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study allowed us to identify cation interdiffusion and stoichiometry Layer \
gradients at the interface between a nanosized TiO, blocking layer )
and a transparent conductive Cd—Sn oxide substrate. A ‘
stoichiometry gradient for the Sn cations is already found in the . |
bare Cd—Sn oxide layer. When TiO, ultrathin layers are deposited '
by RF sputtering on the Cd—Sn oxide layer, Ti is found to partially

replace Sn, resulting in a Cd—Sn—Ti mixed oxide layer with a

thickness ranging from 0.85 to 3.3 nm. The band gap profile across

the junction has been reconstructed for three TiO, layers, resulting

in a valence band offset decrease (and a conduction band offset

increase) with the blocking layer thickness. The results are related

to the cell efficiencies in terms of charge injection and recombination processes.
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Itrathin interfaces are playing a key role in the Although a single phase is essential to reach high electrical
development of new architectures to be tested in conductivity together with low optical absorbance,'® the crystal

photovoltaic (PV) applications."”” Novel devices can be phase of thin films is not strictly required for TCOs. For
engineered provided that the capability to control interfaces example, Nozik'' prepared amorphous Cd,SnO, thin films with
at the nanoscale is demonstrated. Among the most popular a wide range of conductivities, retaining high visible trans-
solar cells, electrochemical PV cells display a stack of interfaces mittance, in which oxygen vacancies provided the donor states.
with different thickness and chemical properties, from the front Hosono et al.'> deposited wide-gap Cd-based amorphous
contact to the back electrode.®> The front contact constitutes oxides, relating the high electron conductivity either to the
itself an interface where a transparent conducting oxide (TCO) formation of oxygen vacancies or to ion implantation of excess
layer is usually matched with a nanosized blocking layer (BL). cations. Recently, in the frame of PV application, a non-
The quality of this interface may have relevant consequences on stoichiometric amorphous cadmium—tin oxide Cd,Sn O,
the overall cell performances.*™’ (CTO) thin film, prepared by RF sputtering, was matched

At one side of the front contact interface a TCO thin layer is with ultrathin TiO, BL, representing a reliable solution for dye-
found, which exhibits high optical transmittance and high sensitized solar cells (DSSCs) manufacturing."?
electrical conductivity at the same time. This combination of On the other side of the front contact interface a BL is found,
properties is usually impossible to achieve in intrinsic or which in the common scheme of DSSCs prevents the
undoped oxides; therefore, it is obtained by way of non- recombination of the injected electrons into the front contact
stoichiometric compositions or through doping the pristine with the oxidized species in the eleCtml}’te;H_w leading to an
materials with appropriate elements. Bideker was the first to increase either in the photocurrent density'”'* or the open-
discover the TCO qualities in 1907 by the thermal oxidation of circuit voltage'” or both.#**"** Several studies account for the
sputtered Cd thin films.* Since then, TCOs have been advantages due to the BL presence at the photoanodes, but its
pervasively studied because of their wide variety of technology role is still debated because the resulting effects can be different
applications, such as flat panel displays, photovoltaic (PV) cells, on a case-by-case basis. Besides, the chemical composition, the
optoelectronic devices, transparent thin films transistors, gas
sensors, low-emissivity windows, and thin-film resistors.” Received: October 17, 2014

Most of the commercially available TCOs are binary or Accepted: December 3, 2014
ternary compounds containing one or two metallic elements. Published: December 3, 2014
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Table 1. DSSC efficiency (1), Efficiency Improvements, Short Circuit Current (Jc), Open Circuit Voltage (V, ), and Fill Factor

(FF) (Taken from Ref 7)“

sample n (%) improv. Joc (mA cm™) Voc (V) FF (#) XPS Sn 3d/Cd 3d
CTO 228 + 0.05 445 0.76 0.67
CTO-TO15 287 +£0.05  +25% 5.12 0.75 0.74
CTO-TO30  3.12 + 005  +36% 532 0.78 0.75
CTO-TO60  3.05 + 005  +33% 5.12 0.76 0.77

abrupt model Sn 3d/Cd 3d intermix model Sn 3d/Cd 3d

1.92 + 0.08 1.92

1.69 + 0.01 191 £ 027 1.60 + 0.10
1.01 + 0.03 1.84 £ 0.20 1.04 £ 0.05
0.45 £ 0.10 175 + 0.19 0.44 + 0.02

“Quantification analysis of the Sn/Cd ratio from experimental XPS spectra, calculated XPS spectra within the abrupt model and the intermix model.

