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GaSe single crystals doped with Eu (0.025, 0.05, 0.5, 1.0 and 3.0 at%) were grown by Bridgman method using Ga, Se
and Eu elementary components. The crystalline structure and vibration modes of the GaSe: Eu crystals lattice were studied
by X-ray diffraction and Raman spectroscopy. Eu atoms arranged in the van der Waals space of GaSe: Eu crystals form
Eu-Se valence bonds and restructure hexagonal lattice of GaSe leading to EuGa,Se, crystallites formation. Defects
generated by EuGa,Se, crystallites lead to broadening and shifting of single phonon peaks present in Raman spectra
towards shorter wavenumbers, and at the same time, activate the longitudinal optical vibrations of EuSe sublattice.
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CRESTEREA SI CARACTERIZAREA MONOCRISTALELOR DE GaSe: Eu

PRIN DIFRACTIA RAZELOR X SI SPECTROSCOPIA RAMAN

Monocristalele de GaSe nedopate si dopate cu Eu in cantitati de 0.025, 0.05, 0.5, 1.0 si 3.0% at. au fost crescute prin
metoda Bridgman din componente elementare Ga, Se si Eu. Structura cristalind si modelele de vibratie a retelei crista-
lelor de GaSe:Eu au fost studiate prin difractia razelor X si spectroscopia Raman. Atomii de Eu localizati in spatiul van
der Waals al cristalelor de GaSe:Eu creeaza legaturi de valentd Eu-Se si restructureaza reteaua hexagonald a compusului
GaSe, conducand la formarea cristalitelor de EuGa,Se,4. Defectele generate de cristalitele de EuGa,Se, duc la largirea si
deplasarea benzilor monofononice de difuzie Raman spre numere de unda mici si, totodata, activeaza vibratiile optice
longitudinale ale subretelei EuSe.

Cuvinte-cheie: GaSe, dopare, Eu, XRD, Raman.

Introduction

Ga and In compounds with chalcogens (S, Se, Te), and in particular the gallium monoselenide (GaSe),
are semiconductors revealing mechanical, electrical and optical anisotropies [1-5]. Materials anisotropy is
determined by their lamellar structure. They are composed of elementary planar packings arranged in the
Se-Ga-Ga-Se order. These packings are bonded one to another by van der Waals forces [6]. Packings are
bonded inside by ionic-covalent forces [7]. The elementary layers are packed along Cg crystallographic axis.
This arrangement as well as weak forces between the packings allows the single crystals cleavage in parallel
lamellae, having smooth surfaces and sub micrometric thicknesses. Anisotropy of the structural properties,
along with the optical and luminescent ones, determines the researchers’ interest on physical properties of
GaSe compound.

Four polymorphic modifications of GaSe crystals depending on layers stacking mode and their number in
the elementary cell are known. XRD analysis of the gallium selenide grown by Bridgman method demonstrates
the prevalent growth of e-GaSe modification [8], although a low content of y —GaSe is present as well. e-GaSe
polytype being a semiconductor without inversion center belongs to 6m2 point group and is a material with
high nonlinear susceptibility in the range from 600-650 nm up to 18 um [9, 10]. The structural characteristics
of GaSe crystals determine the intercalation mode of heterogenic atoms in the crystal lattice. Lattice defects
curing process results in the storage of the impurity atoms into van der Waals space localized between packings,
contributing in this way to the strengthening of bonds between Se atomic planes. At certain concentrations
and certain crystal preparation temperatures the impurity atoms form compounds with Se atoms belonging to
neighboring packings and clusters which modify properties of basic crystals. Both structural changes and the
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presence of heterogeneous compounds in the A"'BY' semiconductors, and GaSe in particularly, are identified
by XRD and Raman methods [11-16].

Both structural and composition changes which occur in Eu doped GaSe single crystals (doping range
0.025 at% up to 3.0%).

