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The investigation of the properties of novel multicomponent chalcogenide single crystals is one of the
principal directions of modern semiconductor optoelectronics. Particular attention is paid to the study of
the photoluminescence properties of rare earth-doped chalcogenide semiconductors in the visible and near
infrared range. This is due to the use of these materials in telecommunication devices, laser and sensor
technology. We describe here the growth technique of the single crystal (Gago.sLazosEr)2Ss00 composition by
solution-melt method. X-ray diffraction methods confirm its crystallization in the space group Pna2:. Opti-
cal absorption spectrum of the single crystal in the visible and near infrared range was studied. Using the
functional dependence of (eh)? on hv for direct transitions, the bandgap energy of the semiconductor was
determined as 1.99 = 0.01 eV. The increase in the dopant concentration from 0.2 to 0.4 at. % Er does not
significantly change the band structure of the single crystal, therefore the bandgap energy is unchanged as
well. Narrow absorption bands were recorded that are related to the transitions 4lis2 — 4112, 41152 — “Ior,
4I152 — 4Fg2 in the f-shell of erbium ions. High concentration of energy levels in the band gap associated
with the structure defects of the crystal results in the high value of the optical absorption coefficient. Pho-
toluminescence excitation was achieved by a 532 nm (2.33 eV) laser at 150 mW. Intense Stokes photolumi-
nescence bands were recorded at 1.53 and 0.805 eV, as well as lower-intensity maxima at 1.45, 1.27,
1.88 V. These emission bands correspond to the transitions “Ioe—*I152, T132—4115/2, 4Sare—*I1372, 4T12—4T1552,
1Fop—4l152 in Er3* ions, respectively. An energy transition diagram for the f-shell of Er3* ions in the
(Gaso.sLiazesEr)2Ss00 single crystal was plotted. The emission mechanism and the important role of the
cross-relaxation processes between the ground and excited states of Er3+ ions were established. As a result
of the influence of the local crystalline field on erbium ions, the Stark splitting of the 4I132, 4152 levels and
the widening of the photoluminescence band with the maximum at 0.805 eV is observed. Intense infrared
bands of the photoluminescence (1.53 and 0.805 eV) create prerequisites for using the (Gaes.sLazosEr)2Sso0
single crystal in sensor technology and optoelectronic devices.
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1. INTRODUCTION

Recent years saw increasing interest of scientists
in the chalcogenide single crystals doped with rare
earth metals (RE) [1]. This is due to the use of these
materials in optoelectronic devices such as infrared
light sources [2], up-converters [3], optical amplifiers
[4], temperature [5, 6] and radiation sensors [7]. Sul-
fide crystals and glasses have the largest transpar-
ency window in the visible and near infrared (IR)
spectral range of all chalcogenide semiconductors [8].
In addition, they are characterized by relatively high
solid solubility of RE in the amorphous or crystalline
matrix of the alloy [9] and low phonon energy [10]
which provides low energy losses during the excita-
tion of RE ions and the appearance of photolumines-
cence (PL).

PL efficiency in glasses can be increased by select-
ing the optimal component composition of the matrix
and the concentration of RE. In single crystals, it is
impossible to broadly vary its composition. The
change in the composition of a single crystal is lim-
ited by the homogeneity range of the selected com-
pound, the solubility of RE ions, and also the local
position of these ions in the crystal structure. There-
fore, the study of PL is most commonly done for RE-
doped glasses and less often for single crystals.
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PL in chalcogenide glasses, compared to Er-doped sin-
gle-crystalline semiconductors, exhibits a large number of
bands in the visible and near IR ranges [11] which is due
to the possibility of RE ions to occupy several positions in
the amorphous matrix. It should be noted that single
crystals are characterized by high intensity of PL but a
small number of emission bands [3]. Therefore, the stud-
ies of single-crystalline RE-doped chalcogenides which
exhibit high intensity of narrow PL bands in the visible
and near-IR range are particularly interesting.

Thus, the manufacture of RE-doped chalcogenide sin-
gle crystals, which can be used as materials for optoelec-
tronic engineering and the investigation of the PL mech-
anism, is an important task in solid state physics and
chemistry.