Experimental and calculated XPS spectra are displayed in Figure la.

crystal phase, the thickness, and even the deposition method,
for the most efficient BL, are not univocally defined yet.

In this paper, the heterojunction between a CTO layer and
an ultrathin TiO, (TO) BL is studied by angle-resolved X-ray
photoelectron spectroscopy (AR-XPS). These layers constitute
the front contact of the DSSCs prepared in ref 7. As the TO
thickness is known to affect the overall efliciency of the solar
cell,”'7?%**** in the present study, different BL thicknesses
have been considered, with the aim to relate the physical
properties of the interface with the cell performances.

In particular, (i) the chemical composition, (ii) the
stoichiometry gradient, and (iii) the cation interdiffusion,
which occurs at the CTO/TO heterojunction, have been
tracked, providing a nondestructive effective depth profiling
across the interface. Finally, on the basis of the band offset
method developed by Kraut et al.”>>*° the band diagram was
reconstructed for each heterointerface relating the DSSC
efficiency improvements to the BL thickness and barrier height.

B MATERIALS AND METHODS

TiO,—CdSn,0, Heterostructure Fabrication. The CTO-TO
interfaces under investigation were obtained by radio frequency (RF)
sputtering as described in ref 7, where the deposition process and the
functional properties of the DSSCs are fully detailed. The area of the
tested prototypes ranged from 4 X 4 mm? to 5 X 6 mm* A 650 nm
thick CTO film was grown onto a clean Si (100) wafer. The substrate
was kept at 400 °C in an inert (Ar) atmosphere for 2 h at the constant
pressure of 5 X 10~ mbar for the CTO, while an oxidizing atmosphere
(Ar/0O, equal to 90—10%) was used for the TiO, growth with three
different deposition times (15 min for CTO-TO1S5, 30 min for CTO-
TO30, and 1 h for CTO-TO60). The main functional features of the
DSSCs are reported in ref 7. and the cell efficiency values are recalled
in Table 1. The multilayers prepared on Si wafer for the XPS analysis
and those deposited on glass for the application in DSSCs were grown
at the same time.

Experimental Setup. The XPS data were collected with the Mg
Ka-line (hv = 1253.6 eV) of a dual-anode PsP X-ray source, running at
a power of about 110 W. Photoelectrons were collected using a
SCIENTA R3000 analyzer, operating in an ultrahigh vacuum chamber
with a base pressure of 2 X 107! mbar. The analyzer was properly
calibrated according to the procedure described in ref 27.

Calculation of Electron Signal Attenuation. The interface
modeling from the XPS peak angular dependence was carried out with
the BriXias code (see ref 27 for further details), based on the IGOR
Pro 6.3 programming language. It includes a computational engine,
based on standard databases and state-of-the-art Monte Carlo code,
designed to predict XPS spectra on complex multilayer structure,
carefully considering the experimental geometry and the features of
the X-ray source. The XPS core-level peak area of a selected layer at a
depth d with a thickness ¢ can be evaluated through the following
formula:

d+t
I(E, 0) = K f O(E,, 0, 2)dz
d
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where K is a normalization constant, which includes the photo-
ionization cross section,”® the atomic density of the species, and
analyzer-dependent parameters; ®(E;, 6, z) is the generic escape
probability (known as the depth distribution function, DDF) of an
electron generated at a depth z with a kinetic energy E; at an angle 6
with respect to the surface normal. According to the Lambert—Beer
law, the DDF function is usually approximated by a Poisson
distribution® ® = exp[— z/(4 X cos 6)], where 1 is the inelastic
mean free path (IMFP) of the photoelectrons.>® Such an
approximation leads to a simple analytical expression for the peak
areas, which is defined as straight line motion by Tilinin et al*'
However, this formulation may result in an overestimation of the top
layer thickness, especially for thin overlayers.

