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Abstract: In this work, the effect of annealing temperature and Cr3* concentration on the structural
and optical properties of the SnO- host crystals has been investigated. The Cr-doped SnO, samples
were synthesized by a simple hydrolysis method, using SnCls.5H,0 as the host precursor and
CrCl3.6H20 as the source of dopant. X-ray diffraction and Raman scattering spectra analysis
revealed a tetragonal rutile structure of Cr3*-doped SnO, samples. The Cr®* concentration and
annealing temperature have no influence on the lattice parameters of the SnO. crystals, whereas
affected the appearance and intensity of the Raman modes. The optical properties of the synthesized
samples were explored by photoluminescence (PL) and photoluminescence excitation (PLE)
analysis. Interestingly, besides the emission peaks related to the SnO2, emission transitions within
Cr3* ions in the octahedral field of SnO, were observed.
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1. Introduction

SnO; is one of the important semiconducting oxides, due to its attractive properties like optical
transmittance, uniformity, low resistivity, mechanical hardness, stability to heat treatment and
piezoelectric behavior. SnO,, an n-type wide band gap (Eq = 3.6 eV, at 300 K) semiconductor with an
appreciable degree of iconicity, is attractive for many applications such as gas sensors [1], catalyst
supports [2], dye-sensitized solar cells (DSSCs) [3], supercapacitors [4], transparent conducting
electrodes [5]. Recently, to improve the properties and applicability of SnO,, some researchers added
the addition of metal or halogen ions as impurities, which are found to play an important role in changing
the surface states, the electronic structure, the optical properties, etc. [2, 6, 7]. SnO; has been prepared
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by various techniques such as chemical co-precipitation [8], hydrothermal [9], thermal evaporation [10],
and RF sputtering process [11]. In this work, Cr®*-doped SnO, samples were synthesized by the simple
hydrolysis method to clarify the influence of Cr®* ions on the structural and optical properties of SnO-
host crystals.

2. Experimental

Cr¥*-doped SnO, samples were synthesized by a simple hydrolysis method, using SnCl4.5H0 as the
host precursor and CrCls; aqueous solution as the source of dopant. The samples were prepared using
hydrolysis in alcohol and solutions. In a typical synthesis, 2.5 g of SnCl,.2H,0 salts were dissolved in
30 ml ethanol solution by stirring, followed by the addition of 30 ml distilled water into the solution.
Then, an appropriate quantity of 0.02M solution of CrCl; was added to the above mixture under steady
stirring conditions for 15 min. Then concentrated NH,OH was added drop by drop to the solution until
the pH value reached about 7, at which point the precipitate was observed. Thereafter, the precipitate
was filtered and washed with distilled water. Finally, the precipitate was annealed at 700 °C and
1200 °C in the air for 3 hours.

The crystalline structure of Cr3*-doped SnOz was checked on an Empyrean X-ray diffractometer
(XRD) , using Cu-Kal irradiation (A = 1.54056 A). Raman spectra were measured on LabRam HR800
(Horiba) spectrometer with 632.8 nm excitation. The PL and PLE spectra were recorded at room
temperature on a Fluorolog FL3-22 (Jobin Yvon Spex) spectrofluorometer with a xenon lamp of 450 W
as an excitation source.

3. Results and Discussion

3.1. Structure Characterization
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Figure 1. XRD patterns of undoped samples annealed at different temperatures for 3 hours:
(a)- 700 °C and (b)- 1200 °C.

Fig. 1 shows XRD patterns of the undoped SnO, samples annealed at 700 and 1200 °C in the air for
3 hours. It is clearly seen that the positions of the diffraction peaks are independent of the annealing
temperature. However, when increasing annealing temperature, the diffraction peaks became sharper
and stronger, which indicated an increase in crystalline grain size of the samples, namely the
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improvement of the crystallinity. All the samples exhibited the characteristic peaks corresponding to the
(110), (101), (200), (111), (210), (211), (220), (002), (310), (112), (301), (202) and (321) planes at 26.7°,
33.8°, 37.9°, 39.1°, 42.7°, 51.8°, 54.7°, 57.9°, 61.9°, 64.8°, 65.9°, 71.3° and 78.8°, respectively, of rutile
tetragonal SnO; structure (JCPDS No. 21-1250). The calculated lattice parameters of the unit cell are a
=b=4.763 +0.028 A and c = 3.194 + 0.007 A (a = B =7 =90°), in rather good agreement with the
standard values a = b = 4.73800 A, ¢ = 3.18800 A (JCPDS No. 21-1250). The average crystallite grain
sizes of SnO; nanostructures were determined by Sherrer’s formula [8] and estimated to be ca. 14 nm
and 20 nm in samples annealed at 700 and 1200 °C, respectively.