Experimental details

Undoped GaSe and Eu doped single crystals were grown by Bridgman method [17]. Eu doping was made
during the synthesis process. Ingots of 15-20 g mass were obtained. Eu distribution homogeneity was verified
by atomic emission spectroscopy. Phase composition, crystalline structure and interaction mechanisms of Eu
atoms with compound elements (Ga and Se) were studied by XRD using a Rigaku Ultima IV diffractometer
(radiation CuK,, 1 =1.5406 A, 40 kV at 40 mA; silicon strip detector D/teX Ultra, Rigaku, Japan) in the Bragg—
Brentano (6-26) geometry and by Raman spectroscopy using a high resolution micro-Raman spectrometer
Horiba Jobin Yvon HR800, equipped with multichannel CCD detection system in backscattering configuration.
The incident Nd-YAG laser (1 = 532 nm) and 10 um spot size diameter, was used for excitation.

Experimental results and discussions

Preparation of undoped and Eu doped GaSe single crystals. Undoped and Eu doped GaSe single crystals
were grown by vertical Bridgman method in quartz ampoules (~15 mm internal diameter). The quartz ampoules
were etched for 30 min by acid solution (HF: HNO3 = 1:1), and rinsed in distilled and double-distilled water,
the purifying process ending with a thermal annealing for few hours at 1250K. Ampoules have been filled in
with primary elements (Ga (5N) and Se (4N)) taken in stoichiometric quantities and Eu (3N) in quantities of
0.025, 0.05, 0.5, 1.0 and 3.0 at%. Ampoules have been pumped down to the pressure of residual gases - 10°®
Torr and sealed afterwards. The compounds synthesis was made in a furnace having three temperature zones,
and tilted to ~30° relative to horizon. The temperature increased for 2 hours up to 700K in the first temperature
zone (and set as constant), where the ampoule was placed initially, while in the second temperature zone
(containing melted Ga) it was set to 1350K. The ampoule containing melted materials was moved through the
second zone (1350K) with a velocity of 2 cm/h. The compound synthesis time was 12 hours. The furnace was
moved into vertical position immediately after the synthesis process ended, and the temperature was decreased
down to 1280K. The melt was moved between zones 2 and 3 with a velocity of 2.0 mm/h. The temperature
gradient of 30°C/cm was set for zone 3. The typical image of an obtained single crystal is shown in Fig.1.
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Fig.1. The image of GaSe single crystal doped with 0.025 at% Eu.

GaSe samples (25 mg), coming from three regions of the single crystal, have been used for Atomic
Emission Spectroscopy (AES) analysis. The emission spectra of the atoms were excited by electric discharge
in-between graphite electrodes. The emission line of Eu atoms with 1 = 2906.68 A was taken in the quality of
analytic spectral line. The line characteristic for Ga atoms emission (1 = 2943.64 A) was taken as spectral
comparison line. The Eu concentration determination demonstrated that its concentration differs max 3% along
the crystal’s ingot.

Crystalline structure of undoped and Eu doped GaSe single crystals Diffraction peaks from the planes
systems perpendicular to Cs crystallographic axis are present in the XRD patterns of undoped GaSe crystals
(Fig.2). The maximal relative intensity corresponds to the X ray diffraction from planes system (0 0 4).

XRD pattern of GaSe single crystals doped with 0.025% at Eu (Fig.3, a) contain both intense peaks from
the planes characteristic for e-GaSe and few peaks corresponding to # and 6-GaSe phases, and Ga,Se; compound.
The filling of Ga vacancy with Eu leads to both crystalline lattice deformation and to widening of XRD lines
since the Eu atomic radius is about 1.4 times bigger than Ga atomic radius. The broadening by 0.005° of XRD
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peaks from the plane system with the Miller indexes (0 0 4) was observed at GaSe crystals doping with
0.5 at% Er [18].
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Fig.2. XRD pattern of undoped GaSe single crystal.

