Article
pubs.acs.org/ac

Interfacial Micropore Defect Formation in PEDOT:PSS-Si Hybrid Solar
Cells Probed by TOF-SIMS 3D Chemical Imaging
Joseph P. Thomas, Liyan Zhao, Marwa Abd-Ellah, Nina F. Heinig, and K. T. Leung*
WATLab and Department of Chemistry, University of Waterloo, Waterloo, Ontario N2L 3G1 Canada
S Supporting Information
*

ABSTRACT: Conducting p-type polymer layers on n-type Si have been widely studied
for the fabrication of cost-eﬀective hybrid solar cells. In this work, time-of-ﬂight secondary
ion mass spectrometry (TOF-SIMS) is used to provide three-dimensional chemical
imaging of the interface between poly(3,4-ethylene-dioxythiophene):polystyrenesulfonate
(PEDOT:PSS) and SiOx/Si in a hybrid solar cell. To minimize structural damage to the
polymer layer, an Ar cluster sputtering source is used for depth proﬁling. The present
result shows the formation of micropore defects in the interface region of the
PEDOT:PSS layer on the SiOx/Si substrate. This interfacial micropore defect formation
becomes more prominent with increasing thickness of the native oxide layer, which is a
key device parameter that greatly aﬀects the hybrid solar cell performance. Threedimensional chemical imaging coupled with Ar cluster ion sputtering has therefore been
demonstrated as an emerging technique for probing the interface of this and other
polymer−inorganic systems.

H

In order to improve the wettability and to form a uniform
layer of PEDOT:PSS on a Si substrate, addition of a suitable
surfactant or chemical is often mandatory prior to the spincoating process.2,3,9−11 High-eﬃciency solar cells fabricated
with PEDOT:PSS treated with nonionic surfactants2,10 or a
ﬂuorosurfactant3 on a planar Si substrate have been recently
reported. Improvement in the conductivity of PEDOT:PSS
with the addition of an anionic12 or a cationic13 surfactant has
also been obtained. However, the eﬀects of adding diﬀerent
surfactants to PEDOT:PSS on the solar cell properties have yet
to be explored. In eﬀect, the SiOx layer thickness (which
contributes to the interfacial electrical barrier), the conductivity
and wettability of PEDOT:PSS, the spin speed and time used in
spin-coating to regulate the thickness of PEDOT:PSS layer on
Si, and the annealing temperature after the spin-coating process
could all inﬂuence the interfacial properties of the hybrid solar
cells. Detailed investigation is required to characterize the
contribution from each of these factors and their roles in the
interfacial properties between PEDOT:PSS and the SiOx layer.
A better understanding of these eﬀects can provide insight into
the large discrepancy in the reported PCE, and help to develop
new fabrication protocols for hybrid solar cells with a high PCE.
To date, investigation of the interface by cross-sectional
electron microscopic techniques is largely limited by localized
two-dimensional (morphological) views of the interface, which
generally lack the crucial chemical information. In contrast, a
three-dimensional view of the interface can provide new insight
into the nature of defects and the eﬀects of the oxide layer at

