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INTRODUCTION

Abstract

Suppression of charge recombination by thin amorphous alumina layers on metal
oxide semiconductors has demonstrated a vital role in electronic appliances beside
its role as an insulator. This study reports effect of amorphous alumina (Al,O5) on
the structural, electrical, and optical properties of stannous oxide (SnO,). The sam-
ples for the present study are prepared as nanofibers by electrospinning a polymeric
solution containing aluminum and stannous precursors and subsequent annealing; six
samples with varying concentrations of aluminum and stannous are considered. A
crystal-amorphous SnO,/Al,O5 hybrid system was confirmed by both XRD and XPS
analysis. Both BET and Mott-Schottky analysis showed increase in the surface area
and conduction band minimum of the sample with increase in the Al content, how-
ever, at the expense of its electrical conductivity. The electron lifetime of the sample
increased with increase in the Al content, but the electron transport time increase
with decrease in the electrical conductivity of the sample. Both Urbach energy meas-
urement and Stoke's shift showed generation of deeper trap state with increase in the
Al content. Investigation on sample photovoltaic performance showed that the loss
in electrical conductivity of the sample can be compensated by the improved surface
area to a certain extent. Interestingly, a composite nanofiber containing equal molar
fraction of aluminum and stannous showed orders of magnitude higher photocurrent
despite its similar resistivity as that of pure alumina fibers, which is shown to origi-
nate from a Fermi energy gradient at the Al,05/SnO, interface.
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composite

calcination temperature <600°C result in Am-Al,05.** The
electrical properties of Al,O; vary among polymorphs and

Alumina (Al,O3) and stannous oxide (SnO,) are archetypical
functional ceramics offering different properties and are in use
for a variety of applications due to their structural to electrical
properties. The Al,O5 crystallize in a variety of polymorphs,
viz. a-AlL,Os3, n-AlL,Os, y-Al,O;, f-Al,O3, and amorphous
Al O, (Am—A1203),1_3 as a results of difference in crystalli-
zation temperature in the range of 600°C-900°C,> where a

with crystallinity: Am-Al,O5; has an energy gap ~2.6-2.9 eV
whereas that of well-ordered a-Al,O5 is ~7.0 eV, both with a
direct band gap.(’_11 Due to this wide energy gap, well-crys-
talized Al,Oj is resistive'” and with high conduction band as
well as low valence band energies.® Although Am-AlL,O; has
its energy gap in the semiconductor range, it is poorly conduc-
tive due to its highly disordered particle distribution. Therefore,
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am-Al,O; is mostly used as an insulating material for electri-
cal applications. On the contrary, SnO, is well-known for its
application as a metal oxide semiconductor MOS)" despite
having relatively larger energy gap (~3.6 eV) than other MOS
such as TiO, (energy gap ~3.2 eV)." Due to high conductivity,
n-type semiconductor behavior, and high optical transparency,
SnO, is widely applied as transparent conducting electrode
in electrical applications.'” The electronic structure of Al,O,
differs among crystal phase due to differing ratios of octahe-
dral/tetragonal orientation of Al atoms in its crystal structure,®
where higher tetragonal content resulted in larger energy shift
of conduction band minimum (CBM). Despite of different
energy gaps, Al,O5 in different crystal phase has similar va-
lence band maximum, consisting of 2p level of Al atoms.'® In
contrast, conduction band minimum of SnO, resulted from hy-
bridization of O-2p and Sn-5s states, where its valence band
maximum consists mainly O-2p and Sn-4d states."’

Despite having higher conductivity, N-type semiconduct-
ing behavior and better optical transparency, both lower sur-
face area and CBM hindered the successful implementation
of SnO, in high-performance electronic appliances, especially
in photovoltaics. Although efforts had been carried out to im-
prove the surface area of SnOz,lg’19 such improvements only
resulted in an increase in photocurrent on dye-sensitized solar
cells; the open-circuit voltage (V) remain low as usual 22!
This issue was overcome by combining a material with higher
CBM, for example, developing a thin TiO, film on SnOzy21
which resulted in improved in charge transport and an upshift
in CBM. Sasidharan et al. > demonstrated that deposition of
compact ZnO layer on SnO, improved the electron lifetime
by suppressing charge recombination, thereby improving
DSSC's photocurrent, Vi, and efficiency. Besides, efforts
were taken to couple SnO, with other wide energy gap metal
oxide with significant improvement in Voc~23’24 Niinobe et
al.? explained the improvement in V- from composite-based
photoanode as due to the depression of charge recombination,
which contributed to the increment in surface potential and
shifted CBM upward. These results indicated that coupling
SnO, with metal oxide of high CBM and wide energy gap
will result in materials of superior properties suitable for high-
performance applications, especially photovoltaic. Am-Al,O4
meets the candidature requirements. Although am-Al,O5 is
applied as an insulating material, various studies had shown
that Al,O5 has surprising advantages in electrical appliances.
Coating thin layer of Al,O5 on nanoporous TiO, demonstrated
slower charge recombination rate and large VOC,26 as well
as improved photocurrent density due to increase in surface
area.”’ However, Zhang et al. reported that further increase
in the thickness of Al,O; coating on SnO, would decrease
the total surface area, which eventually lead to the decrease
in photocurrent density.28 Coating of Al,O5 had also showed
to passivate surface trap state, thereby leading to better charge
transport properties.29 Al,O; usually exhibits high surface