2. EXPERIMENTAL

The method of the single crystal growth was selected
based on the phase diagram of the Ga2Ss-La2Ss system
[12]. The thermograms of the sample of the same starting
composition were also recorded to determine from the
cooling curves the supercooling temperature which was
70 K. The synthesis of the sample of the
(Gaeg.sLazesEr)2Ss00 stoichiometric composition was per-
formed at 1200 K in a container with graphitized walls.
The ampoule was etched with hydrofluoric acid before
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graphitizing. The single crystal was later grown in
the same container with the conical bottom. The con-
tainer with the loaded batch was evacuated to 1-10-3
torr and soldered. The growth process was performed
in a vertical two-zone furnace with the maximum
temperature of 1200 K and tempe-rature gradient at
the solid-melt interface of 20 K/cm. After the melting
of the charge, the ampoule was lowered with maxi-
mum speed until its bottom reached the supercooling
temperature. After the crystallization of 10 mm of
the melt, the ampoule was stopped and then raised to
melt 6.0-8.0 mm of the crystallized portion. The seed
was subsequently annealed for 120 hours and then
grown by lowering the ampoule at the rate of
7 mm/day. After the completion of the process both
zones were cooled to a temperature of 820 K at the
rate of 60-70 K/day, after which the obtained single
crystal was annealed for 120 hours. The set-up was
cooled with the furnaces switched off. The result was
a single crystal of yellow-gray color, 13 mm in diame-
ter and 22 mm in length. The diffraction pattern was
recorded from a powdered sample of the obtained
single crystal (scan step 0.05°, exposure time 4 s),
which showed the absence of other phases (Fig. 1).
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Fig. 1 - The diffraction patterns of the powdered part of the
obtained (Gasg.sLiaszosEr)2Ss00 single crystal, polycrystalline
sample of the (Garlias)2Ss00 composition, and the theoreti-
cal pattern of LaGaSs

The investigation of the optical absorption spectra
and PL was performed according to the standard
method of synchrodetection, A — D transformation,
using an MDR-206 monochromator with automatic
temperature control system. The PL signal was rec-
orded from the same sample surface as the excita-
tion. The sample for the study of the absorption spec-
trum was shaped as a parallel-plane polished plate of
0.8 mm thickness. The signal was registered by Si
and PbS photodetectors. The luminescence excitation
was effected by an LDM532U laser with the maxi-
mum power of 532 nm radiation at 150 mW.

3. RESULTS AND DISCUSSION
3.1 Optical absorption

Optical absorption spectrum of the single crystal
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(Gaeg.sLazesEr)2Ss00 was investigated at room tempera-
ture in the 1.2-2.1eV range (Fig.2). The narrow ab-
sorption bands with the maxima of 1.27, 1.54, 1.88 eV
were recorded according to the transitions from the
ground state 4152 to the excited states “I112, *Io2, *For,
respectively, of erbium ions. The inset shows the graph of
the dependence of (ahv)? on hv.
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Fig. 2 — The optical absorption spectrum of the single crystal
(Gasg.sLiaze.s Er)2Sso0

The bandgap energy of the single crystal was deter-
mined by the formula on direct transitions [13] extrapo-
lating the straight line (ahv)? to zero:

1

a-hv=A(hv-E,)2, (1)

where Eg is the bandgap energy, «a is the absorption coef-
ficient, hv is the photon energy, A is a constant.

The calculated value Egz=1.99+0.01eV coincides
with the bandgap energy determined for the single cry-
stal (Gasy.r51iazo.75Er0.5)2S300 [3], since the modest increase
in the dopant concentration (from 0.2 to 0.4 at. % Er) does
not significantly change the band structure of the semi-
conductor.

The relatively high value of the absorption coefficient
below the fundamental absorption edge (e.g., 14.2 cm !
at 1.4 eV, 16.8 cm -1 at 1.5 eV) is caused by the high con-
centration of energy levels in the band gap that are asso-
ciated with the structure defects of the crystal. These
defects are likely the vacancies in the cation sub-lattice of
the crystal due to the cation deficiency.

3.2 Photoluminescence

Using 532 nm wavelength laser excitation (2.33 eV),
Stokes PL with intense peaks of 1.53 and 0.805 eV was
recorded, as well as two bands of lower intensity at 1.45,
1.27eV, and a low-intensity maximum at 1.88eV
(Figs. 3, 4). They correspond to *loe—*I152, *I132—4l1512,
4Ssi2—4132, 117241512, *Foe—*1152, respectively, in the f-
shell of Er3* ions.