Here, we exploit Monte Carlo (MC) DDF calculations based on the
algorithm described by Werner,”” in order to include both inelastic
and elastic electronic scattering processes in the so-called transport
approximation (TA).32 Furthermore, the photoemission asymmetry
parameters are taken into account for each core level and MC
calculations of electronic trajectories are computed to predict the XPS
peak areas in CTO-TO interface, since an analytic DDF formulation®'
cannot be written for a generic multilayer sample.

B RESULTS AND DISCUSSION

XPS Results. To evaluate the Cd and Sn stoichiometry in
the bulk CTO, normal emission XPS data were collected for
each heterostructure in the 400—500 eV binding energy region,
where the Cd 3d, Ti 2p, and Sn 3d core levels are detectable, as
displayed in Figure la. The spectra were properly normalized
with respect to the analyzer transmission. The core level
satellites of the nonmonochromatized X-ray source were
removed by a deconvolution procedure and an universal-cross
section Tougaard background® was subtracted from the
experimental data. The resulting Sn/Cd stoichiometry ratio
values are listed in Table 1. As can be observed, the Sn/Cd
stoichiometry ratio values decrease with the thickness, ranging
from 1.92 + 0.08 for the bare CTO layer to down to 045 +
0.10 for the CTO-TO60 interface. The stoichiometry variation
of the Sn 3d/Cd 3d ratio as a function of the TO deposition
time could be explained by referring to two mechanisms: a
stoichiometry gradient in the CTO surface and/or a
substitution of different cation species across the interface.
Both effects can be studied by means of an AR-XPS analysis.
The investigation of these mechanisms constitutes the goal of
the next subsections.

CTO AR-XPS Results. To investigate the Sn/Cd
stoichiometry, an AR-XPS analysis was carried out for the
bare CTO, as shown in Figure 2. The integrated Cd 3d and Sn
3d core level areas were collected in the 0—80° polar angle (6)
range (see the inset of Figure 1b) with steps of 4°. All data were
normalized by setting the Cd 3d intensity values equal to 1.
Data in Figure 2 clearly evidence a pronounced variation of the
Sn/Cd ratio with the polar angle in the bare CTO. This
indicates the presence of a stoichiometry gradient of the metal
cations for the bare CTO close to the surface, that is, at high 8
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Figure 1. Experimental XPS data (solid lines) for the bare CTO and
CTO-TOs collected at the polar angle 6 = 0° (a) and at 6 = 72° (b).
Calculated XPS spectra within the abrupt interface model (black-
dashed) and the intermix model (red-dotted). All the spectra are

normalized to the Cd 3d peak area. Inset: Experimental setup
geometry, with the polar angle 6.

2.0

18+
© L
o L
< 16f
®©
s L
o -
o
Q .
S 14f
g,’ L CTO Top Layer
£ 3 Thick. =35+ 0.1 A
12’ Sn/Cd = 1.27 + 0.05
L CTO BULK
L Sn/Cd = 1.92 + 0.08
| Cd 3d
1.0}e
ol IS T S T N T Y N ST SN T NN SN S W |
0 20 40 60 80

Polar Angle (°)

Figure 2. AR-XPS data on the Cd 3d (blue dots) and Sn 3d (red
diamonds) core levels for bare CTO. Fitting curves are displayed as
solid lines. The integrated peak areas are normalized with respect to
the Cd 3d values. Inset: effective two-layer model resulting from the
fitting procedure of the AR-XPS.

values, where the surface sensitivity of the XPS probe is known
to be enhanced.
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In the modeling carried out by using the BriXias code,”” the
fitting algorithm is tuned to reproduce the experimental data
(i.e., the peak intensity dependence on the polar angle 8) using
as fitting parameters the thickness of each layer above the bulk
material.

The AR-XPS data fitting shown in Figure 2 is based on the
model described in the inset of Figure 2, which is able to
reproduce the same Sn/Cd stoichiometry gradient. This model
consists of two effective layers: the CTO bulk layer, which is
characterized by a Sn/Cd ratio equal to 1.92 as measured by
XPS in normal emission (see Table 1), and the CTO top layer,
which shows a reduced Sn/Cd stoichiometry equal to 1.27 for
an estimated thickness of 3.5 + 0.1 A. These values of
stoichiometry and top layer thickness are those yielding the
best fit of the experimental AR-XPS data (points in Figure 2)
with the model calculations (continuous lines in Figure 2).