area (>100 mzlg).m’31 Sigma et al. reported that well-order
a-Al,O5 has lower surface area compared to }/—A1203,3 indi-
cating that Al,O; with lower crystallinity has higher surface
area. Therefore, combining both SnO, and am-Al,O; might
resulted in composite materials with high conduction band
edge, high surface area, and high electron transport properties
with improved charge recombination resistance.

Besides, changes in morphology are shown to have sig-
nificant effects on the materials’ performance, especially in
their electrical and thermodynamic properties. Compared to
smaller nanoparticles, one-dimensional nanostructures such
as nanowires and nanofibers, are shown to be beneficial due
to their relatively larger volume and thermodynamic stabil-
ity, with guided charge transport.*>** One of the most viable
technique to synthesize a variety of one-dimensional mate-
rials in large quantities is elec:trospinning,34’35
under the principle of asymmetric bending of a charged lig-
uid jet in an electric field.

In this study, we have synthesized SnO,/Al,O5 crystal-
amorphous hybrid composite material with improved CBM,
surface area, and charge recombination resistance via elec-
trospinning a polymeric solution containing Sn and Al pre-
cursors and subsequent annealing. Specifically, this article
focuses on correlating the surface area and electrical con-
ductivity of electrospun aluminum-doped SnO, nanofibers
as well as those of a composite nanofiber containing equal
molar ratio of SnO, and Am-Al,05; (SnO,/Al,05) to those
of pure SnO, and Am-Al,O5 nanofibers. Advantages of such
materials system is also demonstrated by evaluating their
performance as DSSC's photoanode. The synthesized sam-
ples showed improved surface area, higher conduction band
minimum, and suppressed charge recombination with respect
to Al%. Surprisingly, despite the similar electrical conductiv-
ity of the SnO,/Al,O5 composite fibers to that of pure Am-
Al,O;, the former demonstrates orders of magnitude higher
photocurrent in DSSCs, which is shown to originate from
the Fermi energy gradient at the Al,05/Sn0O, interface. The
composite nanofiber in the crystalline-amorphous system re-
ported here is expected to have broad implications from their
structural and electrical properties.

which works

2 | EXPERIMENTAL DETAILS

2.1 | Nanofibers fabrication

All the chemicals reported in this study were used as re-
ceived and without further purification. To prepare poly-
meric solution for electrospinning, a homogeneous mixture
of polyvinylpyrrolidone (PVP) (6 g, Mw ~1,300,000,
Sigma Aldrich), ethanol (25 ml, absolute, HmbG®), and
N'N-dimethylformamide (20 ml, DMF, Emsure®) was pre-
pared in the weight ratio of 13:43.5:43.5. Tin (II) chloride
(10 mmol, dihydrate, R&M Chemicals) and aluminum
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acetate (10 mmol, basic, R&M Chemicals) were added to
the above polymer solution to prepare the electrospinning
solutions for SnO, and Al,O5 nanofibers, respectively. The
high molecular weight PVP used in this work helps achiev-
ing the required viscosity of electrospinning as well as it
avoided hydrolysis of SnCl,. For Al-doped SnO,, three dif-
ferent Sn/Al molar ratios were used: 95:5, 90:10, and 75:25,
which will be denoted as Al(5%), Al(10%), and Al(25%),
respectively, throughout this study. To ensure similar elec-
trospinning solution parameters such as viscosity, the total
amount of tin (II) chloride and alumina acetate dissolved in
the polymeric solution was fixed at 10 mmol in this study.
For SnO,/Al,05 hybrid nanofibers, the Al to Sn precursor
ratio was kept at 1:1 keeping the total amount at 10 mmol;
this sample will be denoted as Al(50%).The solutions were
electrospun using a electrospinning set up (Electroris,
Acoulab Pacidic Sdn Bhd) with a potential of 15 kV, flow
rate of the solution was set at 0.5 ml/h flow rate and the
spacing between the needle tip and collector (aluminum
foil) was fixed at ~15 cm. The electrospinning process was
carried out at ambient temperature under controlled humid-
ity of ~40%. Obtained nanofibers were then heated at a rate
of 2°C/min and calcined at 550°C for 3 hours.

