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ABSTRACT: 1-Decyl phosphonic acid (DPA) proved an effective p-doping additive to
oxidize spiro-OMeTAD as a hole-transporting material (HTM) for nanostructured Sb2S3
extremely thin absorber (ETA) solar cells. DPA had the effect of enhancing the hole
conductivities of spiro-OMeTAD in the presence of lithium bis(trifluoromethyl- sulfonyl)-
imide (LiTFSI) to significantly improve the device performance. Transient photoelectric
measurements and electrochemical impedance spectra of devices fabricated with varied
additive conditions provided information about the charge- transport and recombination
kinetics and hole conductivities for Sb2S3 devices with additives DPA and LiTFSI that
exhibited superior performance. Thirty-five identical devices were fabricated to show the
excellent reproducibility and long-term stability in air; the best Sb2S3 ETA device attained
efficiency of power conversion 6.0%, which is twice that of a device using other typical
additives (LiTFSI and 4-tert-butyl-pyridine) for spiro-OMeTAD serving as HTM.

■ INTRODUCTION

Extremely thin absorber (ETA) solar cells were developed as a
promising emerging photovoltaic (PV) technology for next-
generation solar cells1,2 based on a concept similar to solid-state
dye-sensitized solar cells (DSSC)3 and perovskite solar cells
(PSC).4 Instead of organic dyes in a DSSC system, the ETA-
sensitized solar cells use purely inorganic semiconducting
materials such as chalcogenides1 to serve as the light-harvesting
layer in a thin configuration. Among these chalcogenide
candidates, antimony sulfide (Sb2S3) is an effective ETA
because it absorbs photons in a broad spectral range up to 750
nm with excellent absorption coefficient (α = 1.8 × 105 cm−1 at
450 nm).5 Moreover, these mesoscopic ETA devices can be
fabricated using a cheap solution-based process such as
chemical-bath deposition (CBD)6 and succeeding ion-layer
adsorption and reaction (SILAR)7 methods with a thin Sb2S3
layer deposited on the surface of nanocrystalline TiO2 that
shows great stability in air. Hole-transporting materials
(HTM)6,8−22 of various types were thus reported for Sb2S3
ETA solar cells; the best device performance used a conducting
polymer (PCPDTBT) to attain an efficiency of power
conversion (PCE) exceeding 6%.16−18

In contrast, Sb2S3 ETA solar cells fabricated with 2,2′,7,7′-
tetrakis(N,N-di-p-methoxyphenyl-amine)-9,9′-spirobifluorene
(spiro-OMeTAD) as HTM attained only 3.1% with a poor fill
factor under one-sun irradiation,11 which is inconsistent with
solid-state solar cells of other types such as DSSC and PSC
using spiro-OMeTAD as HTM.23−25 As a hole conductor, the
pristine spiro-OMeTAD is well-known to suffer from poor
conductivity, but the conductivity improves significantly on
chemical doping with appropriate p-type dopants.26,27 Lithium
bis(trifluoromethyl-sulfonyl)-imide (LiTFSI) has been reported

to enhance the conductivity and hole mobility in spiro-
OMeTAD because the ionic species in the matrix smooth the
potential landscape and increase the intramolecular charge
transfer.26 A LiTFSI additive also causes a down-shift of the
conduction-band (CB) potential of TiO2, which has two effects
on device performance: (1) enhanced electron injection from
the LUMO of the light absorber to the CB of TiO2 so as to
increase the short-circuit photocurrent density (JSC)

28,29 and
(2) lowered CB of TiO2 so as to decrease the open-circuit
voltage (VOC).