The Abrupt Model for XPS and AR-XPS in CTO-TOs.
Figure 3 shows the AR-XPS data collected from the CTO-TOs
heterojunctions in the 0—52° polar angle range. Here, in
addition to the Cd and Sn AR-XPS intensity profile, the Ti 2p
intensity profile is shown. To interpret the experimental data,
we considered a simple model (hereafter called abrupt model,
displayed in Figure 4a) based on an abrupt interface between a
continuous film of TiO, (the BL) and the effective two-layer
model of Figure 2, developed for the CTO.

For the present model, the convergence of the fitting
procedure is achieved only for the CTO-TO1S sample (Figure
3a), whereas a large mismatch occurs for the other samples
(Figure 3b and c) up to the inversion of the Cd 3d and Sn 3d
fitting curves in the CTO-TO60 (Figure 3c). On the other
hand, the fit appears to reproduce the angular (i.e polar angle)
dependence of the data, as is evident when the fitting curves are
vertically shifted by suitable offset values.

Therefore, the abrupt model well fits the bare CTO behavior
but is inappropriate to model the CTO-TOs heterojunctions
because of a clear stoichiometry mismatch (offset) between
theory and experiment. These limits can also be retrieved from
Figure 1la, which shows the comparison between the
experimental data (solid lines) with the calculated XPS spectra
(black-dashed lines). With the exception of the bare CTO, the
model overestimates the Sn 4d core line peak intensity, thereby
affecting the Sn/Cd ratios as summarized in Table 1.

The Intermix Model for XPS and AR-XPS in CTO-TOs.
In order to improve the interface modeling, an extra process—
that is, the interdiffusion of metal cations—was considered.
Interdiffusion was properly accounted for by a model (hereafter
denoted as the intermix model) where the substitution between
different metal cation species can occur at the interface of each
CTO-TO heterojunction, while the Sn/Cd stoichiometry
gradient presented in the CTO AR-XPS Results section is
maintained in the bulk material. The cations involved in the
interdiffusion process appear to be Ti and Sn; this is consistent
with the results of Figure 1b, which shows the comparison
between data collected at a @ = 72° polar angle for the CTO-
TOs and the XPS spectra calculated on the basis of the abrupt
model. At such a grazing electron takeoff angle both Sn and Cd
peak intensities result to be attenuated, as the bulk contribution
is reduced in this geometry. However, the Sn 3d attenuation is
larger than that measured for Cd 3d indicating that Sn could be
replaced by Ti during the growth of the BL at the topmost
layers of CTO. Moreover, the Sn 3d signal tends to disappear
in the experimental spectrum of CTO-TO60 (green-solid
line)—in contrast with the XPS simulations (black-dashed
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Figure 3. AR-XPS data for (a) CTO-TO1S, (b) CTO-TO30, and (c)
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CTO-TO60. The integrated peak areas for the Cd 3d (blue dots), Sn 3d (red

diamonds), and Ti 2p (gray squares) are collected from 0° to 52° of the polar angle €. All data are normalized setting the Ti 2p values equal to 1.
The fitting curves (solid lines) are obtained on the basis of the abrupt interface model (Figure 4a); Cd 3d thick blue line, Sn 3d thin-red line.
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Figure 4. (a) Abrupt model: TiO, continuous film and the two-layer
model for the CTO (Figure 2), which accounts for only the Sn/Cd
stoichiometry gradient. (b) Effective four-layer intermix model. From
the left: labels for each layer L, (i = 0,1,2,3), labels for each thickness
Az, and the chemical formulas for the Ti <> Sn interdiffusion process.

line)—while the Cd 3d peak is still well detectable, showing the
present limits of the abrupt model.