2.2 | Dye-sensitized solar cells fabrication

The DSSCs were assembled as follows. A photoanode paste
was prepared by mixing the sample powder (100 mg) with a-
terpineol (Sigma Aldrich) and ethyl cellulose (Sigma Aldrich)
in 1:4.05:0.5 ratio. Different batches of paste preparation, the
amounts of ingredients and ethanol were controlled for con-
sistent concentration and viscosity. DSSCs were fabricated
on the fluorine-doped tin oxide-coated glass (FTO) substrate
(2.5 cm X 2.5 cm, sheet resistance ~15 Q/square, Solaronix)
was cleaned stepwise using detergent, ethanol, and acetone
through ultrasonication. The photoanode paste was then
coated on the cleaned FTO-glass using doctor-blade method,
applying two layers of scotch tape (Scotch® MagicTM Tape
810, thickness ~0.06 mm) as the spacer; the photoanode-
coated FTO was then heated at 500°C for 1 hour. The thick-
ness of the annealed film was measured to be ~15-20 pm.
The photoanode film was then soaked in 0.5 mmol/L N3-dye
solution overnight, which is prepared by dissolving N3-dye
(Dyesol) using tert-butanol (25 ml, EMSURE®) and acetoni-
trile (25 ml, FISHER) in equivolume ratio. The DSSCs were
assembled using a spacer (25 pm, Solaronix), which was
placed between the photoanode (working electrode) and com-
mercially available platinum-coated ITO-glass (Solaronix)
(counter electrode). Electrolyte (I,7/I", Solaronix) was filled
through orifices developed on the counter electrode. Active
area of the prepared DSSCs was ~0.25 cm?; the electrode
area was properly masked to avoid straylight effects during
the photovoltaic property determination.
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2.3 | Sample and device characterizations

The morphology of the annealed samples was studied using
field-emission scanning electron microscope (FESEM,
JOEL, JSM-7800F, USA, operating at 30 kV) with sample-
emission source distance of 10 mm. The crystal structures
of the samples were analyzed using X-ray diffraction (XRD,
Bruker, D8 Advance Powder X-ray diffractometer) employ-
ing CuK, radiation (1 = 1.5406 A); the XRD patterns were
recorded in the 10°-80  range in steps of 0.02" at room tem-
perature. Surface chemistry of the samples were analyzed
using X-ray photoelectron spectroscopy (XPS, PHI Quantera
II, Physical Electronics) employing Al as emission source
(4 =117.4 eV), for both survey (0-1100 eV) and high-reso-
lution scan (480-500 eV, 523-543 eV, and 60-80 eV for Sn,
O, and Al core level, respectively). BET surface areas of
the samples were studied from N, gas adsorption measure-
ments (ASAP2020: Micromeritics Instrument Corporation,
USA); the samples were degassed at 200°C before measure-
ments. The energy gaps of the samples were measured using
absorption spectroscopy (UV-Vis-NIR Spectrophotometer,
UV-2600, Shimazu); thin films developed on glass substrates
were scanned between wavelength in the 300-900 nm range
employing a scan sampling interval of ~0.5 nm and slit width
~5 nm.

The electrical and electrochemical properties of the sam-
ples were studied using linear sweep voltammetry (LSV), cy-
clic voltammetry, and Mott-Schottky techniques employing
PGSTAT M101 with FRA32M module (Methrohm Autolab
B.V., the Netherlands). The electrical conductivity of the
sample was obtained from LSV by recording the current for
a voltage scan of ~0-1 V at a scanning rate of 0.1 V/s and a
step potential of 0.00244 V. The cyclic voltammetry was used
to measure the oxidation/reduction potentials of the electrode
using three-electrode system measurement in 6 mol/L. KOH
electrolyte using saturated AgCl/Ag and platinum rod as the
reference and counter electrodes, respectively. The flat-band
potential and carrier concentration of the samples were de-
termined from Mott-Schottky diagram employing electro-
chemical impedance spectroscopy (EIS). The EIS spectra
of the sample were measured from 0.34 to 0.73 V in 0.3 V
interval at a frequency range from 100 kHz to 5 mHz. The
Mott-Schottky diagram was plotted by fitting the observed
impedance, applying the standard Randles circuit using Z
view software.

