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A double peak in the violet region between 360 and 400nm is observed from the
photoluminescence spectra acquired from cuboid SnO, nanocrystals and the energy separation
between the two subpeaks increases with nanocrystal size. The phenomenon arises from band edge
recombination caused by different in-depth distributions of oxygen vacancies (OVs). Density
functional theory calculations disclose that variations in the oxygen vacancies with depth introduce
valence-band peak splitting leading to the observed splitting and shift of the double peak. © 2012
American Institute of Physics. [http://dx.doi.org/10.1063/1.3696044]

As an n-type wide band gap semiconductor (E, =3.6eV
at 300K), tin oxide (SnO,) has many potential applications
in biophysics, gas sensing, catalysis, and batteries.'> How-
ever, despite a large exciton binding energy of 130 meV, de-
velopment of optoelectronic devices encompassing bulk
SnO, materials has been hampered by its dipole forbidden
nature.®” Fortunately, changes in the symmetry of the nano-
structures induced by surface states may allow direct gap
transitions®™” rendering quantum-confined photolumines-
cence (PL) possible.lo’11 The surface of a metal oxide nano-
structure plays a crucial role in the PL characteristics which
can be modified by the addition of oxygen vacancies (OVs),
especially nanostructures with small size. Although the PL
peaks are typically attributed to radiative recombination in
some defect states such as tin interstitials, dangling bonds, or
OVs, rigorous confirmation has not been performed.'*!?
Theoretical derivations disclose that the highest occupied
orbitals are localized at the surface OVs, thus giving rise to
many new energy states in the band gap.'* Hence, the optical
properties are related to the complicated optical transition
induced by OVs. It is well known that OVs exist at different
depths in metal oxides and so a better understanding of their
role and effects is of scientific and practical interest. Cuboid
nanocrystals (NCs) have a large surface-to-volume ratio and
so surface atoms and electronic states play a key role in the
luminescence behavior. In this work, the effects of the differ-
ent OV distributions with depth in cuboid SnO, NCs on the
PL behavior are investigated. The double peak appears in the
violet range and the separation between the two subpeaks
increases with cuboid NC length. In addition to experimental
investigation, theoretical derivation based on the density
functional theory (DFT) is performed to elucidate the
mechanism.

SnO, NC samples were prepared using a hydrothermal
reaction involving SnCly - 5H,0 and CO(NH,),. In a typical
process, 0.08 g of SnCly, - SH,0 and 0.8 g of CO(NH,), were
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added to a 40 ml cylindrical teflon-lined stainless steel auto-
clave containing 32 ml of deionized water, and 1.6 ml of HCI
fume was introduced, followed by ultrasonic treatment and
heating to 90°C for 15h. After the reaction, the autoclave
was cooled to room temperature naturally. The white precip-
itates were centrifuged and rinsed thoroughly with water sev-
eral times. The SnO, NC colloidal suspensions were used in
the experiments and the partial colloidal suspensions were
oven-dried in air at 100 °C for 5 h. The samples were charac-
terized by high-resolution transmission electron microscopy
(HR-TEM, JEOL-2100), Raman scattering, PL excitation,
and x-ray photoelectron spectroscopy (XPS).'>'® All the
measurements were conducted at room temperature.

The PL spectra acquired from the colloidal suspension
containing SnO, NCs with different sizes excited by the
280-310nm lines of a Xe lamp are shown in Fig. 1(a). As
the average NC size increases (that is, with increasing excita-
tion wavelength from 280-310nm), a double peak emerges
from the PL spectrum. The high energy subpeak (S;) posi-
tion [~356 nm (3.48 eV)] does not vary, but the low energy
subpeak (S,) downshifts to ~397nm (3.12eV) with