30,31 To compensate the decrease of VOC, 4-tert-
butylpyridine (tBP) became another additive in spiro-
OMeTAD.32 Doping with LiTFSI in spiro-OMeTAD was
also reported to depend strongly on the ambient oxygen
condition or illumination,30,33,34 which deteriorated the long-
term stability and reproducibility of the devices.
Cobalt complexes and superacid H-TFSI have been used as

effective p-dopants for the oxidation of spiro-OMeTAD to
improve the conductivity of the HTM for an enhanced
performance of a solid-state DSSC.27,35 Li et al. reported that
phosphoric acid (H3PO4) serves as an oxidation catalyst to
enhance the conductivity of spiro-OMeTAD for PSC to attain a
remarkable device performance.36 Here we show that 1-decyl
phosphonic acid (DPA) combines with LiTFSI to oxidize spiro-
OMeTAD effectively to improve the device performance for
Sb2S3 ETA solar cells. DPA and LiTFSI additives together can
be treated as a “protonation generator”, as reported for p-
doping in organic semiconductors to decrease the charge-
transport resistance at a photoactive junction.37−41 We
observed the formation of spiro-OMeTAD cations as a function
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of concentration of DPA in the presence of LiTFSI.
Concentrations LiTFSI (40 mM) and DPA (50 mM)
optimized the device performance; 35 identical devices were
fabricated to show the excellent reproducibility for the PCE
distribution spanning a narrow range. The best device
performance of the Sb2S3 ETA solar cell attained PCE 6.0%,
which is almost twice that of devices made of spiro-OMeTAD
as HTM with other additives,11 and comparable to those made
with conducting polymers as HTM.17,18 Transient photo-
electric measurements and electrochemical impedance spectra
provided data about the charge-transport kinetics and hole
conductivities in relation to the device performances for Sb2S3
cells under varied additive conditions. To the best of our
knowledge, this report is the first of the use of DPA and LiTFSI
as p-dopants to attain effective oxidation of spiro-OMeTAD for
highly efficient Sb2S3 ETA solar cells with satisfactory long-term
stability.

■ RESULTS AND DISCUSSION
The Sb2S3 ETA solar cells were fabricated according to the
device configuration FTO/c-TiO2/mp-TiO2/Sb2S3/spiro-
OMeTAD/Ag, as shown in Figure 1a; the device fabrication

is shown in Figure S1. A compact TiO2 layer (c-TiO2, thickness
∼ 60 nm) was deposited on a FTO substrate with a thermal
spray method followed by deposition of a mesoporous TiO2
layer (mp-TiO2, thickness ∼ 900 nm) using screen printing.
Sb2S3 light absorber in a thin layer was deposited on the mp-
TiO2 layer according to the CBD method reported else-
where;13,17 a layer of spiro-OMeTAD (thickness ∼220 nm) to
serve as HTM was then spin-coated on top of the mp-TiO2/
Sb2S3 layer followed by coating with Ag (thickness ∼80 nm) as
a back contact layer to complete the device fabrication. The
corresponding energy levels of the three major components,
mp-TiO2/Sb2S3/spiro-OMeTAD, are shown in Figure 1b,
indicating an effective match of energy levels for electron and
hole propagation.1 The chemical structures of spiro-OMeTAD
and its two p-doping additives (LiTFSI and DPA) are shown in
Figure 1c.
Figure S2 (panels a and b) shows top-view SEM images of

the mp-TiO2 layer without and with covering the thin Sb2S3

absorber layer, respectively. Figures S2c shows at high
resolution a TEM image of the mp-TiO2 layer covered with
Sb2S3; the enlarged TEM image of the red square area is shown
in Figure S2d. The well-defined nanocrystalline nature of mp-
TiO2 is observable in Figure S2d; the yellow dotted curve
shows the boundary of the TiO2/Sb2S3 interface. The thickness
of the Sb2S3 absorber layer was estimated to be ∼10 nm.
Traditional Sb2S3-sensitized solid-state solar cells using spiro-