ybrid solar cells comprised of a p-type conducting
poly(3,4-ethylene-dioxythiophene):polystyrenesulfonate
(PEDOT:PSS) thin ﬁlm and a planar or surface-structured ntype Si substrate have been extensively investigated in the
recent development of highly eﬃcient and cost-eﬀective solar
cells.1−6 To date, a power conversion eﬃciency (PCE) as high
as 10−11% has been reported for this type of hybrid solar
cells.1−4 However, there have been some notable reports of
PCE below 1% from the same type of solar cells.5−7 The quality
of the interface between PEDOT:PSS and Si is believed to
contribute greatly to the large discrepancy observed in the PCE.
Recently, Zhang et al.8 and He et al.2 independently concluded
that a thin native SiOx layer could be used to signiﬁcantly
enhance solar cell properties when compared to cells with just a
H-terminated Si (H−Si) surface.2,8 This is because the native
SiOx layer provides the crucial intermediate region in the p−i−
n junction, leading to favorable internal electric ﬁelds at the
interface that enhances the solar cell properties.2 This thin
native SiOx layer can be easily formed prior to the PEDOT:PSS
layer coating simply by exposing the clean Si substrate to
ambient atmosphere for a few hours after the H-termination
step. The thickness of the SiOx layer is important and cannot be
too large, because a thick oxide layer could create an insulating
barrier for electrical transport, thereby reducing the solar cell
performance. On the other hand, the hydrophilic nature of the
oxide layer can improve the wettability of the aqueous
dispersion of PEDOT:PSS on Si.1,2 It has been proposed that
the formation of defects at the interface could greatly aﬀect the
properties of these hybrid solar cells.2,3 The nature of the SiOx
layer, its eﬀects on the PEDOT:PSS/Si interface, and the
nature of interfacial defect formation could all inﬂuence the
solar cell properties, and to date their eﬀects have not been fully
understood.
© 2013 American Chemical Society
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the PEDOT:PSS/SiOx/Si junction. The capability of obtaining
3D chemical images of bulk materials using depth-proﬁling
time-of-ﬂight (TOF) secondary ion mass spectrometry (SIMS)
has attracted much recent interest for probing in-depth
information of diverse materials.14−18 In a static SIMS
experiment, a focused ion beam with doses below the static
limit (1013 ions/cm2) is directed onto a solid sample surface,
and the emitted secondary ions are analyzed.19,20 Along with
the primary ion beam, a second ion beam of choice is used to
sputter away the sample, preferably by conserving the
molecular fragments in the polymer layer and with minimal
material intermixing in the analysis region.20−22 While the
technique has been relatively well developed for depth proﬁling
of hard materials, obtaining information from soft (organic or
polymer) materials remains challenging mainly because of the
low secondary ion yield.20,22 With conventional sputtering ion
sources (Cs or O2), depth proﬁling of soft material is further
complicated by the intense damage cascades generated by the
sputtering ions that disrupt the original structure.22,23 With the
incorporation of a C60 sputtering source into the TOF-SIMS
technique, the ion yields from polymer or organic materials
have been improved.20,24−28 Recently, the use of an Ar cluster
ion source has been introduced and consistently found to be an
even better sputtering source for organic or polymer materials
in providing depth-proﬁle information without disrupting the
soft materials of interest.20,26−29 However, this technique is still
in its infancy, and further eﬀorts are needed to exploit its
advantages for organic or polymer depth-proﬁling experiments.
3D imaging is achieved by interleaving the analysis and
sputtering cycles with the appropriate ion sources, and the
resulting sequence of 2D secondary ion images are then
appropriately stacked to regenerate the chemical image cube.
Although the lateral resolution is currently in the submicrometer range for this SIMS technique,21 depth resolution as
high as 2.5 nm can be achieved for organic materials by using
the Ar cluster source.27 This type of 3D material characterization at high depth resolution is not possible even in
advanced dual-beam scanning electron microscopy (the socalled slice-and-view technique).30 In this report, the unique
capability of TOF-SIMS, coupled with the new Ar cluster
sputtering source technology, is exploited to provide 3D
chemical imaging of the interfacial properties of hybrid solar
cells.
Here, we elucidate the interface between PEDOT:PSS and
the planar Si substrate in a hybrid solar cell by using 3D
chemical imaging by TOF-SIMS. By using the Bi cluster ion
source for analysis and the Ar cluster ion source for sputtering,
we obtain, for the ﬁrst time, 3D chemical information about the
technologically important conducting polymer material,
PEDOT:PSS, that has been widely used for the development
of hybrid solar cells. The 3D chemical images reveal micropore
defects at the PEDOT:PSS/SiOx/Si interface. Remarkably,
these defects are more apparent with increasing thickness of the
native oxide layer. Native oxide layers naturally grown in air for
1 and 3 h on the H−Si substrate are found to exhibit the
highest PCE, and their similar 3D chemical images both show
relatively low micropore defect densities. This is in marked
contrast to the poor solar cell performance and the more
extended micropore defects found for a Si substrate with a thick
native oxide layer.
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EXPERIMENTAL SECTION

