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Abstract

Photoluminescence studies of single-crystalline SnO, grown by chemical vapor transport
from SnCly and H,O vapors were carried out in the visible spectral range. A non-trivial
dependence of the 2.6 eV emission band on temperature and optical excitation level was
observed. Based on the obtained data, the ionization energy of a shallow donor in SnO,
was estimated to be 7 meV. Additionally, a model of energy levels and radiative transitions
associated with shallow donors and intrinsic defects is proposed.
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1. Introduction

Crystalline tin dioxide (SnO;) films, as well as tin-doped indium oxide (ITO), are
among the most widely used transparent conducting oxides (TCOs) in modern semicon-
ductor devices. Despite the appearance of alternative materials, such as Zn;_,Mg,O:Al
layers, which demonstrate high conductivity [1], SnO,-based films continue to dominate
due to their excellent optical transparency, chemical stability, and high intrinsic defect
concentrations that contribute to their metal-like conductivity, even in complex device
architectures. The layered structures containing SnO,, GeO,, and TiO, are widely used
as effective waveguides and Bragg reflectors in micro- and nanoscale optoelectronic sys-
tems. Both undoped and donor-doped SnO; films, with carrier concentrations up to
3 x 1020 em—3, are employed in photovoltaic modules [2]. Moreover, recent advancements
in the SnO,-based p-n junctions, including p-AIN:SnO; and p-AIN:SnO;:In, O3 structures,
highlight their potential for light-emitting diode (LED) and laser applications [3]. The bulk
and nanocrystalline SnO; are widely used in gas sensing technologies [4]. Over the past
decade, a significant number of studies have focused on the synthesis of SnO, nanocrystals
and the characterization of their photoluminescence (PL) properties [5-14]. Two key factors
influence the emission spectrum of nanocrystals: the quantum confinement effects and
the critical role of surface states. These factors complicate interpretation of the emission
mechanisms in nanocrystalline systems. While the exciton absorption and exciton PL of
bulk SnO; crystals have been investigated in several studies [15,16], the light emission
related to intrinsic defects in bulk material was not interpreted sufficiently. A commonly
used synthesis method for SnO, nanocrystals is the direct oxidation of the tin metal, which
leads to a large number of intrinsic defects. In such materials, the PL depends on intrinsic
point defects. A series of free exciton lines near the fundamental band-to-band transition at
3.56 eV is observed in low-temperature absorption spectra of SnO; [15]. As for the emission
spectra, even at cryogenic temperatures, the exciton luminescence is several orders of
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magnitude weaker than the broad visible-range bands. Such bands are typical for the
oxygen-based crystals SnO;, GeO,, TiO,, as well as for Cup,O and Ag,O. Higher oxides
such as SnO, tend to exhibit oxygen deficiency, whereas the lower oxides like CuyO are
characterized by an excess of oxygen. For example, in Cu;O, broad PL bands are commonly
attributed to copper vacancies and interstitial oxygen [17]. It was shown in [18] that an
interstitial oxygen (O;) and tin vacancies (Vg,) are much less favorable energetically as
compared to oxygen vacancy (Vo) and interstitial tin (Sn;). Structural analysis suggests
that the presence of one of these low-energy defects facilitates the formation of the other.
Furthermore, theoretical studies [19] indicate that the donor levels associated with Vg and
Sn; lie below and above the conduction band minimum, respectively. As a result, the Sn;
donors are expected to remain ionized under most conditions.

Optical transitions from donor levels to high-lying empty bands could, in principle,
contribute to light absorption, especially if they are dipole-allowed unlike the 3.56 eV band-
to-band transition. However, no such absorption is observed, likely due to the fact that the
next conduction band lies well above the lowest fundamental absorption edge [18]. This
large energy separation, combined with low-energy intrinsic donor-type defects, explains
how SnO, can simultaneously exhibit high electrical conductivity and transparency in the
visible range. In this work, we present a PL study of the bulk SnO; single crystals. A more
detailed study of the bulk crystal PL is essential to establish a baseline for understanding
of nanocrystal PL behavior.