The basic idea of the intermix model is that Sn in the bare
CTO can be substituted by Ti during the RF-magnetron
sputtering deposition, thus changing the bulk composition,
while maintaining the stoichiometry gradient very close to the
original value at the same time. Modeling is achieved by adding
two effective layers (hereafter denoted as L, and L,)
sandwiched between the TO (L;) and CTO (L;) layers, as
shown in Figure 4b. Starting from the surface, the following
layers appear: a continuous film of TiO, (L), two layers aimed
to account for the cation interdiffusion and the stoichiometry
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Figure 5. AR-XPS data for (a) CTO-TO1S, (b) CTO-TO30, and (c)
diamonds), and Ti 2p (gray squares) are collected in the 0° to 52° ran
as solid lines; thick-blue line for Cd 3d and thin-red line for Sn 3d. All

(f)

CTO-TO60. The integrated peak areas for the Cd 3d (blue dots), Sn 3d (red
ge of the polar angle 6. Fitting curves within the intermix model are displayed
data are normalized by setting the Ti 2p intensity values equal to 1. The four-

layer model resulting from the fitting procedure are displayed in (d) for CTO-TOL1S, (e) for CTO-TO30, and (f) for CTO-TO60; on the left the

resulting thicknesses are shown, while inside each layer the Ti percent
fitting analysis is listed in Table 2.

occupancy is reported. The complete set of the resulting parameters from the
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gradient (L, and L,) and a bulk layer for CTO (L,).
Considering the XPS stoichiometry evaluations of Table 1, L,
presents a fixed Sn/Cd ratio of 1.92 for all the samples, while L,
and L, are arranged in order to allow for Sn substitution with Ti
as

Cd Sn(wz_x)TixOy (1)
at the L, layer, and
Cd Snpy 95— (et Tiera)©, @)

at the L, layer, where 1.92 is the Sn bulk stoichiometry in CTO
and x equals the difference between 1.92 and the Sn/Cd
experimental value for each CTO-TO (see Table 1). Finally, a
is an effective value accounting for further Sn replacement with
Ti in the L, layer (which is the closest to the growing TO layer
during the deposition process). The a value is regarded as a
fitting parameter and, for the present experiment, o resulted to
be 0.65 + 0.05.

Figure Sa—c shows the fitting results obtained with the
intermix model for CTO-TOs, having set the thickness of each
layer (Az, i = 0,1,2) as a fitting parameter. The results are
summarized in Table 2, while the corresponding four-layers

Table 2. Fitting Results for the AR-XPS Data of FigureS by
Using the Intermix Model of Figure 4b®

intermix model ~ CTO-TO15 (A) CTO-TO30 (A) CTO-TO60 (A)

Az, 4.2 7.7 20.0

Az, 29 46 3.8

Az, 5.6 15.0 29.2

avg. Azy 5.5—-12.7 16.0-27.3 37.4-53.0
expt. Azypgr [*] 10.9 219 46.7

“Az,_, are the thicknesses for the effective layers L,_,, Azg is the
average thickness for the BL while Azygzy is the experimental
measurement of the BL thickness by XRR. Az,_, are defined within
+0.1 A of uncertainty. [*] from ref 7.

effective models are depicted in Figure 5d—f. The average
thickness Azg; for the TO film has been estimated by setting as
upper limit the bare sum of Az; and as lower limit the sum of
Az; with each term weighted by the estimated Ti concentration.
Incidentally, it is important to remark that the present Azgy
values are consistent with those (expt. Azyzg in Table 2)
independently obtained from X-ray reflectivity (XRR).”

The reliability of the AR-XPS analysis can also be evaluated
by the comparison between the experimental (solid lines) and
the XPS spectra calculated by the intermix model (red-dotted
lines), as presented in Figure la. Now, the peak intensities of
the calculated spectra well reproduce the experimental data (see
Table 1).

Interface Band Diagram. The interface band diagram of
the present heterojunctions can be drawn by considering the
layer thickness study so far carried out and the evaluation of the
energy offsets of the interface layers with respect to the parent
(CTO and TO) compounds. In order to retrieve the required
energy values, an analysis of the valence band (VB) and the
conduction band (CB) offset was carried out referring to a
recent work of Goldfarb et al** Indeed, by means of the
binding energy (BE) of the Ti 3p and Cd 4d shallow core
levels, as well as the VB maximum (VBM), the effective band
diagram at the interfaces can be reconstructed.

