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Photoluminescence of Tl4Hgls single crystals
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The temperature behavior of TlyHgls photoluminescence spectra is presented. The emission spectra are stud-

ied in the temperature range between 4.5 and 300 K and in the spectral range 350-650 nm. Two main emission

bands at ~ 551 nm and ~ 448 nm are observed corresponding to the emissions of Hgl, and TII impurity centers.

It is assumed that the low-temperature emission band at ~ 520 nm corresponds to the recombination of the

exciton. The luminescence peaks observed in emission spectra in the range between 350 and 410 nm correspond

to the phonon repetitions. The excitation spectra of emission bands are measured at 4.5 K and compared with the

electron density of states.
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Introduction

The wide bandgap semiconductor crystals attract the at-
tention of researchers due to their wide practical applica-
tion as the materials for x-ray and y-ray detectors, for
chemical and biomedical industries and others [1, 2]. One
of the main issues of material science is the design of ra-
diation sensors, that are efficient at room temperature.
Among the known materials (CdTe, CdTe—CdZn, TIBr,
MIL,; M = Pb, Hg), the three-component compound TI;Hgl
stands out, because it matches all-important requirements for
the radiation detectors [2, 3], the sensor of temperature [4].
The capacitance system of thermoregulation seems to be
the simplest way for application TI;Hgls crystal as a work-
ing element of the temperature sensor (see Ref. 4). Most
band gaps for semiconductors of interest for radiation de-
tectors fall within the range from 0.7 to about 3 eV [5].
The crystal Tl4Hgls shows the insulating properties with
the bandgap E, =2.15 eV [6]. The thallium component in-
creases the absorption coefficient of the material for x-rays
and y-rays because of its high density, p=7.15 glem’ [6, 7],
and atomic number, Zp = 81 (Zy, = 80, Z; = 53). Other pa-
rameters of importance for radiation detectors are the elec-

tron and hole mobilities along with the propensities for
charge trapping or recombination [5].

The compounds containing the ionic-and-covalent bond-
ing are expected to possess the anisotropy of physical pro-
perties. It is obvious that the synthesis of novel mono-
crystalline materials is followed by the research of their
basic physical and chemical characteristics: parameters of
crystal structure, features of the linear thermal expansion in
the temperature ranges of interest, determination of the
bandgap, optical characteristics, investigation and interpre-
tation of the photoluminescence spectra. Some results of
our previous study of the crystal are presented in [8].

At present time, the studies of optical [6—10], mechani-
cal [4, 11, 12], spectral and energy characteristics are per-
formed for the A4BXg group crystals [13—15] including
T14Hgls one. The energy band structure studies [9] showed
that the direct bandgap corresponds to the G point of the
Brillouin zone and the origin of the conduction and valence
bands is determined. However, the photoluminescence (PL)
studies of A4BX; group crystals are insufficient [1, 3, 10, 16].
The PL investigation of crystals can provide important in-
formation about the features of the phonon and exciton
spectra, as well as about impurities and defects of the crystal
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structure. In the PL spectra of TlyHgl, crystal [3], the doublet
band near 483 and 520 nm and two intensive bands at
565 and 685 nm were identified. The luminescence band at
685 nm is attributed to the impurity levels in the crystal’s
bandgap [3]. The presence of peak at 565 nm is explained
by the recombination of the bound a exciton on the thallium
impurity. However, authors of the Ref. 3 have not studied
the luminescent excitation spectra and corresponding decay
time that could provide useful confirmation for the assump-
tions proposed.

In the present study, we report the results on the tem-
perature behavior of the PL spectra of Tl;Hglg crystal. The
investigation of PL spectra is performed to obtain the in-
formation about impurities and structural defects in the
crystal.

Experimental

In order to synthesize thallium mercury iodide, we used
commercially produced salts of the relevant metal halides.
The initial components were taken according to equimolar
ratios. Pre-purification of salts was performed by crystalliza-
tion from melt in quartz ampoules and vacuum sublimation.
T14Hgls single crystal was grown with a standard Bridg-
man—Stockburger technique. The details of synthesis con-
ditions are presented in our previous works [7]. The imag-
es of the obtained T1;Hgls compounds are shown in Fig. 1.