To find out the effect of Cr®* dopant concentration on the crystalline structure of the synthesized
samples, XRD patterns of Cr3*-SnO, powders with 0, 1, 3, 6, and 9 mol% Cr®*, annealed at 1200 °C in
3 hours were done, the results are shown in Fig. 2. Similar to the undoped sample, the samples doped
with 1 mol% Cr3exhibites a rutile tetragonal SnO, (pattern "b" in Fig. 2). There are no other crystalline
phases observed. However, in the XRD patterns of the SnO, powders doped with 3.0, 6.0 and 9.0 mol%
Cr® (patterns "c", "d", and "e" in Fig. 2) apart from the characteristic peaks of the rutile phase, three
weak peaks of a-Cr,03 at 20 of 24.4°, 36.3° and 50.2° corresponding to (012), (110), and (024) planes
[12], were revealed respectively. The interplanar spacing (d) and calculated lattice parameters (a, ¢) of
the synthesized samples are listed in Table 1. It is well known that in octahedral coordination, the
effective ionic radius of Cr*(0.62 A) is close to that of host Sn** ions (0.69 A). Hence with a relatively
low Cr3* doping content incorporated into SnO- crystalline, the lattice parameters within the error limits
remain almost unchanged and independent on Cr3* content.
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Figure 2. XRD patterns of SnO,:Cr* samples as a function of doping concentration:
(a) 0 mol%, (b) 1 mol%, (c) 3 mol%, (d) 6 mol%, and (e) 9 mol%.

Table 1. The lattice parameters of SnO:Cr3* samples with different doping concentrations.

3+ 1
Cr(%(;gg})em duno(A) dior(A) don(A) aT:h(; lattice parameters (EA)
0 3.368 2.653 1.771 4,763 £ 0.028 3.194 + 0.007
1 3.356 2.648 1.771 4.746 + 0.004 3.191 +£ 0.003
3 3.368 2.653 1.767 4.763 + 0.004 3.194 + 0.006
6 3.356 2.653 1.771 4.746 + 0.005 3.200 + 0.006
9 3.368 2.653 1.771 4,763 £ 0.028 3.194 + 0.006
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Raman scattering characterization provides information on the structural disorder on the material
surface. Rutile SnO; belongs to the point group Dan'* and space group P42/mnm. According to the group
theory, SnO; in its rutile phase generates 18 branches for the vibration modes in the first Brillouin zone.
Two modes are infrared active (the single Az, and the triply degenerate E,), four modes are Raman active
(the three nondegenerate Asg, B1g, Bog modes and the doubly degenerate E4 one) and two others are silent
(the Azg and By modes).
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Figure 3. Raman spectra of the undoped SnO, samples annealed at different temperatures:
(a)- 1200 °C and (b)- 700 °C.

For comparison, the Raman spectra of the undoped SnO, samples annealed at 700 and 1200 °C are
investigated and depicted in Fig. 3. The spectrum of the undoped sample annealed at 1200 °C (line "a"
in Fig. 3) is characterized by the presence of three peaks located at about 475.6, 634.4 and 775.9 cm™,
with an intense peak at 634.4 cm™. These peaks correspond to the Eg, Aiq and B,y fundamental phonon
modes, respectively, in good agreement with those observed in a pure SnO; [13]. It is well known that
the doubly degenerate E; mode relates to the vibration of oxygen in the oxygen plane, whereas the
nondegenerate Aiq and B,y Raman modes denote the contraction and expansion of the vibrating mode
of Sn-0 bonds [13]. Unlike the samples annealed at 1200 °C, in the Raman spectrum of the undoped
sample annealed at 700 °C, ten weak peaks at 126, 162, 209, 263, 329, 404, 494, 559, 713, and
811 cm™ were observed except the peaks of Eq (474 cm?), Ay (634.4 cm™) and Byg (775 cm?). The
reasons why these Raman modes appeared are related to decreasing size and increasing disorder by
lower annealing temperatures. It is interesting to know that Raman silent modes, the IR active modes
and optically inactive modes transform to a Raman active mode owing to the size effect and the presence
of oxygen vacancies [14]. The vibrational peak at 126 cm™ is attributed to the Big [15, 16]. The peaks at
494 cm? and 713 cm™® may be assigned as Az (TO) and Az(LO) (namely, TO is the mode of the
transverse optical phonons, LO is the mode of the longitudinal optical phonons) modes [17-19]. The
peaks at 209, 263 and 329 cm™ might be corresponded to the Eu(1)(TO), E4(1)(LO) and E(2)(LO),
respectively [19, 20]. The peaks at 559 and 812 cm™ may be related to surface defects of the SnO,
nanocrystals [21, 22]. Two peaks at 162 and 404 cm™ can be assigned to the forbidden Raman modes
B and Ay, respectively [23].