Figure 6a shows the XPS spectra taken into account, that is,
the two bulk references—the CTO and a 50 nm thick TiO,/
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Figure 6. (a) Extended XPS data in the Ti 3p, Sn 4d, Cd 4d, and VB

binding energy range for the CTO-TOs heterostructures and the

parent compounds (CTO and TiO,). The core level position are

marked by gray bars, which are proportional to the photoemission

cross sections. (b) Enlargement of the VB of CTO (black circles) and

TiO, (red squares) and extrapolation of the VBM. Eygy, values for
CTO and TiO, are reported in the panel.

Si(100)—and the three CTO-TOs heterostructures. Since the
samples were in ohmic contact with a gold clip during the XPS
measurements, all spectra are aligned in BE considering the
energy of Au 4f,, equal to 83.98 eV.>>*® The BEs for the Cd
4d and Ti 3p core levels are indicated in Figure 7b and c. The
VBM is determined by extrapolating the leading edge of the VB
spectra to the energy axis in order to account for the
instrumental broadening. This procedure is displayed in Figure
6b and the VBM values for CTO and TiO, are shown in the
same graph. The reliability of the VBM evaluation has been
verified by considering the study of Chambers et al.*”” The VB
offsets in CTO-TOs are determined as follows:

AE(CTO-TOs) = AE; _ypy(TiO,)

— [AEq _vpm(CTO) + AE (CTO-TOs)] (eq 3)
where AEq; ypy is the difference between the BE of the shallow
core level (Ti 3p or Cd 4d, in the present case) and the VBM in
the selected bulk material (respectively, TiO, or CTO) while
AE; is the difference between the BE of the selected shallow
core levels in the heterostructures. Thereafter, the CB offset is
estimated from AEy by
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Figure 7. (a) Scheme of the energy levels considered for the band
offset analysis. XPS spectra for CTO (left) and TiO, (right) are
displayed on the panel sides. BE positions of the Cd 4d and Ti 3p core
levels for the heterostructures CTO-TOs and the parent compounds
are reported in panels b and c, respectively. The line thickness
accounts for the uncertainty of the BE position, which is less than
+0.01 eV.

AE¢(CTO-TOs) = [E,(TiO,) + AE,(CTO-TOs)]

— E,(CTO) (4)
where E, is the energy gap, which is within the range 2.7-3.1
eV for CTOs.*® Since the bare CTO is conductive,”*>*° we
consider that the energy gap is less than the VBM = 2.71 eV,
such that the CB is just below the Fermi level. States at the
Fermi edge (Eg) are not clearly detected with the present XPS
probe, likely due to the low XPS cross-section for oxygen,
which is supposed to mainly contribute to filled states in the VB
region.** However, the CTO VB spectrum shows a tail of states
on the low BE side that may eventually yield a nonzero spectral
weight at Ep. Referring to T. Meng et al.*' that have
systematically studied the E, dependence on the Sn/Cd ratio,
we have selected Eg(CTO) = 2.66 + 0.05 eV. On the other
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hand, for TiO, we assume the energy gap of the anatase phase,
that is, 3.20 eV,** which is proved to be predominant in the film
as reported in ref 13 by glancing incident X-ray diffraction
(GIXRD) measurements on samples grown in similar
conditions.

The scheme of the energy levels is shown in Figure 7a while
the resulting AEy and AE are listed in Table 3. Here, the band

Table 3. Valence Band Offsets (AEy), Conduction Band
Offsets (AE(), and the Insulating Barrier (IB) Considering
the Selected Bang Gap of Eg(CTO) = 2.66 eV and Eg(TiO,_)
= 3.20 eV”

sample AEy (eV) AE. (eV) IB (eV)
CTO-TO1S —0.42 0.12 —0.01 + 0.04
CTO-TO30 -0.34 0.20 0.02 + 0.04
CTO-TO60 —0.32 0.22 0.20 + 0.04

“The minus sign in the offsets means that the band maximum value of
the bulk material in the heterojunction presents a BE lower than the
one related to the film. AE values are defined within +0.1 eV of
uncertainty. All these values are displayed in Figure 8.

offset results are referred to the bulk CTO and TiO,,
represented by L; and L, respectively. The VBM shift in the
L, and L, regions cannot be directly accessed by the present
method, and therefore, the energy levels of the end members
(CTO and TO) have been connected by straight lines as a
guide for the eye.