Using the energy level diagram (Fig. 5), we consider
the mechanism of the appearance of excited states and
radiative recombination in erbium ions. The excitation of
2.33 eV energy promotes Er3* ions from the ground state
to the excited state (‘Iisz — 2Hiie). After the non-
radiative relaxation from 2Hii2 to the state %Saq, there
occurs PL with a maximum at 1.45 eV.
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Fig. 3 — PL spectrum of the (Gaso.sLazosEr)2Ss00 single crys-
tal in the 1.2-2.05 eV range (inset: PL band with the maxi-
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Fig. 4 - PL spectrum of the (Gasy.sLiazesEr)2Ss00 single crys-
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Fig. 5 — Energy level diagram for Er3* ions
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Erbium ions cannot relax non-radiatively to lower en-
ergy states due to large energy distance between 4Ss2 and
the states “Fo, *l92 and low phonon energy which is
about 200-350 cm! for sulfide crystals [10]. Therefore, we
believe that these states result due to cross-relaxation
processes:

(CR1) 2Hiuz + 152 — o2 + 132 )
(CR2) 2Hiue + 4l1se — 4Foe + 112 3)

According to Eq. (2), if one erbium ion is in the excited
state of 2Hi12 and an adjacent ion is in the ground state
4I1502, an energy transfer may occur resulting in the first
ion in the 4Ige2 state and the other in the 4Ii32 state. We
should note that the excited state 4I132 and, consequently,
the FL with the maximum at 0.805 eV result not only
through CR1 but also from the radiative transition
4S3/2 — 41132 (the maximum at 1.45 eV). A similar energy
transfer process takes place between the ions in the ZHi12
and 4132 states (Eq. (3)) resulting in *Fo2 and 4I11/2 states
of Er3* ions, respectively.

Cross-relaxation process CR1 provides a high concen-
tration of erbium ions in the states “4Ios2, 4I132. Thus, in
the case of excitation with 2.33 eV energy, two powerful
emission bands at 1.53 and 0.805 eV arise in the
(Gaeg.sLaze.sEr)2Ss00 single crystal due to cross-relaxation
CR1. The widening of the latter band is due to the Stark
splitting of the 4I1s2, “I152 levels due to the effect of the
crystalline field on erbium ions.

Thus, under the excitation of 2.33 eV, two powerful
PL emission bands arise in the (Gaeg.sLaze.5Er)2S300 single
crystal due to the cross-relaxation process CR1. PL bands of
lower intensity are associated with non-radiative relaxa-
tion to the lower energy state 4Ss;2 and the CR2 process.

4. CONCLUSIONS

A single crystal of the (Gasg.sLazesEr)2Ssc0 composi-
tion was grown by solution-melt method and its crystalli-
zation in space group Pna2: was confirmed by X-ray dif-
fraction. The optical absorption spectrum of the single
crystal in the range of 1.2-2.1 eV and the bandgap energy
were determined (1.99 eV). Using 2.33 eV laser excitation
intense bands of PL were recorded at 1.88 1.53 1.45, 1.27
and 0.805eV, that correspond to the transitions
4Fg/0—4115/2, 4To/2—4115/2, 4Ss39—4113/2, 4112—4115/2,
4T132—4152 in Er3*. The radiation mechanism of PL in
(Gaeg,sLazesEr)2S300 single crystal was determined using
the energy transition diagram in Er3* ions.

The concentration of intense FL emission in only two
bands (1.53 and 0.805 eV) creates prerequisites for using
the (Gasg.sLiazesEr)2Ss00 single crystal in opto-electronic
technology.
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Opep:xaunsa moHokpucrainy (GasgsLazesEr)2Sse Ta MmexaHiam BUnpomiHIOBaHHA
CTOKCOBOI (poToIIOMiHECHeHIIil

B.B. l'amanl, I A. Isamenxo?, A.I'. Kesmun!, I.1]. Onercerox?, I1.B. Tumenko?, A.Il. Tpersax!

1 Kagheopa excnepumeHmaJsibHOL (hi3uK ma mexHosi02ili IHghopmayitino2o sumipiosants, CxionoesponeticoKuLl
HaylonanvHull yrigepcumem im. JI. Yepainku, eyn. Boai, 13, JIyuvk, 43009, Ykpaina
2 Kagpeopa Heopeariunoi ma gizuunoi ximii, Cxionoesponeticokuli HauloHabHULl YHigepcumemy im. JI. Yipainku,
eys. Boni, 13, Jlyuvk, 43009, Yipaina