OMeTAD as HTM gave PCE only 3.1% under one-sun
irradiation.11 As pristine spiro-OMeTAD is well-known to
suffer from poor conductivity, chemical p-doping additives such
as tin chloride,43 H-TFSI,35 and cobalt complexes27 were
utilized as additives to improve the hole-conducting ability of a
solid-state DSSC using spiro-OMeTAD as HTM. These
additives led to oxidation of spiro-OMeTAD; the correspond-
ing ionic spectral feature of the hole conductor was
unambiguously observed.27,35,43 Among other p-type semi-
conductors that serve as HTM for Sb2S3 ETA solar cells,
CuSCN was employed as a hole conductor for all inorganic
ETA solar cells.6,8,44 In that case, varied p-dopants were
examined with a surface treatment of LiSCN or KSCN before
or after the deposition of CuSCN. These interfacial treatments
induced phase changes of CuSCN and had the effect of
facilitating the diffusion of K+ ions into the CuSCN layer as a p-
dopant to align the energy levels between Sb2S3 and the HTM
layer.44 Moreover, K-doping can passivate the surface trap
states of CuSCN and result in a decreased series resistance of
HTM and enhanced device performance. As pointed out
elsewhere,9 the key factor to increase the efficiency of Sb2S3
ETA solar cells is to enhance the hole-transporting property, in
particular to improve the hole mobility for hole conductors of
varied types applied in these ETA cells.
In our approach, we used DPA to oxidize spiro-OMeTAD in

the presence of LiTFSI; the corresponding absorption spectra
with DPA at varied proportions are shown in Figure 2 (panels
a−c). The absorption with maximum at 388 nm is assigned to
neutral spiro-OMeTAD. Upon increasing the concentration of
DPA, the observed enhanced absorption for the 520 nm bands
(Figure 2b) and for the 1600 nm bands (Figure 2c) is clear
evidence for oxidation of spiro-OMeTAD via DPA and LiTFSI.
The J−V curves and IPCE spectra of the Sb2S3-sensitized ETA
devices with DPA additive at varied concentrations and a fixed
amount of LiTFSI are shown in Figure S3 (panels a and b,
respectively); the corresponding photovoltaic parameters are
summarized in Table S1. The reference cell is the Sb2S3 device
with only LiTFSI (20 mM) but no DPA additive; this cell
attained a PCE of 3.4%. When DPA was added at varied
concentration, the device performance increased until [DPA] =
50 mM, for which the PCE increased to 5.3%. We observed
that JSC, VOC, FF, and PCE were all enhanced on increasing the
concentration of DPA from 0 to 50 mM, but the performance
decreased on further increasing DPA to 100 mM (PCE =
4.5%). The enhanced photovoltaic performance might be
attributed to the increased conductivity of spiro-OMeTAD with
DPA and LiTFSI as p-dopants to generate more oxidized HTM
for a superior charge separation. When [DPA] was increased to
100 mM, the excess oxidized spiro-OMeTAD species might
induce charge recombination with electrons generated by
photoinduced Sb2S3 so that both JSC and VOC were smaller with
DPA at 100 mM than at 50 mM.
To investigate the effect of the LiTFSI additive in the spiro-

OMeTAD solution, we measured J−V curves with LiTFSI salt
at varied concentration; this well-known additive effectively

Figure 1. (a) Device structure of a Sb2S3 absorber (ETA) in a
sensitized solar cell, (b) energy-level diagram for each component of
the device with the energy levels reported elsewhere,1 and (c) chemical
structures of the corresponding HTM and additive materials.
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enhances the conductivity of spiro-OMeTAD. The correspond-
ing J−V curves appear in Figure S4; the photovoltaic
parameters are summarized in Table S2. The conductivity of
pristine spiro-OMeTAD was poor, which caused the device to
show almost no performance (PCE = 0.1%); with DPA additive
(50 mM) the device performance improved only slightly (from
0.1% to 0.7%), but when both LiTFSI and DPA were added
into spiro-OMeTAD, we observed a significantly enhanced

device performance, as the results in Table S2 show. For DPA
fixed at 50 mM, increasing concentration of LiTFSI increased
JSC until [LiTFSI] = 40 mM; JSC then decreased continuously
from 60 mM to 120 mM. These results are explained with
excess Li+ ions intercalating on the surface of TiO2 for LiTFSI
at large concentrations, which induces more trap states to
impede the electrons generated from Sb2S3 from injecting into
TiO2.