To be underlined that diffraction peaks resulting from the crystallographic planes characteristic for Ga,Se;
compound and those oblique oriented to the Cg axis of GaSe crystals doped with 0.025 at% Eu are well highli-
ghted at high diffraction angles and have a relatively low intensity being compared to the ones resulting from
the perpendicularly oriented planes to Cg axis. It can be seen (Fig.3, b), the XRD patterns of GaSe crystals
doped with 0.05 at% Eu reveal both the reflexes characteristic for § and 5-GaSe polytypes present in crystals
doped with 0.025 at% Eu and few new peaks determined by the crystallographic planes (4 2 4), (0 0 8) and
(6 10 2) characteristic for EuGa,Se,. In Fig.3, ¢, the XRD pattern of GaSe crystals doped with 1.0 at% is pre-
sented. As can be observed from the comparison of this pattern with those presented in Fig.3, b, a 20 times
concentration increase results in new peaks formation at 26 = 28.20°, 33.18° and 51.78°. These peaks are
identified as diffraction from (1 0 1), (8 0 0), and (6 10 2), planes respectively, characteristic for EuGa,Se,
crystals. Moreover, new low intensity peaks are formed in the immediate proximity of reflexes observed at

20 =22.30 and 71.06° determined by the presence of § and J-GaSe polytype.
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Fig.3. XRD patterns of GaSe crystals doped with 0.025 at%, 0.05 at%, 1.0 at% and 3.0 at% Eu.

As mentioned above, the filling of Ga vacancies with Eu atoms leads to elementary cell deformation. This
fact can contribute to both the atomic planes displacement and formation of these two polytype. These
changes are observed much better in the XRD pattern of GaSe crystals doped with 3.0 at% Eu (Fig.3, d).
This pattern has peaks belonging to the EuGa,Se, compound which are more numerous and intense. The
systematized results of XRD analysis are presented in the Table 1.
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Thus as a result of Eu doping in the GaSe lattice the composite EuGa,Se, is formed. Some reflexes of this
compound are present starting with concentration of 0.05 at%. These crystallites presence increase at Eu
concentration increase. It is well known that atomic impurities cure defects in the Ga sublattice, while their
excess is accumulated in the van der Waals space between packings. Eu, being located in the van der Waals
space of two neighboring Se planes, form clusters of EuGa,Se, crystallites. Probably, the formation process
of these crystallites occurs in a few steps. Initially under influence of Eu atoms located in the van der Waals
space both the formation of EuSe bonds occur and translation of elementary Se-Ga-Ga-Se packings, which
resulted in Ga,Se; crystallites formation. Thus by combining of Ga,Ses; with EuSe pair the stable EuGa,Se,
compound is formed.