PL and PL excitation spectra were measured using a
Horiba/Jobin-Yvon Fluorolog-3 spectrofluorometer (with a
resolution of 0.2 nm) equipped with a xenon lamp (450 W)
and a Hamamatsu R928P photomultiplier. The PL excita-
tion spectra were corrected for the emission spectrum of
the lamp. The PL spectra were corrected for the spectral
response of the spectrometer system used in our experi-
ments. Finally, low-temperature PL. measurements were per-
formed using a continuous-flow liquid-helium cryostat [17].

The theoretical calculations were made using the elec-
tron density functional theory (DFT) [9, 10]. For ionic po-
tentials, the ultrasoft Vanderbilt pseudo-potentials were
used [18]. To describe the exchange-correlation energy of
the electron subsystem, the generalized gradient approxi-
mation (GGA) functional with the Perdew—Burke—Ernzer-
hof (PBE) parameterization [19] was used. The well-known
drawback of this approximation is the underestimated
bandgap. In this work, to match the absolute values of E,

Fig. 1. Typical photo image of studied Tl;Hgl, crystal (as-grown).
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Fig. 2. PL spectra of the TlyHgl crystal under excitation wave-
lengths A= 273 nm and A= 295 nm at temperature 4.5 K.

the calculated value was corrected by AE =0.74 eV. This
does not affect, however, the general trend of the electronic
and structural properties, as was confirmed by the previous
calculations [9, 10].

Results and discussion

The PL bands detected for T1;Hgl, at 4.5 K and different
excitation wavelengths are shown in Fig. 2. At low tem-
peratures, several asymmetric bands are observed in the emis-
sion spectrum. The luminescence spectra of T1;Hgls crystal
were analyzed with Gaussian curves. As a result, the emis-
sion bands at approximately 372, 378, 383, 388, 392, 448,
520 and 551 nm for Tl Hgls (T=4.5K, Ay =273 nm)
were estimated. The PL spectra of TI4Hgl, at different tem-
peratures between 4.5 and 300 K are shown in Fig. 3.

The temperature behavior of the optical-absorption edge
for crystal Tl4Hgls in the temperature range 4.5-300 K was
not measured. Taking into account that the bandgap of
Tl4Hgls crystal is 2.082 eV at room temperature [3], we
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Fig. 3. (Color online) PL spectra of Tl;Hgls obtained at different
temperatures.
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suppose that the maximum of PL band is shifted about
~0.2 eV to the higher energies range [1]. Such difference
between the position of the observed PL band and the value
of bandgap corresponds to the Stokes shift.

The appearance of the bands near 448 and 551 nm can
be related to the shift of the fundamental absorption edge
[1, 16]. For the A;BXg group crystals, such a phenomenon
is observed quite often [1, 10]. Although the nature of the
bands near 448 and 551 nm is not quite clear at present,
and it is probably formed by deeply localized states. The
PL band at 551 nm (~ 2.25 eV at 4.5 K) is observed at dif-
ferent temperatures in the range between 4.5 and 300 K.
It should be noted that the bandgap of Hgl, crystal is equal
to 2.27 eV [20, 21]. Note also that a similar band centered
at about 560 nm has earlier been observed for the pure bi-
nary Hgl, compound [20]. Thus we assume that the consider-
ed band at 551 nm can correspond to the Hgl, impurity. On
the other hand, no traces of a similar band at 448 nm
(~2.78 €V) has been detected in the mercury iodide crys-
tals [20]. The optical absorption edge of the orthorhom-
bic thallium iodide takes place at the photon energy
hv ~2.84 eV [22] and the main PL band appears at 451 nm
(2.75 eV [23]). Accounting to the optical absorption edge
position mentioned above [1], it can be assumed that
the band at 448 nm corresponds to the o-TII impurity [1, 22].
The phenomenon of TII impurity is observed quite often
[1, 10, 16].