One-side-polished, n-type Si(100) substrates, with resistivity of
1−10 Ohm-cm and thickness of 300 μm (Virginia Semiconductor Inc.), were RCA-cleaned and H-terminated by
immersing in 2% hydroﬂuoric acid for 10 min. Al metal (250
nm thick) was deposited on the unpolished side of the Si
substrate in a dual-target magnetron sputtering system
(EMS575X) immediately after the H-termination. Subsequently (approximately 45 min after H-termination), the
substrate was allowed to stay in an ambient air atmosphere
for diﬀerent amounts of time (0, 1, 3, and 5 h) to facilitate
formation of a naturally grown SiOx layer (with diﬀerent
thicknesses). PEDOT:PSS with a dispersion content of 1.3% in
water (Sigma Aldrich) was mixed with 5 wt % of dimethyl
sulfoxide (DMSO) and then ﬁltered using a 0.45 μm syringe
ﬁlter. To improve the wettability of PEDOT:PSS on Si, 0.5 wt
% of nonionic surfactant Triton X-100 was added prior to spincoating. The PEDOT:PSS layer on Si was coated at a spin rate
of 6000 rpm for 1 min and annealed on a hot plate at 110 °C
for 10 min in air. For the top electrode, a ﬁnger-type Ag metal
grid with a ﬁnger width of ∼300 μm and thickness of 50 nm
was sputter-deposited on the polymer layer through a shadow
mask. The fabricated solar cell samples were designated
according to the SiOx growth time (0, 1, 3, and 5 h) as
Samples A, B, C, and D, respectively. As a reference, we also
fabricated a solar cell using RCA-cleaned Si without Htermination and with its as-received native SiOx layer intact
(designated as Sample R).
The solar cell properties were measured using an I−V
measurement system (PV Measurements IV5) under 100 mW/
cm2 illumination using a class ABA solar simulator (AM 1.5G)
in air. The intensity of the light source was calibrated using a Si
reference cell (PVM782 with a BK7 window). The measured
device area was 5 × 5 mm2. TOF-SIMS measurement was
carried out in an ION-TOF 5 system (IONTOF GmbH),
equipped with a 2 m long reﬂectron TOF analyzer operated in
the negative polarity mode, and a Bi3+ ion analysis beam source
and an Ar cluster ion (Ar1000+) sputtering beam source. Depth
proﬁling was carried out in the spectrometry mode (noninterlaced) with an analysis ion beam current of 0.8 pA, a cycle
time of 200 μs, and a sampling area of 150 × 150 μm2 (256 ×
256 pixels). Sputtering was carried out with Ar cluster ions at
an ion beam energy of 5 keV and with an ion current of 1.8 nA
over an area of 400 × 400 μm2. The TOF-SIMS spectra
(Supporting Information, Figure S1) were mass-calibrated on
Cx fragments. The surface morphology and roughness of the
samples were examined by tapping-mode atomic force
microscopy (AFM) in a Digital Instruments Dimension 3100
Nanoscope IV. The oxide layer thickness of the RCA-cleaned Si
substrate was estimated by using reﬂectometry (Filmetrics F40UV).

■

RESULTS AND DISCUSSION
The current density−voltage (J−V) curves for PEDOT:PSS/
planar-Si hybrid solar cells fabricated (after appropriate
backside Al deposition) on H−Si followed by exposure to air
for 0−5 h (Samples A−D) are shown in Figure 1. A reference
cell on RCA-cleaned Si (without H-termination) is also
fabricated, and its J−V curve (Sample R) is also shown in
Figure 1. The inset shows a schematic diagram of the
PEDOT:PSS/SiOx/Si device structure. The photovoltaic
properties of Samples A−D and R are summarized in Table
6841
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Figure 1. Current density vs voltage (J−V) curves for the
PEDOT:PSS/planar-Si hybrid solar cells fabricated with the Hterminated Si substrate exposed to air for (A) 0, (B) 1, (C) 3, and (D)
5 h followed by appropriate backside Al deposition. Curve R shows the
J−V data for a reference solar cell fabricated on RCA-cleaned Si
substrate with its native oxide intact (i.e., without H-termination). The
inset shows schematically the device structure of the hybrid solar cell.

Figure 2. Depth-proﬁles of C8H7SO3−, SiO2−, and Si− ions for
PEDOT:PSS layers spin-coated on (a) H-terminated Si substrate
exposed to air for 1 h (Sample B), and (b) RCA-cleaned Si substrate
with its native oxide intact (without H-termination, Sample R).