The following results are obtained for all the CTO-TOs: (i)
the heterojunction is of type I (straddling gap) as shown in
Figure 8d—f; (ii) the type I character is maintained
independently on the BL thickness, and (iii) AE increases
with the BL thickness as reported in Table 3. Furthermore,
from the details of the CB region displayed in Figure 8a—c, it
turns out that (iv) the insulating barrier (IB), which exceeds the
Fermi energy and is generated by the BL in the L, layer,
increases with the BL thickness. Therefore, we can establish
that (v) the increase of the IB size can make the heterojunction
more efficient for an application in a DSSC—at least in terms
of minimizing the electron recombination—in view of the
correlation of the efficiency gain with the increase of the BL
average thickness. This is indeed demonstrated by comparing
the IB size (Table3) and the DSSC efficiency (Table 1): in the
CTO-TOL1S the lowest efficiency is combined with an IB < 0
eV while in CTO-TO30 the best efficiency occurs when IB > 0
eV.

On this basis, the DSSC efficiency is expected to increase
with the BL thickness, and thereby, the CTO-TO60 should
exhibit the highest efficiency. This actually does not occur and
similar behaviors can be found in several studies,'”!®*3~#54748
In order to rationalize the efficiency reduction beyond a critical
thickness of the BL, both the IB and the AE have to be taken
into account. In fact, CTO-TO30 and CTO-TO60 show a
similar AE in contrast with a different IB. This situation is
ascribed to the upward shift of the whole band across the
junction which makes the CB of CTO-T60 closer to Eg in the
L, layer (CTO) and well above Ey in the L, layer (TO). In this
way, the IB of CTO-T60 results to be higher in energy and
larger in depth. This may yield a reduction of the injection rate,
justifying the efficiency reduction, which is usually found when
the BL is too thick.

In conclusion, the blocking layer (BL) generates an
insulating barrier between the nanocrystalline TiO, layer and
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Figure 8. Effective band diagram for the VB and the CB of the heterostructures based on the intermix model results for CTO-TO1S (d), CTO-
TO30 (e), and CTO-TO60 (f). (a, b, and c) Enlargements for CB. The insulating barrier (IB) is evidenced by the red arrow. The shadow region in
panels a, b, and ¢ and the thickness of the lines in panels d, e, and f stand for the uncertainty equal to +0.04 eV except for the CTO CB, which is

+0.06 eV.

the TCO, which is found to improve the overall efficiency in
the present DSSCs as long as its size is smaller than the critical
value from about 2.2 to 4.7 nm (Azy for CTO-TO30 and
CTO-TO60, Table 2). In this case, the injection rate should
prevail over the electron recombination rate. Otherwise, in
agreement with refs 17 and 47, the evident upward band shift in
CTO-TO60 with respect to CTO-TO30 could be an hint to
state that the IB can almost inhibit the recombination process
but at the expense of an injection rate reduction for a BL
thickness larger than the critical value, negatively affecting the
cell efficiency. Therefore, the best performances of the CTO-
TO30 cell can be ascribed to a subtle balance between the
barrier thickness (large enough to prevent electron recombi-
nation, that is, tunneling from CTO back to the electrolyte)
and the increased CB energy offset (0.2 V) with respect to the
CTO-TO1S case (0.12 eV). On the other hand the CTO-
TO60 junction displays the largest offset (0.22 eV), which is
favorable to avoid electron recombination, but its BL thickness
could be too large to enable an efficient charge (electron)
transport from the TiO, nanocrystals to CTO.