It is evident from Fig. 4 that temperature quenching of
the luminescence bands at 448 and 551 nm is accompanied
by a shift of their maximum position towards higher pho-
ton energies. It is worth mentioning that, in a fairly good
approximation, the shifts of the maxima positions E,, of
the PL bands at 448 and 551 nm depend linearly on the
temperature. The slopes of the E..(7) dependences are
equal to 2.06:10* and 7.46°10° eV/K, respectively, for
the bands at 448 and 551 nm.
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Fig. 4. Temperature dependences of the energy positions £ of PL
bands maxima at 448 nm and 551 nm (see Fig. 3) measured for
Tl4Hgle. Lines (- - -) correspond to the linear fits.
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Fig. 5. PL excitation spectra for Tl;Hgls as measured at 4.5 K and
different emission wavelengths indicated in the legend.

The observed bands near 392, 388, 383, 378, and
372 nm (Fig. 3) can be attributed to Hgl, lattice vibrations
[24, 25] because the energy shifts between these bands
(AE ~ 33 meV) are close to the phonon repetitions of the
energy 2E = 28.4 meV [20].

The low-temperature excitation spectra for different
emission bands 372, 450, and 545 nm are presented in
Fig. 5. These spectra are approximated by Gaussian func-
tions. The positions and half-widths of the bands are pre-
sented in Table 1. To check the above assumptions and to
explain the real nature of luminescing bands (372, 448, and
551 nm), we compared the PL excitation spectra with the
density of states (Fig. 6) [26]. The nature of all the bands
in the excitation spectra can be explained using part of the
density of thallium, mercury, and iodine states. According
to Fig. 6, the bands at 448 (2.78 eV) and 551 nm (2.25 eV)
in the excitation spectra can be formed by the emission
centers in TII and Hgl, impurities, respectively. The band
at 372 nm (3.33 eV) is assumed to be related to Hgl, lattice
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Fig. 6. Density of states compared with the excitation spectra of
the T14Hgl crystal.
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Table 1. Parameters of Gaussian peaks calculated for the PL excitation spectra of Tl;Hgl, crystal for the cases of A.,= 372, 450, and
545 nm: FWHM denotes full width of a peak at its half maximum, R” is adjusted R-squared value

Aem= 545 nm Peak position, eV FWHM, meV Maximum peak intensity /.y,
R>=0.981 10° arb. units
Peak 1 2.49 72.9 23.8
Peak 2 2.64 103.3 9.7
Peak 3 4.02 1002.9 9.0
Peak 4 4.88 459.2 7.6
Peak 5 4.96 63.8 15.8
Aem= 450 nm Peak position, eV FWHM, meV Maximum peak intensity /.y,
R*=0.991 10° arb. units
Peak 1 4.25 147.8 2.4
Peak 2 4.45 517.9 8.6
Peak 3 4.51 692.7 15.5
Peak 4 5.28 614.1 27.3
Aem= 372 nm Peak position, eV FWHM, meV Maximum peak intensity 7y,
R*=0.967 10° arb. units
Peak 1 3.67 124.4 349.2
Peak 2 4.14 1432.7 25.3
Peak 3 4.38 91.3 1.3
Peak 4 4.53 83.0 4.4
Peak 5 4.93 472.8 9.0
Peak 6 5.09 479 3.4

vibrations. Thus, the PL bands at 448 and 551 nm are
caused by the internal transitions in the T1I component and
Hgl, compound. We assume that thallium excess may be
formed in Tl4Hgls crystal (the same situation is realized in
T14Cdl crystal [5, 11]). This can be related to the features
of the crystal structure and crystal synthesis conditions.
Another intense emission peak is observed at 520 nm.
This band is observed only at temperatures below 20 K.
We suppose that this band corresponds to exciton emission.
The decay luminescence curve of this emission band is pre-
sented in Fig. 7. After the kinetic characteristics approxima-
tion (Fig. 7) by classic functions for single crystal samples
(single-exponential, bi-exponential, expanded exponent, and
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Fig. 7. PL decay curve of TlHgl crystal.

others [17]), the best convergence of experimental results
with the function (1) (R*= 0.9978) is obtained:

I () oc Ae™™ + d,e™™2 (1)

where 4, , denotes constant amplitude factors and 1, cha-
racteristic decay times. The two decay components for the
emission band at 520 nm are estimated with the characteris-
tic times T, =(0.67+0.01)ns and 1, =(2.66£0.07) ns.
The ratio of the corresponding “decay amplitudes” 4; esti-
mated from the fit of Eq. (1) is equal to 4,/4; = 3.82. Since
the PL intensity of 520 nm emission band decreases signif-
icantly with increasing temperature (see Fig. 3), one can
suppose that self-trapped holes are thermally activated and
can migrate through the crystal to form a localized bound-
ed exciton emitting at ~ 2.38 eV (see Ref. 3).

Conclusions

In this work, the PL properties of the TIsHgls single
crystals were studied. The main bands are observed in the
PL spectra at 372, 448, 520, and 551 nm. The strong tem-
perature effect on the PL bands at 448 and 551 nm has
been revealed in the range from 4.5 to 300 K. It was found
that the temperature quenching of the PL in Tl,;Hgls crystal
is accompanied with the energy shift of emission bands
at 448 and 551 nm towards higher photon energies. The
excitation spectra of the luminescence bands at 372, 450,
and 545 nm were measured. The measured emission spec-
tra were approximated by Gaussian functions. Based on
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the experimental results and DOS calculations, we suppose
that the emission band at 448 nm (2.78 eV) belongs to
the luminescence in the TlI compound, whereas the bands
at 372 (3.33 ¢V) and 551 nm (2.25 eV) — to the emission
of Hgl,. We suppose that the luminescence band at 520 nm
corresponds to the exciton emission. The decay curve for
the PL band at 520 nm is fitted by two exponential func-
tion with two characteristic decay time components
1, =(0.67+0.01) ns and t,=(2.66 +0.07) ns. The sharp
peaks in the luminescence spectra between 350 and 410 nm
can be attributed to the electron-phonon optical transitions.
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doTontoMiHecueHuis moHokpucTany TlyHgle

A. |. Kawy6a, M. B. Conosiios, A. B. ®paHis,
Bb. AHgpiescbkuii, T. C. Manui, B. B. Litompa,

A. A. XKupadescekui, . A. Inbuyk, M. B. ®egyna

[TopaHo pe3ysbTaTé TeMIEPaTYPHOI MOBEAIHKH CHEKTPiB (o-

tomominecuennii Tl,Hgls. JocmipkeHHs CIeKTpiB BUIPOMIHIO-

BaHHA MpoBeneHO y TemmepaTypHomy 4,5-300 K ta cnekrpanb-

HOMy 350-650 HM niamazonax. BusBiIeHO IBI OCHOBHI CMyTH

BUNpOMiHIOBaHHS ~ 551 Ta ~ 448 HM, sKi BiIIOBIJaIOTh BUIIPO-

MiHIOBaHHSAM noMimkoBux neHtpis Hgl, ta TII. Ilpumyckaerbes,

110 HU3bKOTEMIIEpaTypHa CMyra BHIIPOMiHIOBaHHS ~ 520 HM Bif-

nosinae pekoMOiHamii ekcuToHy. CMyru BHIIPOMIHIOBAaHHS, SIKi

CIIOCTEPIraroThCs B CIIEKTPi (HOTONMOMIHECHCHIIIT Y Jiana3oHi Mix

350 Ta 410 H™M, BimnoBimaroTe (OHOHHHMM moOBTOpaM. CHeKTpH

30yKEHHSI CMYr BHIIPOMiHIOBaHb BuUMipiooThes mpu 4,5 K Ta

MOPIBHIOIOTHCS 3 €JIEKTPOHHOIO NIUTHHICTIO CTaHIB.

KirouoBi cioBa: (OTOIOMIHECHEHIIISI, CIIEKTPU BUIPOMiHIOBAHHSI,

KiHETHKa 3aracaHHs JIFOMiHECIICHINT, CHEKTPH
30yIKEHHS.
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