The Raman spectra of the SnO, samples doped with different Cr®* concentraion, annealed at
1200 °C for 3 hours are shown in Fig. 4. In general, the intensities of the Raman modes gradually
decrease with the increase of Cr®" concentration. The reduction of the Raman modes intensity when
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doping Cr®* can be considered as a proof of the incorporation of Cr3* within the SnO, lattice. It is
noteworthy that, compared with the undoped sample, the Raman spectra of the Cr3*-doped SnO:
powders exhibit some new peaks at 161, 603 and 713 cm™. These peaks clearly appeared in the Raman
spectra of the samples with Cr®* contents of 1.0 and 3.0 mol%. As above stated, the two peaks at 161
and 713 cm? are assigned to Raman modes Bi, and A.(LO), respectively. The peak at 603 cm™
corresponds to the Ey(3)(TO) [19]. The observation of these new peaks can be attributedto the effect of
the disorder crystalline structure associated with Cr3* doping. The Cr®* dopant slightly changes the
defects and local disorders like vacant lattice sites in SnO; host crystals, which may result in the
breakdown of the phonon momentum selection rule go = 0 is well expected, and the contribution of
phonons with g # 0 to the Raman spectrum is allowed.

3.0x10* . . . .
<
4 <
2.5x10* D .
§ 2.0x10* F _
g ©
— 4
g 1.5x10" F §
Q
-~ 4 |
£ 1.0x10'f m M
3| S /J
5.0x10° F__A > J ©
0.0 A A
200 400 600 800 1000

Wavenumber (cm™

Figure 4. Raman spectra of SnO:Cr* samples with different doping concentrations, annealed at 1200 °C in 3 h:
(a)- 0 mol%, (b)- 1 mol%, (c)- 3 mol%, (d)- 6 mol% and (e)-9 mol%.

3.2. Optical Characterization

It is well known that the PL emission spectra reveal the extent of charge carrier trapping, transfer,
and migration of interfacial photogenerated charge pair in a semiconductor material. Basically, the PL
spectrum of rutile SnO, resulted from three origins: NBE emission; surface dangling bonds or oxygen
vacancies and Sn interstitials; and doubly ionized oxygen vacancies [20]. Fig. 5 presents PL spectra
acquired at room temperature, excited by 280 nm wavelength of the SnO,:Cr3* samples with different
doping concentrations, annealed at 1200 °C in 3 hours. The undoped sample has a prominent broad band
peaking at 434 nm and another weak band peaking at 352 nm (line "a" in Fig. 5). The doped samples
have similar bands but with weaker intensity. From Fig. 5, it can be seen that for the undoped sample,
the ratio of the intensity of the visible emission to the UV emission is very large, whereas, for the doped
sample, this ratio is insignificant. The peak at 352 nm is not due to band edge emission because SnO is
a direct bandgap semiconductor. However, limited by its dipole-forbidden nature, the bandgap emission
is prohibited at room temperature due to the selection rule [25]. Therefore, according to previous works,
the peak at 352 nm is assigned as NBE emission [21]. As shown in the inset of Fig. 5, the band emission
in about 375-500 nm of Cr¥*-doped SnO, samples consists of the peaks at 398, 421, 436, 450, 468, 482,
and 496 nm. The peak at 398 nm is attributed to luminescence centers as crystalline structure defects
[26]. Three peaks at 421 nm, 436 nm, and 450 nm are associated with surface dangling bonds or oxygen
vacancies and Sn interstitials [21, 24]. Tthree peaks at 468 nm, 482 nm, and 496 nm are due to doubly
ionized oxygen vacancies [21].
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Figure 5. PL spectra excited by 280 nm wavelength of the SnO,:Cr3* samples with different doping
concentrations, annealed at 1200 °C in 3 h: (a)- 0 mol%, (b)- 0.1 mol%, (c)- 0.5 mol%, (d)- 1 mol%,
(e)- 3 mol%, (f)- 6 mol% and (g)- 9 mol%.
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Figure 6. PL (A) and PLE (B) spectra of the SnO,:Cr®* samples doped with 0.1 mol% annealed at different
temperatures in 3 h: (a) 700 °C and (b) 1200 °C.