FIG. 1. (Color online) (a) PL spectra of the ultrathin cuboid SnO, NC sus-
pension excited by the 280-310nm lines of a Xe lamp. (b) PL spectra com-
posed of tow subpeaks acquired from the suspension and dried powder
excited by 310 nm.
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increasing NC size and meantime, the line-width increases
as well. S; is close to the bandgap energy of ~3.65eV (to be
discussed in detail below), but S, has a lower energy. The
observed PL may arise from band edge recombination as a
result of relaxation from the forbidden dipole. To explore the
mechanism, the NC suspension was dried in air at 100 °C for
5h before taking another PL spectrum [Fig. 1(b)]. The PL
spectrum is obviously broadened and composed of two sub-
peaks (S; and S, marked by green and magenta dash lines
based on Gaussian fittings). Comparison to the PL spectrum
of the colloidal suspension discloses that the effects of water
on the optical emission are minimal. Moreover, the position
of S; does not change, but S, downshifts and the line-width
increases. This implies that the PL mechanism of the suspen-
sion and dried sample is similar and the surface structure
induced by water is not the main factor. Since OVs in metal
oxides play an important role in the electronic and phonon
properties, the double peak should be associated with OVs
on the NC surface.

The HR-TEM images acquired from the colloidal sus-
pensions are depicted in Fig. 2(a). The NCs have a cuboid
morphology with lateral dimensions of 4.0nm, but the
lengths are different (marked by dashed lines). The NCs
have a rutile phase and grow mainly along the (001) direc-
tion."> A lateral face of the ultrathin cuboid NC with the
0.343nm lattice fringe is the (110) crystalline plane. The
selected-area electron diffraction (SAED) pattern in Fig. 1(b)
shows three diffraction rings (from inner to outer) corre-
sponding to the (110), (101), and (211) planes of rutile SnO,.
To confirm the existence of OVs, the Sn 3d XPS spectrum
obtained from the dried sample is displayed in Fig. 2(c). The
binding energy of the Sn 3ds, peak at 487.1eV indicates
that the valence of Sn is 3.62,'7 suggesting the cuboid NCs
are nonstoichiometric with a large number of OVs in the
near surface. The Gaussian fitted cuboid NC length distribu-

FIG. 2. (Color online) (a) Typical HR-TEM image of the SnO, NCs. (b)
SAED pattern of the SnO, NCs. (c) Sn 3d XPS spectrum of the SnO, NCs.
(d) Length distribution of the SnO, NCs with lateral width D of 4.0 nm.
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tion shown in Fig. 2(d) shows that the NC lengths have a
widely distribution from 6.0-13.5 nm and should be respon-
sible for the dependence on excitation wavelength [Fig. 1(a)]
induced by the NC size change. For a fixed OV content,
increase in the NC length corresponds to a larger average
distribution depth of OVs in the near surface due to the
smaller surface-to-volume ratio. This is similar to the effects
induced by annealing. The results and subsequent analyses
suggest that the change in the OV depth distribution induced
by the NC size change gives rise to the observed PL
characteristics.

Since the band gap of nanostructured materials can be
different from that of the bulk counterparts, the ultraviolet/
visible absorption spectrum obtained from the NC suspen-
sion is presented in Fig. 3. The absorption coefficient o is
expressed as a(hv) o< (hv — Eg)l/z/hz/,18 and plots of
[ot(hz/)]z vs hv can be derived from the absorption data with
the intercept of the tangent (marked by red line) correspond-
ing approximately to the band gap energy of the direct band
gap materials. As shown in Fig. 3, the average band gap of
the cuboid NCs is ~3.65 eV which is slightly larger than that
of bulk materials due to the quantum size effect. The two PL
subpeaks have energies of 3.5 and 3.1 eV, which in the vicin-
ity of the band gap of the cuboid NC. This implies that the
observed PL should be associated with band edge recombi-
nation of the photo-excited carriers resulting from relaxation
from the forbidden dipole due to the introduction of OVs.
The Raman spectrum of the SnO, NC sample is displayed in
the inset of Fig. 3. Besides the E, longitudinal optical mode
(f) at 355c¢cm™ ! and A, mode (f3) at 631 cm ™! which are
related to the small size effect according to the Matossi force
constant model,'”?° an intense mode appears at 574cm "
(f,) from the in-plane OVs (Ref. 21), but other types of OVs
cannot be detected. Therefore, the double peak PL is inferred
to stem from band edge recombination determined by the in-
plane OVs which have different depth distributions in the
near surface of the NC.

