition of Lil in the
crystal growth can greatly enhance the near-band-edge emissions (411
and 432nm) and suppress the broadband emission (680 nm) of the
crystal, respectively, because Li can act as an effective isoelectronic
dopant and the addition of Lil can improve the molar ratio of copper to
iodine. The decay times of the 411, 432 and 680 nm emissions under
ultraviolet excitation are 26.5 ps, 24.5 ps, and 224 ns, respectively. Due
to the limitation of the instrumentation used, it can only know that the
fast decay time under X-ray excitation is less than 450 ps. The growth
method by addition of Lil may provide an instruction for the optimum
of the y-Cul single crystal as an ultrafast scintillator.
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