1. A PCE of 4.53% is achieved for the solar cell fabricated on
H−Si without any postexposure to air (Sample A). The PCE is
found to increase to 5.08% and then decrease slightly to 4.89%
for the cells with H−Si exposed to air for 1 h (Sample B) and 3
h (Sample C), respectively. However, the PCE for the cell
fabricated with H−Si exposed to air for 5 h (Sample D) is
markedly reduced to 3.72%. The reference cell (Sample R) is
found to have a signiﬁcantly lower PCE of just 1.10% (Table
1). The short-circuit current density, Jsc, increases from 23.2
(Sample A) to 24.3 (Sample B) and 24.4 mA/cm2 (Sample C)
and then decreases to 20.7 mA/cm2 (Sample D). The opencircuit potential, Voc (0.51 V), is found to be the same for
Samples A−C but reduced to 0.46 V for Sample D. A ﬁll factor
(FF) of 41.2% is obtained from Sample B that is higher than
those of Samples A (38.4%), C (39.2%), and D (39.1%). For
Sample R, Jsc of 12.5 mA/cm2, Voc of 0.31 V, and FF of 28% are
obtained. It is clear that a SiOx layer with an appropriate
thickness, such as that obtained by air exposure for 1−3 h, is
essential to achieving better solar cell performance. However, a
SiOx layer that is too thick can be detrimental to the solar cell
performance because the presence of a larger interfacial barrier
reduces charge transport and increases series resistance.2
To investigate the interfacial characteristics that aﬀect the
properties of our solar cells, we carry out TOF-SIMS depthproﬁling studies and construct 3D chemical images of their
interfaces. The depth-proﬁles obtained for Sample B
(PEDOT:PSS/H−Si with 1 h air exposure) are shown in
Figure 2a. We have chosen the C8H7SO3− ion as the marker for
identifying the PEDOT:PSS component, while SiO2− and Si−
ions are used for the interfacial oxide and Si substrate

components, respectively. As a reference, we show in Figure
2b the corresponding depth-proﬁles of the PEDOT:PSS layer
on the native SiOx/Si substrate in our reference cell (Sample
R). The depth-proﬁle data (Figure 2a) shows that sputtering
for ∼100 s is required to reach the interface between
PEDOT:PSS and SiOx. The sputtering rate of the PEDOT:PSS
layer (70 nm thick) using the Ar cluster ions is estimated to be
1.4 nm/s by proﬁlometry and independently veriﬁed by crosssectional scanning electron microscopy measurement. The
PEDOT:PSS proﬁle crosses that of Si at 220 s sputtering time,
which marks the interfacial region with the onset of diﬀusion of
PEDOT:PSS to Si through the thin SiOx layer (Figure 2a). The
SiOx layer is expected to be less than 2 nm thick on the H−Si
substrate with 1 h air exposure,2 which is consistent with the
small peak observed after sputtering for 100−125 s. The SiOx
proﬁle is found to intersect the Si proﬁle at 200 s sputtering
time. Similar depth-proﬁles have also been obtained for other
samples (A, C, and D). For the reference sample (Sample R,
Figure 2b), the broader and more intense peak in the
corresponding SiO2− depth-proﬁle shows a thicker native
oxide layer (above 2 nm),2 as indicated by the crossing of the
SiO2− proﬁle with the Si− proﬁle at a higher sputtering time of
250 s. As shown by the more rapid drop-oﬀ in the C8H7SO3−
proﬁle (i.e., over a shorter range of sputtering time), the thicker
oxide layer evidently restricts the diﬀusion of PEDOT:PSS to
the Si substrate. The smaller overall magnitudes of the SiO2−
and Si− depth-proﬁles also reﬂect the characteristic low
sputtering rates of the Ar cluster ions for oxide or inorganic
materials.

Table 1. Photovoltaic Properties of PEDOT:PSS/Planar-Si Hybrid Solar Cells

a

cell sample

SiOx growth time (h) [after H-termination]

JSC (mA/cm2)

VOC (V)

FF (%)

PCE (%)

A
B
C
D
R

0
1
3
5
native SiOxa

23.2
24.3
24.4
20.7
12.5

0.51
0.51
0.51
0.46
0.31

38.4
41.2
39.2
39.1
28.0

4.53
5.08
4.89
3.72
1.10

RCA-cleaned Si substrate without H-termination.
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Figure 3. Top perspective views of 3D TOF-SIMS images of (a) C8H7SO3− and total ions, and (b) AFM image (z scale of 0−86 nm) for a typical
area (30 × 30 μm2) of a PEDOT:PSS layer spin-coated on a H-terminated Si substrate exposed to air for 1 h (Sample B). The inset in (a) shows a
schematic diagram of the stack of 2D ion maps used to reconstruct the 3D chemical image cube (150 × 150 × 0.73 μm3).