Photovoltaic properties of the fabricated DSSCs were
obtained by measuring the J-V characteristic under 1 sun
illumination, scanning from —0.2 to 0.9 V with 0.02 V/s
scanning rate. The impedance of the DSSCs was measured
using EIS technique at a frequency range from 100 kHz to
5 mHz. During impedance measurement, the open-circuit
voltage of each samples was determined first and applied
during measurement to eliminate interference on the results
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due to the induced potential within the samples. The de-
localized state within band gap was studied by calculating
Urbach energy and Stoke shift method using absorption and
photoluminescence spectroscopies in dye-anchored samples.
Photoluminescence of the dye-anchored samples was mea-
sured using a spectrophotometer (NIR 300/2, Edinburgh
Instruments) where samples were excited at 600 nm, scan-
ning from 620 to 900 nm with 20 nm bandwidth and 0.5 sec-
ond dwell time. Absorbance of the dye-anchored samples
were measured using absorption spectroscopy (UV-Vis-NIR
Spectrophotometer, UV-2600, Shimazu); dye-anchored thin
films developed on glass substrates were scanned between
wavelength in the 300-900 nm range deploying a scan sam-
pling interval of ~0.5 nm and slit width ~5 nm.

3 | RESULTS AND DISCUSSION

Figure 1 shows the FESEM images of the annealed samples
synthesized in the present study; they showed nanofiber mor-
phology with an average fiber diameter of < 100 nm and with

FIGURE 1 Nanofibers morphology of synthesized samples

a high degree of diameter uniformity. The diameter of the
fibers, as tabulated in Table 1, decreased with the increase
in the Al content on an average, which is likely due to the
difference in ionic sizes of Sn (0.69 A) and Al (0.53 A).%
The smaller Al ion has higher charge density and would
impose larger force of elongation on the fibers, resulting in
smaller fiber diameter.’’” FESEM images of both Al(25%)
and Al(50%) samples showed clusters on the nanofiber sur-
face, which could be explained according to Hume-Rothery
rules on the requirements of solute dissolution in a solid solu-
tion: (a) difference in atomic radius <15%, (b) similar crystal
structure, (c) similar ion valency, and (d) similar electronega-
tivity.”® These requirement were not met in the present case,
suggesting limited solubility of Al in SnO, lattice; however,
owing to a difference of ~23% between the sizes of the Sn
and Al ions, a large fraction of Al ion could occupy the inter-
stitial positions.

Figure 2 shows the XRD patterns of the annealed sam-
ples revealing sharp peaks at 26° (110), 34° (101), and
52° (221); which can be indexed to Rutile SnO, (tetrago-
nal), consistent with the values given in the standard card
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electrical conductivity of the samples
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The viscosity of electrospinning solution. The nanofiber average diameter, crystal parameter, surface area characteristic, and

Lattice parameter (;&)

Sample Viscosity (cP) Diameter (nm) a=b

SnO, — 94.6 +15.3 4.73
Al(5%) 219 90.2 + 9.7 4.73
Al(10%) — 90.9 + 8.9 4.72
Al(25%) — 80.7 £ 13.9 4.72
Al(50%) 207 826+ 114 4.72

Al O3 191 79.8 + 10.6 Amorphous

(JCPDS 41-1445). The lattice parameters were calculated
tobea=b~4.735 A and ¢ ~ 3.177 A, similar to the values
reported in previous studies on pure Sn02.39 Absence of
metallic Sn peak at ~31° (111) suggest complete oxida-
tion of all samples;40 whereas no peaks corresponding to
any phase of Al,O; was observed, thereby indicating that
Al,O5 is amorphous due to low calcination temperature
(550°C).* Detailed analysis on the XRD of these samples
(Figure 2 and Table S1) showed a small shift in the diffrac-
tion peak (0.04°) to higher angles with peak broadening for
Al(5%) and Al(10%), suggesting straining of the unit cell
due to Al ions occupancy within the crystal. However, for
the Al(25%) sample, the diffraction peak showed no shift
and no broadening with respect to SnO,; suggesting that
doping has not occurred in this case. The FESEM images
of this sample showed formation of clusters on the surface,
which according to EDX analysis (Figure S1) is Al-rich
clusters. Further increase in the Al content, ie, the A1(50%)
sample, resulted in Al-rich secondary phase formation on
the nanofiber surface. Interestingly, a peak shift (0.05°)
occurred in the Al1(50%) indicating partial doping and par-
tial precipitation.