30,45 Furthermore, a systematic decrease of VOC was

Figure 2. (a) Absorption spectra of spiro-OMeTAD solutions from 300 to 1800 nm for varied additive conditions (black: no additive; red: LiTFSI;
blue: LiTFSI and DPA in varied concentrations). (b) Extension of spectra in a range from 420 to 580 nm. (c) Extension of spectra in the range from
900 to 1800 nm. The concentration of spiro-OMeTAD is 0.145 M and that of LiTFSI is 20 mM.

Figure 3. (a) J−V characteristics under AM-1.5G simulated illumination and (b) the corresponding IPCE spectra of Sb2S3 ETA solar cells with
various additive conditions in spiro-OMeTAD as indicated. The concentrations are spiro-OMeTAD, 0.145 M; LiTFSI, 40 mM; tBP, 200 mM; and
DPA, 50 mM.
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observed upon increasing the concentrations of LiTFSI because
of downward shifts of the conduction-band potentials of TiO2
with intercalating Li+.30,46 The optimized concentrations for the
Sb2S3 devices were hence determined to be LiTFSI 40 mM and
DPA 50 mM. A side-view SEM image of the best performing
Sb2S3 device is shown in Figure S5.
We have demonstrated that DPA plays an important role in

oxidizing spiro- OMeTAD to improve the conductivity of
HTM in the presence of the LiTFSI salt. To improve VOC of
the device, we added 4-tert-butylpyridine (tBP) in HTM as in
the case of other solid-state solar cells,11 but we found that tBP
has a negative effect on device performance as an additive
together with DPA. Figure 3 (panels a and b) show the J−V
characteristics and IPCE spectra, respectively, of the Sb2S3 ETA
solar cells fabricated with various additive combinations in
spiro-OMeTAD; corresponding photovoltaic parameters are
listed in Table 1. The tBP additive had the effect to increase

VOC slightly from 564 (LiTFSI) to 571 mV (LiTFSI + tBP), but
it caused JSC to decrease significantly because the basic property
of tBP might induce corrosion of the Sb2S3 absorber layer. As
discussed above, adding DPA and LiTFSI enhanced JSC and FF
significantly and gave PCE 5.4%. In contrast, when tBP was
added with LiTFSI and DPA, we found almost no performance
of that device. In this case, the spiro-OMeTAD solution
exhibited a viscous gel property due to the neutralization of tBP
(a base) and DPA (an acid), which accounts for the poor device
performance with these three additives together in spriro-
OMeTAD. The best performing cell remains the LiTFSI +
DPA device, for which the IPCE spectra exhibited a
photocurrent response over 75% in the visible spectral region

to account for JSC (15.9 mA cm−2), superior to that of other
Sb2S3 devices.
To understand the influence of LiTFSI on device perform-

ance, we performed transient photoelectric measurements42 for
the devices at three concentrations (40, 60, and 120 mM) in
the presence of DPA (fixed at 50 mM) using the charge-
extraction (CE), transient photovoltage-decay (TVD), and
transient photocurrent-decay (TCD) methods; the results
appear in Figure S6 (panels a−c, respectively). For the CE
measurements, Figure S6a shows plots of VOC versus extracted
charge density (Ne) at seven bias light intensities; the results
indicate that VOC values of devices obtained with LiTFSI at
varied concentrations showed a trend with VOC (40 mM) >
VOC (60 mM) > VOC (120 mM), compared at the same Ne
level, confirming that more Li+ ions intercalated on the surface
of TiO2 lowered the Fermi level of the conduction band of
TiO2. For the TVD, we measured the charge-recombination
time coefficient (τrec) at seven bias light intensities via transients
induced with a probe LED pulse at an open-circuit condition.
Figure S6b shows plots of τrec versus Ne for the devices made
with LiTFSI at three concentrations; the device at 120 mM had
the longest charge recombination lifetime, attributed to a
retarded charge recombination with a possible screening of the
Coulomb attraction between holes in the spiro-OMeTAD and
electrons in the TiO2.

