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High-density SnO, nanobelts were synthesized on p-Si substrate to form a SnO, nanobelts/p-Si heter-
ojunction photodiode. The photodiode shows a rectification characteristic in current—voltage mea-
surements and exhibits an ultraviolet peak responsivity with an ultraviolet—visible rejection ratio
(R395 nm/R550 nm) of two orders of magnitude. The peak responsivity is located at around 395 nm
(3.14 eV), much smaller than optical absorption edge of bulk SnO, (~344 nm, 3.6 eV). A strong ultraviolet

peak from SnO; nanobelts at ~400 nm was observed in the photoluminescence spectrum, indicating that
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the dipole-forbidden rule of bulk SnO; is broken for the nanostructural counterparts. First-principles
calculations suggest that surface state in nanostructure plays a key role in breaking dipole forbidden
rule and realizing ultraviolet peak responsivity.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Ultraviolet (UV) photodetectors have attracted much attention
due to their wide applications in optoelectronic fields [1-6].
Comparing to traditional Si-based UV detector, a kind of UV de-
tectors based wide-bandgap semiconductor, such as SiC, GaN and
ZnO etc, demonstrates outstanding performance owing to their
high thermal stability, high responsivity and high response speed
[7—15]. Among numerous wide-bandgap semiconductors, SnO,
should be an ideal material and applied as high-performance UV
detector due to its appropriate optical bandgap of ~3.6 eV [16].
However, it is commonly believed that SnO- is not a suitable ma-
terial applied to UV photodiode because its dipole-forbidden nature
of its band-edge quantum states leading to the weak UV absorption
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at fundamental bandgap [17]. Recent research indicates that the
dipole-forbidden rule of SnO; can be broken via nanoengineering
and doping-engineering. For example, strong UV emission can be
recovered in SnO; nanowires, quantum dots [16—20]. First-
principles calculations predicted that a large number of dangling
bonds at surface of nanostructural SnO; can break the dipole-
forbidden rule and enhance UV absorption at fundamental
bandgap. It is deduced that SnO, based on nanostructure is a
suitable materials used to fabricate high-performance UV detector.
Recently, Hsu et al. fabricated a SnOz-nanowire UV detector via
forming p-Sn0,:Ga/n-Ga03 core—shell nanowires [21]. However,
the fabrication methods of SnO, core—shell nanowires is compli-
cated and uncontrollable. By contrast, some nanostructures, such as
nanobelts and nanowires, has an advantage of a simple method for
preparation [22—25]. Hu et al. reported an UV photodetector based
on individual SnO, nanowire [26]. Nevertheless, it is also a
complicated process to manipulate individual nanowire to fabricate
device. Therefore, it is significantly important to develop a facile
route to fabricate UV detector based on SnO; nanostructures.

In this paper, we fabricated SnO; nanobelts (NBs) on p-type Si
substrate to form a SnO, NBs/p-Si heterojunction UV detector. The
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Fig. 1. (a) XRD pattern of the SnO, NBs synthesized on p-Si substrate. The reference powder diffraction data (PDF#880287) is also presented. (b) Raman spectrum of the SnO, NBs.

(c—d) Sn 3d and O 1s XPS spectra of the SnO, NBs.

performance of the UV detector based on SnO, NBs was investi-
gated in detail. A responsivity of ~10~% A/W at fundamental
bandgap of SnO; was obtained, in agreement with the recovered
UV emission observed in the photoluminescence (PL) spectrum.
The physical mechanism of breaking dipole-forbidden rule was also
discussed through first-principles calculations.

2. Experimental and first-principles calculation detail

SnO, NBs were synthesized on p-type Si substrate using
chemical vapor transport method. The synthesis process was car-
ried out in a quartz tube located at a horizontal tube furnace. A
mixture of SnO, and graphite powders (at a weight ratio of 2:1) acts
as the precursor. A constant 100 cm?/min flow of 95.5% Ar/0.5% O,
was introduced to the tube during the growth process. The pressure
in the tube furnace was fixed at 10 mbar, and the furnace tem-
perature was increased to 950 °C and held there for 15 min. As
finishing the growth process, the furnace was cooled to room
temperature and then the products were taken out from the
furnace. An Au finger electrode was deposited on SnO, NBs/p-Si
sample using a shadow mask and an Al back electrode was
deposited on another side of Si substrate using thermal evaporation
method to obtain a prototypical SnO,-based photodiode.

For structural characterizations, X-ray diffraction (XRD) was
carried out using a powder diffractometer with Cu Ko radiation.
Raman and PL measurements were performed using a He—Cd laser
with a 325-nm line as the excitation source. The optical dddab-
sorption spectra of the SnO, films were recorded by UV—vis—near
infrared spectrophotometer. Surface morphologies of the SnO, NBs
were characterized using a field-emission scanning electron mi-
croscope (SEM, Hitachi S-4800, Japan). A high-resolution trans-
mission electron microscope (TEM, FEI Tecnai G2 20, USA) was used
to examine the nanobelt size and crystalline structure in the SnO,
NBs. XPS was performed by an ESCALAB 250 XPS instrument with

Al Ko (hv = 1486.6 eV) X-ray radiation source, which can precisely
calibrate work function and Fermi energy level. All XPS spectra
were calibrated by the C 1s peak (284.6 eV). The current—voltage
(I-V) characteristics of the SnO, NBs/p-Si heterojunction photo-
diode were measured using a Keithley 4200 semiconductor char-
acterization system.