For a detailed surface chemistry characterization of the
pure and the composite fibers, XPS analyses have been car-
ried out; results of which are shown in Figure 3. The XPS
survey scan shown in Figure 3A, confirmed the presence of

c BET area (m%g) Pore size (A) & (nS/cm)
3.18 356 385.9 10.84
3.17 493 264.6 9.89
3.18 549 238.0 4.01
3.18 56.8 150.8 2.30
3.17 58.0 132.8 0.97
201.9 115.4 0.91

Al,O; and SnO,; the Al 2p core level shown in Figure 3B
revealed an increase in peak intensity with increasing Al
content thereby confirming higher Al addition in the sam-
ple. Therefore, absence of diffraction peaks corresponding to
Al,O5 in the XRD pattern of the composite fibers and pres-
ence of Al in the XPS results concluded a crystal-amorphous
SnO,/Al,O5 hybrid composite. The binding energy of Al 2p
increased from 73 to 75.4 eV (Table S2) as the Al content
increased from 5 to 50 mol%, indicating orbital changes from
2p1/2 to 2p3/2. Lower binding energy of Al 2p in the sample
with Al content <25 mol% could be due to the bonding with
Sn, which results from Al doping in SnO, crystal, whereas
75.4 eV binding energy for Al content >25 mol% can be des-
ignated to the Al-O bonding in Al,O5 structure. The Sn 3d
core level, Figure 3C, displayed two high intensity peaks at
~485 and ~494 eV for 3ds;, and 3ds),, respectively, deducing
that Sn species in all samples presented in Sn (IV) state, the
usual oxidation state for SnOz.41 Once again, sample with
Al content <25 mol% showed lower binding energy mainly
due to Sn—Al bonding within the SnO, crystal structure. Sn
core level of Al(50%) show distinctive peak at higher binding
energy (496.8 eV compared to 493.5 eV) with another small
deconvoluted peak at lower binding energy indicating small
degree of Al-doping within the SnO, crystal structure. The
Ols core level spectra, Figure 3D, can be deconvoluted into
two peaks with slightly different binding energies, ~528.8 and

. . (A) (B) ©) (D)
SnOz # 2 ® 4 0 ° ° /\ /\ /\
0,
3 AI(5%) l \ \ /\ N L~
.
E: Al(10%) l A \ LN LA | ]
- o,
: g I | l /\ PANIVAN
FIGURE 2 (A) XRD spectra of all - o \
samples where e represented SnO, peak, E @ A)U A A A A / / \. _/\
# the Sn peak, a and y the a-Al,O, and
P “ Y at \Al2030t Yy aaya o o aYa
v-Al,O5 peak, respectively, as well as peak 10 20 30 -"‘40 5-0_6 o 7? 30
shifting for (B) [1 1 0], (C) [1 0 1], and (D) &
[211] plane 20 ()
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~530.3 eV, corresponding to Sn—O—Sn,42 and Sn—O-Al or
Al-O-A1* bonding, respectively. BE for Sn, Al, and O core
level were tabulated in Table S2. This assignment is because
Al-bonded electron will have higher binding energy due to its
smaller atomic size. Thus, the XPS measurement corroborate
the XRD and EDX results that the samples are composite-like
structures with partial doping of Al in SnO, in the main fi-
brous structure, which is covered by Al,Oj rich particles.

Effect of increasing Al content on the surface area of
the sample was carried out through gas adsorption studies
and determining the BET surface area measurement. BET
analysis (Table 1) showed increase in the surface area of the
sample with increase in the Al content. The BET isotherm
plots (Figure S2) showed type IV irreversible isotherms and
hysteresis during absorption-desorption, resulting from cap-
illary condensation in a nanoscale cavity at pressure lower
than the saturation pressure.** The results suggested intercon-
nected pores structure, and the surface porosity of the sam-
ples changed from macroporous to mesoporous with increase
in the Al content.

Similar to its effect on the surface area, incorporation of
Al would affect the electrical properties of the samples also.
Linear sweep voltammetry (LSV) were carried out to ana-
lyze the electrical properties of the samples. The LSV con-
cluded that the conductivity of the samples, summarized in
Figure 4, decreased with an increase in the Al content, from
1.1 x 107 S/em for Sn0O,* to0 0.9 x 107'% S/em for AlL,O,
(Table 1).*° One of the motivations for synthesizing a com-
posite containing equal mole fraction of SnO, and Al,O;.
That is, Al(50%) was used to develop a material with sim-
ilar electrical conductivity as that of SnO, and similar BET

surface area as that of Al,0;. We have recently successfully
developed composite ceramic nanowires with a similar strat-
egy but focusing on different properties (such as combining
electrochemical activity and electrical conductivity, etc.) for
energy conversion and storage applications.35 4750 However,
the present crystal/amorphous composite does not show
the anticipated properties; the electrical conductivity of the
Al(50%) was rather similar to that of pure am-Al,O;. Despite
the inferior electrical conductivity of Al(50%), the sam-
ple showed interesting photoelectric properties as detailed
subsequently.