30,47,48 Figure S6c shows plots of the
charge-collection time coefficient (τc) versus JSC under a short-
circuit condition at seven bias light intensities. The trend on
increasing τc with increasing LiTFSI concentration is consistent
with a decreasing trend of JSC shown in Table S2 because
increasing the surface traps by Li+ intercalation with increased
LiTFSI concentration increased the detrapping rates on the
TiO2 surface, leading to a poor charge collection.30,49

Photoelectric transient measurements enabled a comparison
with other devices for devices made of LiTFSI with those made
of LiTFSI + tBP and LiTFSI + DPA; the results appear in
Figure 4. Plots of VOC versus Ne and τrec versus Ne are shown in
Figure 4a. With the LITFSI additive as a reference, the addition
of tBP or DPA down-shifted the CB level of TiO2, but both tBP
and DPA additives had the effect of retarding the charge
recombination, leading to a trend for VOC with order LiTFSI +
tBP (571 mV) > LiTFSI only (564 mV) > LiTFSI + DPA (548
mV); their discrepancies are not very significant. In contrast,
Figure 4b shows a trend for the charge-collection coefficient
with order τc (LiTFSI + DPA) < τc (LiTFSI) < τc (LiTFSI +
tBP), indicating that the conductivity of spiro-OMeTAD might
be enhanced with additives LiTFSI and DPA. These results are

Table 1. Photovoltaic Parameters of Sb2S3 ETA Solar Cells
Based on Spiro-OMeTAD Containing Various Additives
under Simulated AM-1.5G Illumination (Power Density 100
mW cm−2) with Active Area 0.09 cm2

spiro-OMeTADa JSC (mA cm−2) VOC (mV) FF PCE (%)

no additive 0.51 529 0.305 0.1
LiTFSI 12.60 564 0.425 3.0
LiTFSI + tBP 11.01 571 0.447 2.8
LiTFSI + DPA 15.91 548 0.613 5.4
LiTFSI + tBP + DPA 0.001 473 0.261 0.0

aThe concentrations are spiro-OMeTAD, 0.145 M; LiTFSI, 40 mM;
tBP, 200 mM; and DPA, 50 mM.

Figure 4. Plots of (a) VOC as a function of extracted charge density (Ne) and charge-recombination time coefficient (τrec) as a function of Ne at an
open-circuit condition and (b) charge-collection time coefficient (τc) as a function of JSC at a short-circuit condition for Sb2S3 ETA solar cells with
varied additive condition as indicated. The concentrations are spiro-OMeTAD, 0.145 M; LiTFSI, 40 mM; tBP, 200 mM; and DPA, 50 mM.
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consistent with the trend of JSC: LiTFSI + DPA (15.91 mA
cm−2) > LiTFSI only (12.60 mA cm−2) > LiTFSI + tBP (11.01
mA cm−2). We hence expect that Sb2S3 ETA solar cells with the
LiTFSI + DPA additive would increase the charge carriers
inside spiro-OMeTAD through the effective oxidation of the
HTM that assists charge collection. Although VOC obtained for
the LiTFSI + DPA device was slightly less than for the others,
the much enhanced JSC value made this device show a device
performance (PCE 5.4%) greater than that of other devices.
The oxidation of spiro-OMeTAD in the presence of DPA and
LiTFSI thus plays an important role to improve the
conductivity of the HTM and the overall device performance.
Electrochemical impedance spectra (EIS) were recorded in

the frequency range from 100 mHz to 4 MHz for two device
configurations. Figure 5 (panels a and b) shows Nyquist plots
of devices made of only spiro-OMeTAD and Sb2S3 ETA solar
cells with varied additives; the fitted impedance parameters
according to the equivalent circuit models shown on top of the
figures are summarized in Table S3. In Figure 5a, the Nyquist
plots show only one arc feature with RHTM values
corresponding to the conductivities of the HTM (pristine
spiro-OMeTAD without additive), HTM + LiTFSI, and HTM
+ LiTFSI + DPA. The EIS results show that RHTM of pristine
spiro-OMeTAD was large without additives; the value of RHTM
decreased significantly in the presence of LiTFSI. With LiTFSI
and DPA added together to spiro-OMeTAD, the value of RHTM
further decreased, indicating that additives DPA + LiTFSI have