First-principles calculations were performed within the frame-
work of density functional theory (DFT). The exchange-correlation
energy was treated within the generalized gradient approximation
(GGA) [27] using the functional of Perdew, Burke, and Ernzerhof
(PBE) [28]. The structural relaxations used the projector augmented
wave (PAW) method as implanted in the Vienna ab initio simula-
tion package (VASP) [29]. The hybrid functional as proposed by
Heyd, Scuseria, and Ernzerhof (HSEO6) was employed to calculated
electronic structure and optical properties [30]. For the Sn atoms,
d states were treated as valence states. To simulate large ratio of
surface to volume for NBs, we truncated the rutile SnO, along the
(100) and (110) surfaces and investigated their electronic structures
and optical properties. The cutoff energy for the plane-wave basis
set is 400 eV.

3. Results and discussion

Fig. 1a shows a typical XRD pattern of the synthesized SnO,
NBs. To clearly show the origin of these diffraction peaks, the
reference powder diffraction data (PDF#880287) is also pre-
sented. All diffraction peaks can be indexed to the rutile phase
SnO, besides Si (111), and no other phases are observed, indi-
cating that these SnO, NBs have a single phase. To further
investigate the crystalline structure of SnO, NBs, we also per-
formed Raman spectroscopy measurements, as shown Fig. 1b.
Three obvious Raman peaks were observed at room temperature.
The three peaks located at 473, 631 and 774 cm™! are ascribed to
Eg, A1g and Byg mode of SnO,, respectively, indicating that SnO;
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Fig. 2. (a) A typical FESEM image of the SnO, NBs synthesized on p-Si substrate. (b—c) Low- and high-resolution TEM images of an individual nanobelt. (d) The corresponding SAED

pattern of the nanobelt.

NBs are pure phase and reconciles with XRD results. It should be
noted that the wavenumber of the Az mode is lower than the
bulk SnO, value of 638 cm~!. This is agreed with the previous
reports that the Ajz; mode is sensitive to the size of SnO, and

(a)

Nanobelts

(c)

shifts to lower wavenumbers with decreasing SnO, sizes [31].
Fig. 1c and d show the Sn 3d and O 1s XPS spectra of the SnO,
NBs. For the O 1s XPS spectrum, the strong peak at low binding
energy side and weak shoulder at high energy side are attributed
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Fig. 3. (a) Schematic diagram of the SnO, NBs/p-Si heterojunction. (b) [-V curve of the SnO, NBs/p-Si heterojunction. The inset in (b) shows the [-V characteristics with Ohmic
contacts between two gold contacts on the SnO, NBs as well as between two Al electrodes on the p-Si substrate. (c) Top panel: Room temperature spectral responses of the SnO,
NBs/p-Si heterojunction with the applied voltage 0 and —4 V. The inset shows the time-dependent response of the photodiode measured under air conditions at zero bias as 390 nm
light irradiating the device. Bottom panel: PL spectrum of SnO, NBs and optical absorption spectrum of a crystalline SnO, film for comparison.
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Fig. 4. Room temperature PL spectra of the SnO, nanobelts and crystalline SnO, film.

to the oxygen in the SnO, lattice and the adsorbed oxygen
[32,33].

Fig. 2a shows a typical SEM image of the synthesized SnO, NBs. The
sample is composed of large quantities of dense flattening NBs. The
lengths and widths of these NBs are several tens of micrometers and
several hundred nanometers, respectively. Fig. 2b shows a typical TEM
image of an individual SnO; nanobelt. Fig. 2c shows a high-resolution
TEM image of the enlarged region from the individual SnO, nanobelt.
The lattice spacing of 0.26 nm reconciles with the (101) planes of rutile
Sn0,. Fig. 2d shows the corresponding selected area electron diffrac-
tion (SEAD) pattern. The diffraction spots indicating that the SnO;
nanobelt is single crystalline with the rutile SnO; structure.