The current density-voltage curves of the fabricated
DSSCs are shown in Figure 5 and the corresponding pho-
tovoltaic parameters are listed in Table 2. Both Al(5%) and

12
5 SnOz lo) E.xp'erin}ental data
g 10 "OAl(S%) - = - Fitting line
72} '
2 \
2 8
X \
N’ \
> 6 \
.E \
€ 4 o AI(10%)
= .
= * o Al(25%)
s 2 “eo Al(50%) ALO,
U -~-°--_-_------£
% 20 40 60 80 100
Al%

FIGURE 4 Electrical conductivity of samples with respect to the
Al% measured using linear sweep voltammetry
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FIGURE 5 Photovoltaic performance of fabricated DSSCs

Al(10%) samples showed higher photocurrent than SnO,
(Table 2), source of which could be analyzed using a simple
model of one-dimensional current density of an electronic
device is given by:

J@)=n(@)u(x) VF (1)

where n(x) is the electron density, u(x) is the charge mo-
bility, and VF is the gradient in Fermi energy between
the materials interface. The open circuit voltage (V) of
DSSCs is proportional to this gradient in Fermi energy, ie,
increase in the photocurrent is followed by an increase in
the voltage. The photocurrent systematically lowered with
an increase in Al content; interestingly, despite the similar
electrical conductivity of Al(50%) as that of am-Al,O;, the
former gave orders of magnitude higher photocurrent. The
source of this enhancement is systematically investigated
by measuring the charge transport and device physical pa-
rameters using electrochemical impedance spectroscopy
(Table 2) and discussed subsequently.

The electron transport resistance (Rg) increased with an
increase in the Al content (Table 2), which is consistent with
the LSV data in Figure 5 and would explain the lowering of
current density in Figure 5. Similar with previous studies,
the charge recombination resistance (Rcg) was increased
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by incorporating large band gap metal oxide,***”5! which
in this case in Al,O5. Using the transmission line model de-
veloped by Bisquert et al,>* electron lifetime (z,), electron
diffusion coefficient (D,), and electron transport time (z,)
were calculated from the EIS results and shown in Table
2. The electron lifetime of the sample increased with an
increase in the Al content, which is up to fourfold for the
Al(25%) sample. This increase in electron lifetime could be
attributed to the increase in RCR.51 However, the electron
transport time (the time required to reach the electrode)
of the samples increased due to the higher sample resis-
tivity, whereas the diffusion coefficient decreased with an
increase in the Al content, both indicating the decrease in
the electron transport properties of the sample, which is
likely due to the defects in SnO, crystal upon Al-doping
and Al,O4 incorporation.53

In nanomaterials, slow electron diffusion has been re-
lated to the localized energy states within the band gap
as a result of poor crystallinity.54 This issue has been ad-
dressed by coupling absorption and photoluminescence
spectroscopies and evaluated trap states via Urbach en-
ergy (Ey) and Stoke shift. The energy gap of the samples
was calculated from the absorption spectra via Tauc's plot
technique, showing narrowing energy gap, from 3.7 to
3.4 eV’ for SnO, and Al,O;, respectively (Figure 6). In
consistent with the XRD analyses, ie, partial doping has
occurred in the samples other than Al(25%), a lowering
of energy gap was observed in the corresponding sam-
ples. Ideally, absorption coefficient of highly crystalline
materials shows a single exponential curve; however, due
to defects and energy traps, a multi-exponential curve is
routinely observed, as seen in Figure 6. The calculated Ey;
of the materials is shown in Table 3, which demonstrates
that Ey; generally increased upon Al addition as a result of
delocalized states within the energy gap. These states trap
electrons in the conduction band by providing alternative
route with lower energies, which cause the electrons to
degenerate via photon relaxation into the trap state. Such
degeneration can be observed from a Stoke shift (Figure
S3, measured using the dye-anchored electrodes), which
measures the difference between lowest absorbed and