the effect of decreasing the charge-transfer resistance in the
HTM layer to account for JSC of this device being greater than
the others. FF of the devices also showed a systematic trend:
DPA + LiTFSI (0.613) > LiTFSI (0.425) > no additive
(0.305), which is well-explained with the EIS results for the
small impedance of the DPA + LiTFSI device being due to the
enhanced conductivity of HTM in the presence of the two
additives.
For the EIS of the complete Sb2S3 ETA devices shown in

Figure 5b, we observed that data show a two-arc feature
corresponding to two sets of RC elements in the equivalent
circuit: the arc at large frequency is assigned to the contribution
of HTM, whereas the other arc reflects the contribution of
charge transfer in the TiO2/Sb2S3/HTM interfaces. We hence
assign impedance elements RHTM and Rrec to correspond to the
low- and high-frequency arcs, respectively. The RHTM values in
Figure 5b show the same trend as those in Figure 5a but with
much smaller values because of the varied experimental
conditions: the devices with HTM only were measured in
darkness (Figure 5a), whereas the complete Sb2S3 ETA devices
were measured under one-sun illumination (Figure 5b). The
Sb2S3 device with additives LiTSFI and DPA gave the least
RHTM value among all devices, confirming the results measured
with HTM-only devices. In the low-frequency range, the arc
with characteristic resistance Rrec arose from charge recombi-
nation between the TiO2 and the HTM layers when the
impedances were measured under an open-circuit condition.

Figure 5. Nyquist plots of (a) devices made of only HTM (spiro-OMeTAD) with varied additives measured in darkness and (b) Sb2S3 ETA solar
cells with varied additives under one-sun illumination and open-circuit conditions. The equivalent-circuit models for fitting the EIS data (Z-view
software) are shown on top of the figures. The insets show enlarged plots.

Figure 6. (a) Histogram of PCE of Sb2S3 ETA solar cells (LiTFSI + DPA) with 35 devices fabricated under the same conditions. (b) Stability
characteristics of Sb2S3 ETA solar cells with and without DPA additive. Data are presented for the ambient atmosphere: 20 °C, relative humidity of
50%, and no encapsulation.
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Because of the varied effect of the HTM additives on charge
recombination, we observed Rrec values with the trend no
additive > LiTFSI + tBP > LiTFSI + DPA > LiTFSI. The
device without additive exhibited the largest Rrec because the
poor conductivity of pristine spiro-OMeTAD became a
bottleneck for the slow charge recombination to occur. For
the other devices, the trend of Rrec is consistent with the trend
of the TVD results shown in Figure 4a. In accordance with our
EIS results, the LiTFSI additive can improve the conductivity to
some extent but it affects the charge recombination more
significantly. Adding tBP together with LiTFSI is a typical
treatment for solid-state DSSC3 and perovskite solar cells,4 but,
for the Sb2S3 ETA cells, LiTFSI + tBP retarded the charge
recombination and concurrently enhanced RHTM to decrease
the conductivity of the hole conductor. Adding DPA with
LiTFSI had an effect to decrease RHTM significantly, to enhance
the conductivity of the HTM. Although the effect to retard
charge recombination for the LiTFSI + DPA device was
moderate, the superior conductivity of the HTM had an effect
to improve both JSC and FF, where the result differs from that
of Li et al.36 who found that phosphoric acid with LiTFSI had
an effect of improving VOC and FF for perovskite solar cells.
The performances of the LiTFSI + DPA devices were

optimized on tuning the thickness of the c-TiO2 compact layer;
a thin compact layer (∼20 nm) further enhanced both JSC and
FF and thus gave a better overall device performance. As a
result, thirty-five identical such devices were fabricated at the
same experimental conditions to show the reproducibility of the
performance; the photovoltaic data are shown in Table S4; the
corresponding PCE histogram in Figure 6a indicates a narrow
distribution of photovoltaic performance, spanning the range of
5.2−6.0%, with an average PCE of 5.6 ± 0.2. The best Sb2S3
ETA device displayed JSC = 17.05 mA cm−2, VOC = 553 mV, FF
= 0.636, and PCE = 6.0%, similar to those reported using
conducting polymers (e.g., P3HT and PCPDTBT) as
HTM.17,18