time can be attributed to the surface roughness of the
PEDOT:PSS layer. For Area Q, the PEDOT:PSS component
is completely removed after sputtering for 300 s. However, for
Area P, this component starts to diminish at the PEDOT:PSSSiOx interface (after sputtering for 110 s), and remains
discernible even after the oxide layer has been removed by
sputtering for 440 s. This more gradual reduction indicates
diﬀusion of PEDOT:PSS to Si through the thin oxide layer.
The shaded part in the depth-proﬁles of Area P marks a hollow
region along the depth direction inside the micropore structure
near the interface of the PEDOT:PSS layer. The weak broad
feature in the 300−400 s region in the PEDOT:PSS proﬁle for
Area P further supports the presence of the hollow region
inside the PEDOT:PSS layer. In addition, the slightly diﬀerent
sputtering times to reach the interface between the oxide and Si
for Area P (125 s) and Area Q (85 s) indicate nonuniformity in
the oxide layer thickness. Furthermore, to investigate the eﬀect
of impurities, such as Na or polydimethylsiloxane (PDMS), on
the formation of micropores, we carry out depth-proﬁling
analysis in the positive ion mode. The positive ion images for
Na+ and PDMS (m/z = 147) do not exhibit any micropore
feature at the interface, which indicates that these impurities do
not contribute to the observed formation of micropores.
The origin of this micropore formation is not completely
clear. It is apparent that the nonuniform oxide layer interacts
with PEDOT:PSS and particle sedimentation increases with
increasing thickness of the oxide layer at the interface, which
could lead to micropore formation at the interface. A thinner
oxide layer (Samples A−D) is not expected to restrict the
diﬀusion of PEDOT:PSS to the Si substrate, which is consistent
with our results that the diﬀusion is extended to the Si
substrate. On the other hand, a thicker native oxide layer (5.5 ±
1 nm, Sample R) is found to limit the diﬀusion of PEDOT:PSS
to Si through the SiOx (Supporting Information, Figure S2),
which could enhance sedimentation of the polymer due to its
higher wettability. Since the sputtering eﬃciency using the Ar
cluster ions for the oxide layer is much lower than that for

We show in Figure 3a the top perspective views of the
corresponding 3D images for the C8H7SO3− ion and total ions
over a typical analysis area (150 × 150 μm2) for Sample B. The
total ion image corresponds to the sum of C8H7SO3−, SiO2−,
and Si− ion images. These three-dimensional (3D) (XYZ)
chemical images are reconstructed by stacking, along the depth
direction (Z), 2D (XY) maps obtained interleavingly between
sputtering cycles. A schematic diagram of the construction of
the 3D SIMS image is also shown in the ﬁgure. Evidently, a
smooth topmost surface is observed from the images, which is
in good agreement with the corresponding AFM image of the
topmost surface of PEDOT:PSS layer shown in Figure 3b. A
surface roughness (rms) of 13 nm is estimated from the AFM
image. The interfacial information can be revealed by
examining the bottom perspective views of the 3D images
shown in Figure 4a, obtained by rotating the top perspective
view by 180° on the Z axis. Remarkably, the bottom perspective
views of the 3D chemical images for the C8H7SO3− ions show
the presence of micropores at the interface. The appearance of
these structures is much more prominent for the PEDOT:PSS
layer on the thick native SiOx/Si substrate (Sample R, Figure
4b). It is also apparent that the as-formed micropores are
randomly distributed at the interface.
Figure 5 shows the 2D XY bottom view of the C8H7SO3− 3D
ion image cube for the same sample B, which corresponds to
the stacks of scan data projected along the Z direction (from
the interface to the topmost surface). The micropore structures
are found to be approximately 16 μm in average diameter. In
order to examine the origin and nature of these structures, we
reconstruct cross-sectional XZ and YZ views of a selected
micropore (Area P). The two cross sections show that the
micropore extends into the Si substrate through the SiOx layer.
Furthermore, the corresponding depth-proﬁles of C8H7SO3−,
SiO2−, and Si− regenerated from Area P (16 × 16 μm2) and
from a nearby XY area without any micropore of identical size
(Area Q) show that the PEDOT:PSS-SiOx interface is reached
after sputtering for 100−110 s. The 10-s span in the sputtering
6843
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Figure 5. Bottom view of 3D TOF-SIMS image of C8H7SO3− ion
(150 × 150 μm2) of a PEDOT:PSS layer spin-coated on a Hterminated Si substrate exposed to air for 1 h (Sample B). The two
bottom left panels show XZ and YZ cross-sectional planes obtained
along the respective green lines. The yellow color in the 2D image and
the white color in the cross sections correspond to a higher molecular
signal. The depth-proﬁles for C8H7SO3−, SiO2−, and Si− ions obtained
from selected areas (16 × 16 μm2) of the image at P and Q are shown
in the right panels. The dotted lines mark the interfacial regions
between the PEDOT:PSS layer and the SiOx/Si substrate, and the
shaded area highlights the depression in the depth-proﬁle caused by
the micropore. The insets show the respective schematic illustrations
of possible micropore formation at the interfaces for Areas P and Q.