JlocmippreHHS BIIACTHBOCTEHM HOBUX 0AraTOKOMITOHEHTHHUX XaJIBKOT€HITHUX MOHOKPHUCTAJIB € OJHUM 13
OCHOBHHUX HAIPSIMKIB Cyd4acHOI HAINIBIPOBIIHUKOBOI onToesekTpoHiku. OcobmBa yBara MpHALISETHCA BU-
BYEHHIO (DOTOJIIOMIHECIIEHTHHUX BJIACTHBOCTEN XaJIKOTE€HITHUX HAIIIBIPOBLIHUKIB Y BUANMOMY Ta OJIU3BKOMY
iH()payepBOHOMY Jiama3oHax, skl JIETOBAHI PiIKiCHO3eMeJbHUME MeTasamu. lle moB’s3aHo i3 BUKOpHUCTAH-
HAM IIAX MATEPIaJiB B TEJeKOMYHIKAI[IMHUX IIPUCTPOIX, JIA3EPHIN Ta CeHCOPHIiN TexHimi. B poboTi ommcaso
METOIHMKY BHPOILyBaHHS MOHOKpucrasay ckiany (GaesslazesEr)aSso posunn-posnnaBaum meromom. Meto-
JIOM PEHTreH0(ha30BOro aHAI3y MIATBEPAKeHa MOro KPUCTAII3alla y IpocTopoBit rpym Pna2:. Jocmimxe-
HO CIEKTD ONTHYHOTO HOTJIMHAHHS MOHOKPHUCTAJLY y BUINMOMY Ta 0JIM3bKOMY 1HQpa-uepBOHOMY 1iama3oHi.
Ha ocnoBi dyuriionanbaoi 3amesxsocTi (ahv)? Big hv 1Is mpaMux mepexoiB BU3HAYEHO IIUPUHY 3a00po-
HEHOI 30HM HAIIIBIIPOBIAHUKA, AKa cTaHOBUTDH 1,99 = 0.01 eB. 36iybleHHA KOHIIEHTPALIIT JIETYIOUO0l JOMIIIKI
(30,2 no 0,4 at. % Er) He BHOCUTH 3HAYHMX 3MIH B 30HHY CTPYKTYPY MOHOKPHCTAJLY, TOMY He 3MIHIOE IIIHPHU-
Hy 3a00pOHEHOI 30HM HAIIIBIPOBIAHMKA. 3adiKCOBAHO BY3bKi CMYyTH IIOIJIMHAHHSA, SKI HOB’S3aHI 3 Iepexo-
mamu (“lisz — e, Tisz — o, 452 — 4Fo2) B f-060s0HII i0HIB epbio. Besrka koHIeHTpalis enepreTny-
HUX PIBHIB B 3a00pOHEHIH 30Hi, IO IIOB’A3aHi 13 CTPYKTYPHUMH JedeKTaMKi KPUCTAJTY, 00yMOBJIIOIOTH BUCOKE
3HAUYEHHS KoediI[ieHTa ONTHYHOTO MOrTMHAHHSI. 30yKeHHs (POTOIOMIHECITEHITI] 3TIUCHEeHO JIa3epoM 13 J0-
BkmHOK XBrutl 532 HM (2.33 eB) mory:xaicTio 150 MBr. 3adikcoBaHO 1HTEHCHUBHI CMYTH CTOKCIBCHKOI (hOTO-
smominectienmii: 1.53, 0.805 eB, a Takosxx makcumymu menmmol imTeHcuBHOcTL: 1,45, 1,27, 1,88 eB. 11i cmyru
BUIIPOMIHIOBAHHS BimmoBimaoTh mepexomam 4loe—4lise, *lize—4lise, 4Sse—4lize, Tiiz—4lise, ‘Fae—4lisz B
Er3+ ionax Bigmosimuo. [ToGymoBano miarpamy eHepreTuyHuX mepexofis B f-obosont iouiB Erd* mis moHoK-
pucraiy (GaeosliazesEr)2Ss0. BeranoBieno mexaHiaM BUIIPOMIHIOBAHHSA Ta BAYKJIUBY POJIb IIPOIECIB Kpocpe-
JIaKcarrii Misk OCHOBHUM Ta 30yKeHUMH cTaHaMU 10HIB Er3*. BHacIok BIUIMBY JIOKAJBHOTO KPHUCTAJIIYHO-
T0 HOJIS Ha 10HK ep0iio BiIOyBAETHCA INTAPKIBCHKE POSIICIIEHHAM piBHIB 4lis2, 4152 1 posmmmpeHHsa cMyru
doromominectienii i3 makcumymom 0,805 eB. InTencusHI iHppavepBoHi cMmyrn BumpomiHioBaHHa (1,53 Ta
0,805 eB) cTBOPIOIOTL HEpeIyMOBH A/ BUKOPHCTAHHA MOoHOKpHCTaILy (GassslasesEr)eSso B cercopHiil Tex-
HII[l T4 ONTOEJIEKTPOHHUX IIPUJIATAX.

Kmiouosi cnosa: Monokpucrai, Ep6iit, Cuexrp noriauaarss, OoTo/roMiHECIICHITIS.
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