B DISCUSSION

Several works have so far presented a study of the DSSC
efficiency in relation with the BL thickness, but only some of
these have shown an efficiency reduction above a critical
thickness of the BL. Other factors affecting the DSSC
performance have also been proposed, such as a reduction of
the light transmittance due to the BL thickness™ or an
increment of the internal series resistance of the solar cell.****

In Table 4 we have listed the studies where the BLs are based
on TiO, and prepared by different deposition techniques, such
as RF-magnetron sputtering, DC-magnetron sputtering, spray
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Table 4. Comparison among Devices where the Front
Contact Is the Heterojunction between a TCO and a TiO,
BL Deposited by Different Techniques”

deposition technique RPE (%) TBE (nm) ref.

RF-magnetron sputtering +36 22 CTO-TO30

+21 16 17

+26 93 19
DC-magnetron sputtering +10 18 44

+42 300 45
spray pyrolysis +11 75 46

+87 150 47
ALD +29 25 48
electrodeposition +59 450 43
spin-casting +33 160 22

“From the left: relative percent enhancement (RPE) for DSSC
efficiency between a bare TCO front contact and the TCO/BL front
contact, which exhibits the best cell efficiency and the BL thickness for
the best efficiency (TBE).

pyrolysis, atomic layer deposition (ALD), spin-casting, and
electrodeposition.

In particular, we have focused on two parameters to be
compared with our results: (i) the relative percent enhance-
ment (RPE) of the DSSC efficiency between the cell with the
front contact formed by the bare TCO (without BL) and the
cell with the TCO/BL heterojunction as front contact which
exhibits the highest efficiency and (ii) the BL thickness yielding
the best efficiency (TBE). We note that CTO-TO30 shows the
highest RPE for the RF-magnetron sputtering technique
(+36%) and the overall best ratio between RPE and TBE. In
fact, CTO-TO30 presents a TBE of 2.2 + 0.6 nm, which is
nearly 1 order of magnitude smaller than the other cases.
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This could be explained by the combination of the
interdiffusion process of the Ti cations at the interface and
the Sn/Cd stoichiometry gradient of the bulk CTO: both
effects produce an interfacial layer (L,_,) , which might
smoothly connect the conduction band offset between the
surface L, layer and the bulk L, (Figure 9a), thereby favoring
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Figure 9. CB enlargements for the CTO-TO30: (a) interpretation of
the interfacial layer (L,_,) as a link between the band offset of L, and
L; due to the cation interdiffusion process and (b) representation of
the equivalent abrupt band offset.

the travel of the electrons with respect to the case of a potential
barrier formed by a single sharp step (Figure 9b), which is
distinctive of an abrupt TCO/BL heterojunction. In this way
(Figure 9a), the electrons injected in the TiO, empty states
should travel a shorter path at a constant flat band (Ly)—
thereby decreasing the electron injection time—and then run
down a smooth potential barrier (L;_,), which acts as a buffer
layer. In turn, the electrons in the CTO conduction band
should pass through a larger potential barrier to undergo
recombination. The combination of these effects is expected to
yield the better performances observed for CTO-TO30 DSSC.

B CONCLUSION

The present study was aimed to track possible Ti/Sn
interdiffusion processes and Sn/Cd stoichiometry gradients at
the nanostructured CTO-TO interface and, on this basis,
extract a band alignment at the interface to be eventually
related with the measured DSSC efficiency.

In the general frame of the studies on the physical and
chemical properties at the origin of DSSC performances, the
present work points out the relevance of considering cation
substitution and interdiffusion at the interface, along with their
effects on the VB and CB energy level profiles across the front
contact that have been tracked by modeling of AR-XPS data.

In fact, by means of AR-XPS, we have evidenced a Sn/Cd
stoichiometry gradient in the amorphous CTO film. Then, a
cation interdiffusion between Ti and Sn has been evidenced at
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the heterointerfaces (CTO-TOs) between the CTO and
different thin films of TiO, grown via RF-magnetron sputtering,
as shown in the data analyzed on the basis of a four-effective
layer model, which included two intermediate layers where Sn
was replaced by Ti. In addition, we have evaluated the effective
VB and CB band diagram for the CTO-TOs by using suitable
energy gap values for CTO and TiO,. Details of this band
diagram qualitatively explain the observed efliciency variations
on the basis of a reduced electron recombination along with an
efficient charge injection across the junction.
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