It is an important issue to demonstrate the stability of Sb2S3
ETA solar cells, for which the device performance was recorded
as a function of storage period in ambient atmospheric
conditions without encapsulation. As Figure 6b shows, the
device performance of Sb2S3 ETA solar cell with additives
LiTFSI and DPA deteriorated only 10% from the highest value
over 1700 h of storage, whereas the device performance with
only additive LiTFSI (no DPA) deteriorated for over 30%. The
hydrophobicity of the HTM layer on adding a long-chain acid
such as DPA is expected to be a key factor for superior
performance stability without added DPA. We hence show here
the excellent long-term stability with great device performance
for Sb2S3 ETA solar cells using spiro-OMeTAD as HTM, for
which the additive DPA plays an important role to form a stable
device against deterioration of performance in atmospheric
moisture conditions.

■ CONCLUSION
Spiro-OMeTAD is a well-known hole-transporting material
(HTM) that is applied widely in solid-state dye-sensitized solar
cells and perovskite solar cells to obtain device performance
superior to that using other HTM.1,4 When spiro-OMeTAD
was applied to Sb2S3 ETA solar cells with traditional p-doping
additives (LiTFSI, tBP, and so forth), the device performance
was much poorer than for those using conducting polymers as
HTM.13,16−18 Here we introduced an acid additive, 1-decyl
phosphonic acid (DPA), as an effective p-dopant to oxidize

spiro-OMeTAD in the presence of LiTFSI to enhance the
conductivity of the HTM, to improve the device performance.
The extent of oxidation of spiro-OMeTAD increased system-
atically with increasing concentration of DPA and fixed
concentration of LiTFSI probed with the absorption spectra
300−1800 nm. DPA alone cannot oxidize spiro-OMeTAD, but
the acid catalyzes the oxidation of spiro-OMeTAD in the
presence of LiTFSI. The amounts of DPA and LiTFSI were
varied separately to find the combination of optimum device
performance for Sb2S3 ETA solar cells. Both transient
photoelectric measurements and electrochemical impedance
spectra were utilized to characterize the charge transport and
recombination kinetics and hole conductivities of the devices to
understand the mechanism of oxidation of the varied p-doping
additives (no additive, LiTFSI, LiTFSI + tBP, LiTFSI + DPA,
and LiTFSI + DPA + tBP) relative to the corresponding device
performance. The addition of tBP with LiTFSI slightly
improved VOC of the device, but the decreased JSC led to a
performance poorer than those of LiTFSI and LiTFSI + DPA
devices. Adding tBP with LiTFSI and DPA together resulted in
almost no efficiency because of the acid−base reaction between
DPA and tBP additives. The LiTFSI + DPA device exhibited
the best performance with significantly improved JSC and FF
with respect to those without added DPA. Thirty-five LiTFSI +
DPA devices were fabricated under the same experimental
conditions; the reproducibility of the performance was
confirmed with the best device showing JSC = 17.05 mA
cm−2, VOC = 553 mV, FF = 0.636, and PCE = 6.0%, which is
comparable to those reported using conducting polymers as
HTM.17,18 The LiTFSI + DPA device also exhibited great long-
term stability in ambient air conditions due to the increased
hydrophobicity of the HTM layer with a long-chain acid such as
DPA as an additive. The present results thus provide a new
perspective for this approach applicable for solar cells of other
types such as solid-state DSSC and PSC for further
improvement of their device performance.