TABLE 2 The electrical properties and photovoltaic performance of the samples. t,, D,, and 74 are the electron lifetime, diffusion coefficient,

and transport respectively, Ey; the Eubach energy

Sample Voc (mV) Jsc (mA/cm?) FF 7 (%) Rs ()  Rey (kQ) Rcg MQ) 7, (ms) D, (cm?/s) 74 (S)
SnO, 462.04 4.168 27.8 0.54 82 0.03 0.05 5.4 14%x107° 0.003
Al(5%) 674.65 6.526 46.0 2.03 150 0.3 0.40 6 1.1x107° 0.004
Al(10%) 657.47 6.635 43.6 1.90 92 1 0.65 13 2.0%107° 0.02
Al(25%) 655.06 3.437 47.4 1.07 255 10 2.00 22 3.6 %107 0.11
Al(50%) 667.24 2.089 58.9 0.82 130 80 1.30 19.5 33%x1078 1.2
Al O4 327.70 0.013 40.0 0.002 350 80 0.67 10.1 33%1078 1.2
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(A) (8) (©) FIGURE 6 Tauc's plot of (A) SnO,,
(B) Al(5%), (C) Al(10%), (D) Al(25%),
(E) Al(50%), and (F) Al,0O5 nanofibers,
respectively, showing high absorption at
high energy photon region [Color figure can
be viewed at wileyonlinelibrary.com]
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emitted photon energy. The Stoke shift shown in Table 3
reveal larger loss in photon energy with an increase in the
Al content, which is most likely due to the degeneration of
deeper energy traps with an increase in the Al content (as
schematically shown in Figure S4), dragging the electrons
collection efficiency.

As discussed, electrochemical impedance spectroscopy
showed a decrease in electron diffusion coefficient and
charge mobility (u(x)) with an increase in the Al content;
whereas the gas adsorption studies showed that the surface
area was increased with an increase in the Al content. The
latter improvement increased the binding site for dye mol-
ecules, generating higher concentration of carriers, which
was further confirmed using Mott-Schottky technique (Table
3). Both Al(5%) and Al(10%) samples showed higher car-
rier concentration compared to the loss in charge mobility,
thereby resulting in improved current density. With higher Al
content (Al > 10%), the losses in charge mobility is too large
to be compensated by the increase in carrier concentration
and current density decreases compared to SnO,.

Incorporation of Al offered improved open-circuit volt-
age (Vo) compared to SnO,; the V- of the DSSCs is deter-
mined by the CBM of the photoanode and electrochemical
potential of the electrolyte.”> Considering similar electro-
Iyte used in DSSCs fabrication, the improvement in the Vi
is thereby attributed mostly to the position of the CBM of
the sample when Al was incorporated.29 The Schottky bar-
rier, also known as flat-band potential, was used to study
the position of CBM of the samples. Mott-Schottky plot
(Figure S5) showed an increase in the flat-band potential
as compared to SnO, (Table 3) indicating increase in CBM
of the sample with respect to the metal contact. This re-
sult was consistent with the cyclic voltammetry analysis of
the samples (Figure S6), where negative shift in the anodic
oxidation peak was observed, which could be indicating
a possible upward shift in the CBM energy. The presence
of secondary anodic peak in the CV curve (Figue S6) also
highlight the presence of delocalized state below the con-
duction band. Measurement of the LSV ON voltage pro-
vides an alternative to study the flat-band potential. During

TABLE 3 The impedance, dye concentration, and carrier concentration of the DSSCs as well as flat-band potential (Eg) and carrier

concentration (N,) of the bare samples

Sample Cyy (mmol/em?) Ng-cell (m™>) Ey (eV)
Sno, 0.80 3.3 %107 0.40
Al(5%) 1.09 51x10° 0.41
Al(10%) 1.33 2.5x% 10 0.42
Al(25%) 1.42 8.4x10° 0.43
Al(50%) 1.50 2.2x%10° 0.52
ALO; 1.66 1.9 x x10° 0.56

Stoke's Shift

(nm) Eg, (V) On voltage (mV) Nym™)
13.95 —0.0544 347.30 740.0
14.92 —0.1334 341.76 303.7
13.42 ~0.3576 326.76 47.9
18.48 —0.3361 351.35 241.6
24.03 —0.3452 351.75 113.0
28.52 —0.3482 398.31 116.0
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FIGURE 7 Electron flow from dye-
molecules to nanofiber directly, or via Al,O;
cluster. Rectifying behavior can be observed
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in the metal-semiconductor interface, where
band-bending at cluster nanofiber interface
due to the difference in Fermi energy level
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forward bias, charges accumulate, thereby raising the Fermi
energy level; at sufficiently applied potential (ON voltage),
the Schottky barrier is surpassed, and an upsurge of current
is recorded. The On voltage decreased for Al(25%) but in-
creased for the Al(25%) sample, indicating narrowing and
widening of Schottky barrier on these samples, respectively
(Table 3 and Figure S7). This behavior could be explained
by the changes in the Fermi energy level of the samples,
which is largely affected by the carrier concentration. The
carrier concentration of the samples was calculated from
the slope of the Mott-Schottky analysis; the carrier concen-
tration sharply decreased from ~740 m™ (SnO,) to ~48 m™
(Al 10%), ie, an order of magnitude, indicating a N-type
to P-type semiconductor transition.’® As a result, the Fermi
energy descends nearer to valence band, thereby negatively
shifting the CBM as well as narrowing the Schottky barrier
as illustrated in Figure S8. At Al content >25 mol%, the
carrier concentration of the samples is higher than that of
Al(10%) and the CBM of the samples is positively shifted
with wider Schottky barrier for both Al(25%) and Al1(50%)
samples. The shifting of Fermi energy due to the carrier
concentration thereby explain the drop in flat-band poten-
tial for sample with Al content >25 mol%. The increase in
CBM energy might affect the electron injection rate from
the excited dye to the photoanode.57’58 The results showed
that the Vo of the DSSCs is directly affected by the flat-
band potential, indicating that the drag of injection rate is
negligible with CBM playing the most crucial part in V¢
determination.