diminishes the solar cell properties. It is clear that a thin oxide
layer formed in 1−3 h (corresponding to 1.5−2.2 nm ﬁlm
thickness,2 Samples B and C) has apparently created internal
electric ﬁeld conﬁguration that leads to better performance in
hybrid solar cells. The thin oxide layer can enhance the
wettability and limit the formation of micropores at the
interface between PEDOT:PSS and Si with small micropore
heights. On the other hand, increasing the thickness of the
oxide layer at the interface produces larger micropore heights,
adding to the interfacial electrical resistance that reduces the
solar cell performance. Optimizing the formation of the
PEDOT:PSS layer with less micropore formation by using a
thin uniform oxide layer could therefore provide better solar
cell performance.

Figure 4. Bottom perspective views of 3D TOF-SIMS images of
C8H7SO3− ions (obtained after 35 scans interleaved with Ar1000 cluster
ion beam sputter cycle) of PEDOT:PSS layers spin-coated on (a) a Hterminated Si substrate exposed to air for 1 h (Sample B) and (b)
RCA-cleaned Si substrate with a native oxide layer (Sample R). The
insets in (a) and (b) show schematic diagrams of the stacks of 2D ion
maps used to reconstruct the respective 3D chemical image cubes (150
× 150 × 0.73 μm3).

■

CONCLUSIONS
The hybrid solar cell interface has been investigated by TOFSIMS 3D chemical imaging employing Ar cluster ions for
material sputtering. The present study deﬁnitively shows the
formation of micropore defects at the PEDOT:PSS/SiOx/Si
interface, which could adversely inﬂuence the hybrid solar cell
properties. The formation of these micropores at the interface
is found to be greatly aﬀected by the native oxide layer
thickness and is particularly evident with a thicker oxide layer,
which restricts the diﬀusion of PEDOT:PSS to Si. These
micropores are estimated to be 16 μm in average diameter. The
solar cell properties could be further improved by the use of
surface-structured Si (pyramids or nanowires), addition of an
appropriate solvent or surfactant in the PEDOT:PSS
dispersion, and the use of better optimized electrode
conﬁgurations (thickness, width, and spacing). The micropore
defect formation in organic or polymer materials is diﬃcult to
observe using conventional cross-sectional microscopic techniques. The present 3D TOF-SIMS chemical imaging results

PEDOT:PSS, the corresponding sputtering rates could be
aﬀected in the PEDOT:PSS diﬀused oxide region, consistent
with the more extended depth-proﬁle of the PEDOT:PSS
component over a longer sputtering time for Area P (shown in
Figure 5). Further sputtering times needed to completely
remove PEDOT:PSS from Area P and Area Q indicates that
the micropore formation occurs near 55 nm beneath the
topmost surface and the micropore height (void thickness) is
estimated to be less than 10 nm. Schematic illustrations of
possible micropore formation at the interfaces of the hybrid
solar cells are shown as insets in Figure 5. A similar result is also
observed from the analysis of Sample R (Supporting
Information, Figure S2), which indicates the presence of
micropores with a similar diameter but apparently slightly larger
micropore height. A thin oxide layer at the interface could
promote upward band bending of Si, thereby enhancing carrier
separation and carrier recombination at the interface.2 On the
other hand, a thicker oxide layer could introduce a charge
transport barrier, which increases the series resistance that
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therefore oﬀer much needed new insights to complement
existing conventional microscopic results. Moreover, the TOFSIMS 3D chemical imaging technique could also be extended
to investigate more complex systems (such as organic lightemitting diodes with multiple diﬀerent layers), and these
studies could lead to better understanding of the fundamental
processes that occur at the intricate interface. The present 3D
chemical imaging by TOF-SIMS technique could be further
exploited to examine the interface of other systems, in order to
optimize the processing parameters for even better solar cell
performance.
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