To investigate the performance of SnO, NBs/p-Si heterojunction,
the Au finger electrode and Al back electrode were deposited on
NBs and Si sides using thermal evaporation method, respectively, to
form a prototypical SnO, NBs/p-Si heterojunction photodiode. The
structural schematic of the photodiode is shown in Fig. 3a. Fig. 3b
shows the current—voltage (I-V) characteristics of the SnO, NBs/p-
Si heterojunction photodiodes. The I-V curve shows a good recti-
fication characteristic. The inset of Fig. 3b shows the ohmic contacts
between two separated gold contacts on the SnO, NBs and between
two Al back contacts on the p-Si substrate. The spectral responses
of the SnO, NBs/p-Si photodiode at zero bias and the reverse bias of
4 V are shown in the top panel of Fig. 3c. A wide response range
from 300 to 450 nm is observed and the response peak is located at
~395 nm (3.14 eV). The peak responsivity of the photodiode is
determined tobe 3 x 10~ and 1 x 10~% A/W at 395 nm (3.14 eV) at
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zero and the reverse bias of 4 V, respectively. Hsu et al. reported a
responsivity of ~10~3 A/W (@395 nm) of SnO, photodetector using
a complex Gay03/Sn0;:Ga core—shell nanowires structure [21]. The
UV to visible rejection ratio (R395 nm/R550 nm) of two orders of
magnitude was obtained at a reverse bias of 4 V. The inset in Fig. 3¢
shows the time-dependent photoresponse of the photodiode at air
conditions as a periodical turning on and off 390 nm light irradiates
on the device. The photocurrent increases to 4.3 pA and decreases
to initial value, respectively, as the light was periodically turned on
and off, suggesting the excellent reproducible characteristics.

To investigate the origin of response peak, PL spectrum of SnO,
NBs were carried out at temperature, as shown in the bottom panel
of Fig. 3c. There is a peak and a shoulder in the PL spectrum of the
SnO; NBs. The PL peak and shoulder are located at 420 nm (2.95 eV)
and 390 nm (3.18 eV), respectively. To illustrate the optical band
edge of crystalline SnO,, we performed the UV—visible optical ab-
sorption measurement for a crystalline SnO; film grown on quartz
substrates, as shown in the bottom panel of Fig. 3c. The optical
bandgap of crystalline SnO; film is at ~3.65 eV (340 nm), which is
consistent with the previous reports on the value of bulk SnO,. Both
the PL peak and shoulder of SnO; NBs are much smaller than the
optical bandgap of bulk SnO,, indicating that the band-edge dipole-
forbidden rule of bulk SnO, is broken by NBs and UV emission is
recovered in SnO, NBs. The response peak at ~395 nm is very close
to the PL shoulder and therefore it is derived from breaking dipole-
forbidden rule via forming nanostructure. To further demonstrate
how the SnO; NBs break dipole-forbidden rule of bulk SnO;, we
compared the PL spectra of SnO, NBs with the crystalline SnO, film,
as shown in Fig. 4. For the crystalline SnO; film, only a weak visible
emission band is observed and no UV emission is observed. How-
ever, strong UV near-band-edge (NBE) emission is observed, indi-
cating that the dipole-forbidden rule is broken.

In order to elucidate the physical mechanism of nanostruture
breaking dipole-forbidden rule, we performed first-principles cal-
culations based on hybrid functional method. It is known that
nanostructure has much larger ratio of surface to volume than bulk.
To simulate the surface of SnO,, we constructed a (100) and (110)
plane orientated SnO, surfaces with a vacuum layer. We calculated
the optical absorption spectra of bulk, (100) and (110) plane
orientated SnO; surfaces, as shown in Fig. 5a. The calculated optical
bandgap of bulk SnO, is determined to be 3.7 eV, in good accor-
dance with the experimental value. The calculated fundamental
bandgap is 3.2 eV for bulk SnO,. For the (100) surface of SnO;, the
optical bandgap is has a slight redshift with respect to bulk SnO;
and still larger than the fundamental bandgap of bulk SnO», indi-
cating that the (100) surface is unable to break the dipole-forbidden
rule. Nevertheless, a strong and broad absorption centered at
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Fig. 5. First-principles calculated (a) absorption spectra of the bulk SnO, and the SnO, with (100) and (110) plane orientation surfaces as well as (b) charge density plots of the (110)

plane orientated SnO, surface at Ef (left) and Ep+3.2 eV (right).
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~3.1 eV (400 nm), covering the fundamental bandgap of SnO», is
obtained for the (110) surface of SnO,, indicating the forbidden
fundamental bandgap becomes allowed. Thus, it is well understood
why the response peak of SnO, NBs/p-Si photodiode is much
smaller than the optical bandgap of bulk SnO,. Additionally, there is
a wide absorption band from 300 to 500 nm for the (110) surface of
Sn0,, supporting and explaining the wide response range in the
spectral response of the SnO, NBs photodiode.

To well understand the electron transition corresponding to the
fundamental bandgap, we calculated the charge density distribu-
tion of the (110) surface of SnO; at Fermi level (Eg) and Eg+3.2 eV, as
shown in Fig. 5b. It is found that the charge densities at Er and
Er+3.2 eV are manly distributed in the (100) surface region. This
result suggests that the electron transition corresponding to light
emission or absorption occurs in the surface region and also con-
firms the surface-associated local symmetry breaking are respon-
sible for the interband transition.

4. Conclusions

In summary, we synthesized SnO, NBs on p-Si substrate to form a
SnO; NBs/p-Si heterojunction photodiode. The performance of the
photodiode was characterized. A UV peak responsivity with an
UV—visible rejection ratio (R395 nm/R550 nm) of two orders of
magnitude is observed at the bias of 0 and —4 V. First-principles
calculations suggest that surface states are responsible for breaking
dipole forbidden rule of SnO; and realizing UV peak responsivity.
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