Table 1
Interpretation of XRD patterns of GaSe crystals doped with Eu
20 (°), experimental ICDD-JCPDS cards 20 (*), experimental ICDD-JCPDS cards
0.025[0.05] 1.0 3.0 |Compound[ PDF [20 ()] I [ hkl 0.025[0.05[ 1.0 3.0 [Compound[ PDF [20()[ 1 [ hkl
22.20 p-GaSe A [2221] 717004 EuGa;Ses | E |50.62 | 202 | 626
5-GaSe B [22217] 100 | 008 50.72 | Ga,Ses G |50.716] <1 | 116
22.30 [22.30] 22.30 GaSe C [22.26 [1000[ 004 50.76 EuGaSe, | E | 50.76 | 19.3 [1200
22.34 GaSe D [22.338] 999 [ 006 51.46 51.46 GaySes H [51.204] 10 [016
EuGa,Se, E 22.34 | 6.6 151 EuGa,Se, E 5135 2.6 |0120
2314 | EuGa,Se, | E [ 2314 752 [ 422 51.66 EuGa,Se, | E | 5153 | 11.7 (1062
27.86 GasSe C [2760] 40 [ 100 51.78 51.78 | EuGa,Se; | E |51.81[ 186 [6102
28.20 GaSe C [2800] 60 [101 53.90 | EuGa,Se, | E [ 53.75| 8.2 [1240
29.70 | p-GaSe A [2967] 20 [102 p-GaSe A [5397] 281 114
EuGaSe, | E | 29.71| 51.9 [ 622 57.50 57.50 GaSe D [57537| 51 | 202
29.90 | EuGa,Se4 E 2992|570 | 262 57.68 57.66 Ga,Ses F |57.686| 4 421
32.24 | p-GaSe A [3225] 100 [ 103 =772 Gase D T577m 28 1013
32.86 EuGaSe, | E |3273| 89 | 044 57.90|57.04] 57.82 | 57.92 | Gase C |57.92] 270 | 202
33.10 Ga,Ses F |33.074| 23 [202 EuGa5e; | E |57.87] 7.8 | 008
33.18 | 33.18 | EuGaSe, | E |33.19] 322 [ 800 63.08 EuGa,Ses | E |63.16| 03 | 757
33.62 EuGaSe; | E |3357] 13.1 [ 080 69.38 GaSe D [69.352] 53 [1016
33.70 GaSe C [3380] 2.0 [006 69.58 Ga,Ses F |69549] 15 |154
EuGaSe, | E 13379 68 | 424 70.58 70.76 p-Gase | A |7060| 13 [0012
36.82 | EuGa,Se; | E [ 36.83 | 100 [ 571 Gt 5 T70620 2 Too2a
37.16 EuGa,Se, | E [37.14| 84 [ 822 =
37.34 | EuGaSe, | E | 37.33 | 151 | 840 70.76 GaSe; | F |70745) 2 | 173
37.60 | EuGa,Se, E 3759 | 245 | 480 70.82170.86 GaySes G |70.847| <1 |6144
33.78[33.70 0-GaSe B [33.800] 25 [107 70.96 70.96 p-GaSe A |709 | 7.7 |1011
EuGaSes | E [3379] 6.8 [ 424 J-GaSe B [70963] 9 [1022
Gase C 13381 20 |006 71.02 [71.06 71.04 GaSe C |7102] 17 [oo012
45.16 EuGaSe, | E |4513] 10 [ 284 0-Gase B [71.099] 20 |2014
45.32 45.34 S-GaSe A [45321] 7 008 75.30 |75.36| 75.24 p-GaSe A 7534 | 01 | 208
5-GaSe B [45.320] 1 0016 84.82 p-GaSe A 8479 | 17 |0014
45.46 [45.48| 45.44 GaSe D [45587] 18 [0012 o-GaSe B [84779] 2 |0028
B-Gase A |4532] 07 |o008 85.06 |85.12] 85.02 p-GaSe A [8506]| 0.8 [2010
45.60 45.58 GaSe C 4562 | 100 [ 008 85.32 [85.38| 85.28 | 85.34 GaSe C 85.36 | 20.0 (0014
EuGaSe, | E [4558] 12 | 393 * A - 01-078-1927; B - 29-0628; C - 00-037-0931; D - 81-1971; E - 01-070-
48.18 EuGaSe, | E 14821 ] 35 |375 2524; F - 76-0975; G - 33-0568; H - 20-0437.
4830 | 4844 | EuGaSe, | E | 485 | 03 [953
48.56 Gase C [4854[ 170 [110
p-GaSe A [4851] 614 [ 110
50.64 GaSe D [50.651] 40.2 [0111