■ EXPERIMENTS
Devices Fabrication. TiO2 (layer thickness ∼60 nm) was

deposited on FTO glass (TEC7, Hartford) via spray pyrolysis
of titanium diisopropoxide bis(acetylacetonate) (TAA, 0.5 M)
precursor in ethanol solution. To achieve the device
optimization and to decrease efficiently the series resistance, a
thin TiO2 under layer (∼20 nm) was deposited from a dilute
TAA solution (0.05 M in ethanol), followed by a post
treatment of TiCl4 (70 °C, 30 min) and annealed at 500 °C for
20 min. The mesoporous TiO2 layers (thickness 1 μm) were
prepared on screen-printing of TiO2 paste (P25, Degussa) and
annealed at 500 °C for 30 min, followed by post treatment with
TiCl4 (0.01 M) for 10 min at 70 °C, and annealing at 500 °C
for 30 min to improve the interconnection of the TiO2
particles. The Sb2S3 sensitizer was synthesized on the surface
of mesoporous TiO2 film by means of a chemical-bath
deposition (CBD). SbCl3 (1.3 g, Alfa Aesar) was dissolved in
propanone (5 mL); Na2S2O3 solution (50 mL, 1M, Alfa Aesar)
and deionized water (145 mL) were kept at a temperature
below 4 °C in a refrigerator. The cold SbCl3, Na2S2O3
solutions, and deionized water were mixed to form a nearly
clear solution. Substrates were placed vertically in a CBD bath
for 3 h at 4−7 °C. The Sb2S3-coated TiO2 films were annealed
at ∼330 °C for 30 min under an inert atmosphere to form
stibnite nanocrystals. Spiro-OMeTAD (0.145M) as hole-
transporting material with various dopants or additives (e.g.,
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tBP, LiTFSI, and DPA) was spin-coated on TiO2/Sb2S3 films in
a glovebox at 2500 rpm for 60 s. Silver (150 nm) was deposited
on the HTM layer as a back-contact electrode under high-
vacuum condition (10−6 Torr).
Characterization. Absorption spectra (350−1800 nm)

were recorded (Jasco V-570 spectrophotometer) to observe
the signals of oxidized species of spiro-OMeTAD. A field-
emission scanning electron microscope (FESEM, SU8010,
Hitachi) and a high-resolution transmission electron micro-
scope (HRTEM, JEM-2100, JEOL) were used to investigate
the morphology and structure of the samples, respectively. The
J−V characteristics of devices were recorded with a digital
source meter (Keithley 2400) under one-sun illumination (AM
1.5G, 100 mW cm−2) with a solar simulator (XES-40S1, SAN-
E1) and was calibrated with a silicon diode and KG-5 filter. The
efficiency of spectra of conversion of incident photons to
current (IPCE) was recorded with a system comprising a Xe
lamp (A-1010, PTi, 150 W) and a monochromator (PTi). The
transient photoelectric measurements were performed accord-
ing to methods reported elsewhere.42 To measure charge
extraction, we used a white-light LED as a bias source to
illuminate the devices under an open-circuit steady condition;
the bias light was extinguished simultaneously with the system
being switched to the short-circuit condition. The current
transient under the latter condition was recorded and converted
to a total charge density (Ne/cm

−3); the photovoltage and
photocurrent transient-decay experiments were recorded on a
digital oscilloscope (MSO2014, Tektronix), with signals passing
a current preamplifier (SR570, SRS) at a short-circuit condition
and a voltage preamplifier (SR560, SRS) at an open-circuit
condition, respectively. The electrochemical impedance spectral
measurements for devices made of only HTM layers or
complete Sb2S3 ETA solar cells were recorded over a frequency
range of 100 mHz to 4 MHz with ac amplitude 10 mV under
one-sun illumination and open-circuit condition. The obtained
EIS data were fitted (Z-view software) based on the
corresponding equivalent circuit models.
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(32) Krüger, J.; Plass, R.; Cevey, L.; Piccirelli, M.; Graẗzel, M.; Bach,
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