Fig. 6 presents the PL and PLE spectra of the SnO,:Cr** samples doped with 0.1 mol% annealed at
700 and 1200 °C for 3 h. It can be clearly seen that the PL and PLE spectra of the sample annealed at
700 °C are similar to the one of the sample annealed at 1200 °C, except weaker intensity. As shown in
Fig. 6A, the PL spectrum excited by 560 nm wavelengths of the sample annealed at 1200 °C consists of
a very prominent narrow emission peak at 695 nm and three weaker peaks at 670, 708, and 715 nm. The
emission peak at 695 nm is believed to be related to the transition from the ?E (?G) excited state to the
“A2(*F) ground state within Cr®* ions located in the octahedral field of SnO, host and very weak peaks
at 670, 708, 715 nm being its phonon-sidebands [26, 27]. The PLE spectrum of the sample annealed at
1200 °C and monitored at 695 nm exhibits two bands in the 375-475 nm and 475-625 nm ranges with
peak positions of ~ 410 nm and ~ 560 nm, respectively. Two bands with the peak position of = 410 nm
and =~ 560 nm correspond to *Az(*F) — “T1(*F) and *Ax(*F) —*T2(*F) transitions within Cr®* ions located
in the octahedral field of SnO, host, respectively. From this result, one can suggest that Cr®* ions were
properly incorporated into the SnO, host lattice.
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Figure 7. PL spectra of the SnO,:Cr3* samples doped with different doping concentrations, annealed
at 1200 °C in 3h: (a)- 0 mol%, (b)- 0.1 mol%, (c)- 0.5 mol%, (d)- 1 mol%, (e)- 3 mol%.

To study the effects of Cr* contents on the properties optical, the PL spectra excited by 560 nm
wavelengths of the anatase SnO, samples doped with different Cr®* concentrations were recorded, as
shown in Fig. 7. It can be seen that undoped samples do not emit light in the wavelength range of
650-800 nm (line "a" in Fig. 7). This confirms that the peaks 670, 695, 708 and 715 nm belong to the
emissions of Cr¥* ions located in the octahedral field of the SnO. host. Besides, the SnO, sample doped
with 0.1 mol% Cr®* has the strongest emission intensity. The obtained PL spectra shown Fig. 5 and
Fig. 7 demonstrate that the intensity of all emission peaks decreases with the increase of the doping
concentration, which can be attributed to the decrease in the rate of recombination for electron-hole pairs
due to increasing Cr3* content.

4. Conclusion

SnO, powders doped with different Cr3* concentrations of (from 0 to 9 mol%) were prepared by a
simple hydrolysis method. According to the XRD analysis, the obtained samples have single SnO;
crystalline phase when doping with a Cr3* concentration lower 1.0 mol%. With doping concentrations
above 3.0 mol%, in the samples a-Cr.Os appeared. The annealing temperature as well as the doping
concentration have a significant influence on both the appearance and the intensity of the characteristic
Raman modes of the SnO, host lattice. Some forbidden Raman and infrared active modes such as By,
Azg, Ay and E, of undoped samples annealed at 700 °C and Cr-doped SnO- were observed. The PL of
the Cr¥*-doped SnO; consists of two groups of emission bands, one in 325-500 nm range related to the
SnO; host, another in 650-750 nm range related to °E (°G) — *A; (*F) transitions within Cr** ions in the
octahedral field of SnO,. In PLE of Cr®*- doped SnO,, the peaks related to *A,(*F) — *T1(*F) and *Ax(*F)
— “T,(*F) transitions within Cr®* ions located in the octahedral field of SnO; host lattice were observed.
From the obtained results, one can expect to the potential applications of the Cr®*-doped SnO, materials,
in solid-state lighting, in particular.
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