2. Experimental Details

The single crystals of SnO, used in this study were grown by chemical vapor transport
from SnCly and HyO vapors. The vapors were carried into a reaction chamber by the
argon gas flow. At a temperature of 1200 °C, twinned single crystals of tin dioxide several
millimeters in size were formed due to the reaction SnCly + 2H,0 = SnO, + 4HCI. The
additional chlorine supply was used to suppress the secondary and spontaneous nucleation;
thus, the growth of the large single crystals was stimulated. The crystals had well developed
natural faces, which were not treated additionally during the experiment. The PL spectra
of these crystals were measured over a temperature range of 5-230 K. The samples were
mounted in a closed-cycle optical cryostat (Janis Research Co. Inc., Wilmington, MA,
USA, SHI-4-1). The PL spectra were measured with a spectrometer (LOMO Photonics,
St. Petersburg, Russia, MDR-204). Two types of excitation sources were used: a continuous-
wave Plasma Lab., Ryazan, Russua, He-Cd laser HCL-49 (power 10 mW, photon energy
3.82 eV) for steady-state measurements; a Plasma Lab., Ryazan, Russua, pulsed nitrogen
laser LCS-DTL-37 QT (pulse duration 6 ns, photon energy 3.68 eV, repetition rate 1 kHz,
average power 10.5 mW, peak power 11 kW) for time-resolved measurements. The laser
beam was focused to a spot 0.2 mm in diameter on the sample surface. The peak power
density at the surface was estimated to be up to 10”7 W/cm?.

3. Results and Discussion

We have established that annealing of SnO, single crystals at 750 °C and a pressure
of 1072 Torr for 3 h leads to strengthening and broadening of the bound exciton band in
the absorption spectra (Figure 1a) as well as to the appearance of high conductivity at low
temperatures. The reason for these changes may be an increase in O, concentration during
annealing, accompanied by formation of clusters differing from each other by the number
of defects and their configuration. The inhomogeneous broadening of the bound exciton
band is probably due to the dispersion of their binding energy with such clusters.
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Figure 1. (a) Free (FE) and bound (BE) exciton absorption spectrum for the SnO, before (I) and after (II)
high-temperature annealing, 1-6 are the principal quantum numbers of exciton lines; (b) normalized
PL spectra of the SnO; samples #1, #2, and #3 under 3.82 eV continuous excitation. T =5 K.

When considering the influence of annealing on optical spectra, two processes should
be taken into account: an increase in defect concentration and a change in their properties.
Oxygen vacancies can be neutral or singly and doubly positively charged. The relative
concentrations of the vacancies with different charge states depend on the growth and
after-growth treatment conditions. If annealing leads to a charge redistribution in favor
of the vacancy that localizes excitons, an enhancement of the bound exciton band should
be observed.

The energy of donor levels can be estimated from the exciton spectra. The binding
energy of the lowest state of the free exciton (exciton Rydberg) in SnO, is 30 meV. Since
the electron effective mass in SnO; is significantly smaller than the hole effective mass, the
binding energy of the donor electron in the hydrogen-like approximation is estimated as
30 meV. The energy distance between the free and bound exciton levels in the SnO, spectra
is 10 meV, which is in accordance with this estimate.

We now turn to the analysis of the PL of tin dioxide crystals in the visible spectral
range. Figure 1b shows the spectra obtained under 3.82 eV continuous excitation at a power
density of 1.5 W/cm?. The relative intensities of the 2.0 and 2.6 eV bands vary significantly
from sample to sample (samples #1, #2, and #3). As our samples were grown simultaneously
in the same technological process, this difference is likely related to the vapor distributions
inside the reaction chamber. Water molecules are much lighter than SnCl; molecules, and
the partial pressure of water vapor is expected to be higher in a remote area of the reaction
chamber. Thus, the defect concentrations depend on the position of the crystal growth point
in the reaction chamber. This, in turn, results in different PL spectra from sample to sample.
Figure 2a,b show the PL spectra of sample #1 at various temperatures and temperature
dependence of the 2.0 and 2.6 eV band intensities. The intensity of the 2.0 eV band remains
nearly constant at low temperature but decreases rapidly as the temperature increases. We
suggest that the rapid thermal quenching of the 2.0 eV band occurs due to the ionization of
shallow donor levels, from which this radiative transition takes place. As seen in Figure 2b,
2.0 eV band intensity decreases by half at 50 K. This means that the depth of the donor level
can be estimated at about 7 meV. As mentioned above, the depth of the donor level related
to the bound exciton (Figure 1a) is about 30 meV. This discrepancy suggests a different
origin for the shallow level. According to [18], Sn; has a very low formation energy and
thus would exist in significant quantities. This suggests that the shallow donor level is
formed by interstitial tin.
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Figure 2. (a) PL spectra of sample # 1 at different temperatures under 3.82 eV continuous excitation.
(b) Temperature dependences of the integral intensities of 2.0 and 2.6 eV bands in the PL spectra of
sample # 1. Solid lines are guides for eye.