To theoretically elucidate the dependence of the PL
peak on the OV depth distribution, a DFT study is conducted
on several samples with different OV depth distributions.
The calculation is based on the generalized gradient approxi-
mation of Perdew, Burke, and Ernzerholf using the csATEp
package with norm-conserving pseudopotential with default
convergence tolerances of 1 x 107 eV for energy and

FIG. 3. (Color online) Ultraviolet/visible absorption spectrum acquired
from the SnO, NCs. The inset shows the corresponding Raman spectrum.
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0.03eV/A for maximum displacement.22 The rutile SnO,
(110) surface is modeled as a (1 x 1) supercell consisting of
a six trilayer slab and vacuum with a thickness of five tri-
layers. The bottom two trilayers are fixed to mimic the bulk,
and the in-plane oxygen atoms at different depths are
removed. The density of states (DOSs) with the in-plane OV
depth distributions at d =0, 0.314, and 0.627 nm are calcu-
lated and shown in Fig. 4 and the result without OV is also
presented for comparison. In the case of the less stable sur-
face vacancy model, in which in-plane oxygen is absent
from the stoichiometric surface, the highest occupied orbitals
are significantly localized at the position of removed oxygen
atom. Therefore, the DOSs at the valence-band maximum
(VBM) can be modified by surface in-plane OV positions.
According to the DOSs in Fig. 4 (left), the transition between
the conductance band major peak near 3.56 eV (black arrow)
and VBM at OeV corresponds to a 3.56eV PL peak. Consid-
ering the under-estimation of the gap in the DFT calculation
with the local density approximation (LDA) and generalized
gradient approximation exchange-correlation function,?=*
this is in good agreement with our experimental PL results.
Here, it is interesting to note that addition of OV causes split-
ting of the DOS peak at the VBM (Fig. 4, right), which cor-
responds to the splitting of the PL peak observed
experimentally and modified band gap. With increasing
depths of OVs, splitting increases and the trend is consistent
with experimental results.

It is known that both in-plane and bridging OVs may
simultaneously exist in SnO, nanostructures. To reveal the
different OV contributions, the DOSs of the SnO, nanostruc-
ture surfaces with different OV types are calculated and the
corresponding results are presented in Fig. 5. Compared to
the results without OV, the DOS (left) is significantly differ-
ent in the presence of different OVs. The enlarged VBM
regions with different kinds of OV situations are shown on
the right side of Fig. 5. In the presence of in-plane OV, the
DOS (green line) shows a clear double-peak structure,
whereas the existence of a bridging OV effectively changes
the DOS distribution into a single peak structure (red line).
Considering the coexistence of in-plane and bridging OVs,

FIG. 4. (Color online) Left: DOSs of the cuboid NC surfaces with OV dis-
tribution depths at d=0, 0.314, and 0.627nm and no vacancy. Right:
Enlarged VBM region. Splitting of the VBM due to addition of OV can be
clearly seen and it leads to splitting of the PL peak observed experimentally.

Appl. Phys. Lett. 100, 121903 (2012)

FIG. 5. (Color online) Left: DOSs of the cuboid NC surfaces with different
OV types and no vacancy. Right: Enlarged VBM region. Splitting of the
VBM due to addition of in-plane OV can be clearly observed. The bridging
OVs do not cause the observed violet double-peak PL.

the combined action not only causes splitting of the DOS
(blue line) peak at the VBM but also modifies the intensities.
The theoretical results indicate that the in-plane OV is re-
sponsible for the splitting of the DOS peak at the VBM. The
bridging OVs may co-exist in the samples, but they are not
the origin of the observed violet double-peak PL.

In summary, the PL spectra obtained from ultrathin
cuboid SnO, NCs show a double peak in the violet region and
the energy separation between the two subpeaks increases
with NC size. It is related to changes in the in-plane OV depth
distribution in the near surface of the NC. DFT calculation
discloses that splitting of DOS at the VBM increases with OV
depth distribution, thereby leading to band edge recombina-
tion. As a result, the PL peak splits and the two subpeaks shift
oppositely, as verified by the experimental results.
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