Besides the movement of CBM with Al content, higher
charge recombination resistance observed in such samples
also contributed to improved Voc-59 EIS analysis on the
DSSCs showed improved charge recombination resistance
with an increase in the Al content (Table 2). Higher charge
recombination resistance also contributed to increase in the
fill factor.” The decrease in the charge recombination re-
sistance of Al,O; compared to Al(50%) resulted from the

energy traps. The Urbach energy measurement showed that
Al,O5 has the deepest delocalized energy trap state as it
is amorphous, indicating that electrons in the conduction
band degenerate thermally into the trap state. Within the
trap state, the electron prone toward recombination with
either the electrolyte or holes in the valence band of the
samples, therefore, increasing the electrons recombination
rate (Figure S4).

Finally, we comment on the origin of higher photocur-
rent in Al(50%) despite its similar electrical conductivity as
that of am-Al,0;. Compared to am-Al,O3, Al-rich cluster
formation on Al(50%) nanofiber was verified via FESEM
and EDX analysis, which generated two regions with dif-
ferent electronic structure; am-Al,O; cluster of lower Fermi
energy and SnO, nanofibers of higher Fermi energy. When
these materials are in contact, the Fermi energy level is re-
aligned thereby resulting in a band bending at the cluster-
nanofiber as illustrated in Figure 7. According to Equation 1,
current density is directly proportional to the Fermi energy
gradient. The band-bending in Al(50%) cluster-nanofiber
interface could facilitate the flow of electrons. Such char-
acteristic was absent in am-Al,O; nanofibers. Therefore,
albeit having similarly low electrical conductivity, A1(50%)
has higher carrier concentration, charge mobility and Fermi
energy gradient compared to Al,O3, thereby leading to the
order of magnitude for better photovoltaic performance.
These observations would have considerable practical im-
plications. For example, the SnO,/Al,O; composite offers
improved charge recombination resistance without the need
of multiple-step deposition techniques, such as coating, and
serve as promising materials for applications such as photo-
voltaic, energy storage, and gas sensor. Formation of cluster
on the nanofiber surface arise interesting electrical behav-
ior, like band bending which facilitated the flow of electron.
This study also opens new opportunities in studying the
structure-property correlations in amorphous-crystalline
materials composites.
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To conclude, we prepared crystal-amorphous SnO,/Al,04
hybrid nanofibers via electrospinning. We noted that Al-
doping occurred at low Al content (Al < 10%), where pre-
cipitation occurred at higher Al content (Al > 25%). Due
to low solubility limit, aggregates of Al could be observed
in the form of cluster on the nanofiber surface. The incor-
poration of Al,O; within SnO, improved the surface area
of the samples, however, at the expense of electrical con-
ductivity, where increase in charge transport resistance was
recorded by EIS analysis. Based on the optical investiga-
tion, energy traps generated by defect, which resulted from
lower crystallinity, is responsible for the deterioration of
charge mobility. The 5 and 10 mol% Al containing SnO,
sample showed higher photocurrent and open circuit volt-
age compared to its pure analogues; subsequent addition
deteriorated the properties. Increase in photocurrent has
been shown to result from a trade-off between surface area
and electrical conductivity, ie, the gain in photocurrent
through an increase in carrier concentration by increasing
surface area (thereby dye-loading) was higher than the loss
in photocurrent due to poor conductivity. The Al contain-
ing SnO, showed improved V. by increasing the CBM
energy level as well as charge recombination resistance.
Orders of magnitude higher photocurrent was observed in
a sample containing equal mol% am-Al,O5 and SnO, than
pure am-Al,O; despite their similar electrical conductivity,
which is shown to originate from a band-bending at the
am-Al,O; cluster-SnO, nanofiber interface.
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