Figure 2 shows that the 2.6 eV band becomes more intense in the 5-30 K temperature
range. This non-trivial temperature behavior of the 2.6 eV band intensity is governed by
three factors: (i) the temperature dependence of the photoelectron capture cross section
by donors, (ii) donor ionization, and (iii) non-radiative recombination. The electrons
excited from the donor levels to the conduction band can participate directly in radiative
recombination or be captured to deep levels. Simultaneous presence of both 2.0 and
2.6 eV bands in some low-temperature PL spectra (Figure 1b) supports the latter scenario
(Figure 3). The 2.6 eV band that is getting stronger in the temperature range of 30-70 K
appears due to the electron relaxation from the conduction band to a level, which is much
deeper than the shallow donor level (Figure 3). At higher temperatures, the 2.6 eV band
weakens due to thermally activated non-radiative recombination.
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Figure 3. Scheme of energy levels and optical transitions in SnO,. Dashed line indicates the electron
transfer via the conduction band.

A question arises concerning the origin of defects responsible for the deep levels,
as well as the defect where excitons, observed in the absorption spectra, are localized
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(Figure 1a). Ab initio calculations performed in [18] show that the formation energies of
the oxygen vacancy Vo and interstitial tin Sn; are low, while the formation energies of
tin vacancy Vg, and interstitial oxygen O; are much higher. The formation energies and
charge states of these defects are such that Vg, and O; form the deep levels. The calculated
formation energy of Vg, was found to be greater than the formation energy of O;. Based
on these calculations, levels I and II (Figure 3) can be assigned to the tin vacancies and
interstitial oxygen, respectively. A study of the exciton spectra revealed that annealing
enhances the bound exciton band (Figure 1a). It is known that the annealing increases the
oxygen deficiency in higher oxide crystals, leading to formation of oxygen vacancies. Thus,
the bound exciton band can be formed by the excitons bound to oxygen vacancies.

PL measurements for sample #1 under pulsed N, laser excitation reveal strong depen-
dence of the spectra on the excitation level (Figure 4a—c). The changes are insignificant up
to the power density 10° W/cm? at T = 5 K (Figure 4a); however, with further increase in
excitation, the 2.6 eV band intensity relatively increases. This indicates that at the excitation
power density above 10° W/cm? the shallow donor states are saturated, and the photoelec-
trons relax effectively from the conduction band to the deep level I. Figure 4c shows the
redistribution of intensity between the bands under the increasing excitation at T = 120 K.
This can be explained by the transfer of the thermally activated electron from the deep
level I to the non-radiative recombination center. As a result, only a weak 2.0 eV band at a
relatively low excitation level is observed. With the increasing excitation, the non-radiative
centers become saturated, and the 2.6 eV band strengthens. The dependence of the integral
PL intensity of sample #1 versus the excitation power density is shown in Figure 5.
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Figure 4. The PL spectra of sample #1 under 3.68 eV pulsed N, laser excitation at T = 5 (a), 70 (b) and
120 (¢) K, and peak excitation power density 1.2 x 105 (1), 1.2 x 106 (2), and 0.9 x 107 (3) W/cm?2.
The spectra are normalized to maximum intensity.
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Figure 5. Integrated PL intensity versus the excitation power density for sample #1 under 3.68 eV
pulsed Nj laser excitation at T = 5 K. The solid line is a guide for the eye.

A flattening of the integral PL intensity vs. power density is observed between 4-10*
and 2-10° W/cm? (Figure 5). We assume that this is due to the photo-induced activation of
the non-radiative centers and their subsequent saturation.

Under continuous He-Cd laser excitation, the 2.0 eV band usually dominates in the
low-temperature emission. This can be explained by the electron capture at the shallow
donor level with subsequent optical transitions to the deep level located 0.9 eV above the
valence-band maximum. The enhancement of the 2.6 eV band between 40 and 70 K results
from the donor ionization, whereas its quenching at T > 70 K is likely due to thermally
activated transfer of electrons from the deep radiative centers to the non-radiative ones.

4. Conclusions

In summary, the PL spectra of SnO, single crystals grown by the chemical vapor
transport from SnCly and H,O vapors reveal two 2.0 eV and 2.6 eV bands related to
shallow donor level and deep levels. We propose that shallow donor level is created by the
interstitial tin atoms, while deep levels are related to tin vacancies and interstitial oxygen.
The temperature decrease of the 2.0 eV band intensity along with the enhancement of the
2.6 eV band can be explained by the excitation of electrons from the shallow donor level
into the conduction band, followed by their rapid capture at deep level. Transformation
of the PL spectra under the increasing optical excitation depends strongly on the sample
temperature. This reflects the interplay between donor ionization, electron capture by the
deep centers, and non-radiative recombination processes.
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