Raman scattering Lattice vibration modes and in particularly Raman spectra of e-GaSe crystals are well
studied in many works [12, 19-21]. The symmetry center is missing for the elementary cell of e-GaSe polytype,
so some vibration modes of the lattice are active in both absorption/reflection FTIR and in Raman spectra. The
Raman spectra of e-GaSe crystals at room temperature consists of bands active at 19 cm™ (E’), 59 cm™ (E"),
134 cm™ (Ay), 213 cm™ (E'ro), 253 cm™ (E'Lo), and 308 cm™ (A;') [21]. The Raman spectra of GaSe crystals
doped with 0.025 at% and 0.05 at% Eu are presented in Fig.4. Raman spectrum of GaSe single crystal doped
with 0.025 at% Eu (Fig.4, curve 1) contains four intense bands with peak intensities at 132.7 cm™, 211.9 cm™,
251.0 cm™, and 306.9 cm™, which are identified as basic vibrations of e-GaSe polytype lattice. Moreover, in
this spectrum a low intensity band appears at 156.6 cm™. This band is assigned to the LO phonons (v ~.0) of EuSe
crystals (156 cm™) [22].

The low quantity of metal atoms, and especially those of groups Il and Il, cures the structure defects of
GaSe lattice. A proof of this fact is the amplification of absorption band of the n = 1 excitonic band [1]. The
excess of impurity atoms is accumulated in the van der Waals space and in some concentrations and temperature
conditions generate bonds with Se atoms of the neighboring packings.
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Fig.4. Raman spectra of GaSe crystals doped with 0.025 at% (curve 1) and 0.05 at% Eu (curve 2).

Table 2
Assignment of the Raman bands observed in GaSe:Eu crystals (0.025 at% and 0.05 at.%)
Cey 0.025 at% 0.05 at% Wave
Wave number, Wave number, Assignment number, Ref.
Nr. 1 l,a.u 1 l,a.u cmt
cm cm
1 132.7 280.8 132.2 237.0 | GaSe E" 134 [13’1]1 %
2 156.6 228 155.1 525 | Euse | O 156 [22]
phonon
3 211.9 65.4 207.4 68.2 | GaSe E 214 [19, 23]
4 251.0 60.3 246.4 69.2 | GaSe | E (LO) 253 [15'1]1 S
5 306.9 125.7 302.8 94.9 | GaSe Ay 307 [12, 19]

An intensity increase of the band assigned to the single phonon vibration of EuSe (156 cm™ [22]) is
observed in Raman spectra (Fig.4, Table 2) for Eu concentration increase (0.025 - 0.05 at%). Thus one can
conclude that EuGa,Se, compound is formed. This fact is also confirmed by XRD measurements (Table 1).
Both Raman bands broadening and their shift towards shorter wavenumbers (by 4-5 cm™) prove EuGa,Se,
crystallites formation. As it is known from literature [24], intense single peaks (41 and £°), in Raman spectra
of GaSe:S single crystals, shift towards shorter wavelength with increasing S content. A confined phonons
model [25] was considered for the understanding of the experimental results, as well as data given in [26, 27].

Conclusions

The growth of GaSe single crystals, both undoped and Eu doped was done by Bridgman method and use
of Ga, Se and Eu elementary components. The dopant concentration was: 0.025, 0.05, 0.5, 1.0 and 3.0 at%.
The cure of Ga vacancies in GaSe occurs at low dopant concentration (0.025 at%), while at concentration
increase, the Eu atoms are accumulated in the van der Waals space of the crystals. So, at concentrations of
0.05-3 at% Eu atoms form EuGa,Se, crystallites in GaSe single crystals, fact confirmed by XRD. The formation
process of EuGa,Se, crystallites probably occurs in a few steps. Initially under the influence of Eu atoms,
located in the van der Waals space, both the formation of EuSe bonds and translation of elementary Se-Ga-
Ga-Se packings occur. This fact leads to Ga,Se; crystallites formation. The stable EuGa,Se, compound is
formed by combination of Ga,Se; with EuSe. The presence of EuGa,Se, crystallites create a distortion of the
hexagonal lattice of GaSe compound, fact that leads to the broadening and shifting of phonon peaks present
in Raman spectra towards shorter wavenumbers. The arrangement mode of atomic planes of the EuGa,Se,
crystallites determines LO vibrations of EuSe sublattice, the latter being active in Raman spectra.
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