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Figure S1. Characterization of the TiO,-NA grown on FTO glass sheet. (a) SEM, (b) XRD, (c) TEM and (d) HRTEM.
The HRTEM image in (d) was taken from the marked region on the TEM image in (c).

Notes to Figure S1: The nanorods have a length of ca. 600 nm and a diameter of 40-50 nm. The XRD
diffraction peaks of the TiO,-NA match well rutile TiO, (JCPDS #86-0147, a=b = 4.594 A and ¢ =
2.959 A). The HRTEM image of the TiO, nanorod (d) exhibits two-dimensional lattice structures, and
the lattice fringes with interplanar spacings of d = 0.292 nm and d = 0.325 nm are clearly imaged,
which match the spacing distances of (001) (d = 0.29586 nm) and (110) (d = 0.32484 nm) crystal
planes of rutile TiO,, respectively. The lattice fringes of (001) planes are perpendicular to the growth
direction, confirming that the TiO, nanorods in TiO,-NA grow along [001] direction.!
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Figure S2. XRD patterns of differently crystallized Sh,S3/TiO,-BHJs. (a) T, = 300 °C, (b) T, = 350 °C and (c) T, = 400 °C.
The XRD pattern for Sb,S; is based on the data of orthorhombic Sb,S; (stibnite) (JCPDS card 42-1393); the @ marks
identify the diffraction peaks for Sb,0; (Senarmontite, JCPDS card 72-1334).

Notes to Figure S2: The TiO,-NA diffraction peaks are not observed when Sh,S; is present, because it
is covered by a thicker Sh,S; layer. In the Sh,Ss/TiO,-BHJs with T, = 300 °C, we observed the
considerably intensive diffraction peaks for Sb,0O; (Senarmontite). However, increasing T, to 350 °C,
the diffraction peaks for Sh,0; gets significantly reduced. As T, is increased to 400 °C, almost not
Sh,0; is evident by XRD. Similarly, the presence of Sb,O; was also observed in the Sh,S; thermally
annealed at 330 °C for 30 min in Ar atmosphere.2 Some authors think that Sh,S; is oxidized into Sh,S;
as it is exposed to air.® Note that the crystallized Sh,S3/TiO,-BHJs samples were kept in N, atmosphere
before XRD measurements; we let the samples be exposed to air for about 24 h after the first XRD
measurements, the re-examination of the samples by XRD did not show any evident change in the
diffraction peak intensity of Sb,Os, indicating that the oxidation of Sb,S; takes place during the
annealing process.” Clearly, our XRD data show that increasing T, from 300 to 400 °C reduces greatly
the oxidation of Sh,Ss, but enhances significantly the Sb,S; crystallinity in Sb,S3/TiO,-BHJs.

SI-2



Abs®

a:E =2399eV
b: E = 1.670 eV
c: Ji".:_ 1.666 eV

15

0.0
14

16

1.7 20 22 24 26
Energy (eV)

Figure S3. Direct optical band gaps of the Sh,S; layers in Sb,Ss/TiO,-BHJs. (a) as-deposited, (b) T. =350 °C and (c) T, =
400 °C. The band gaps is approximated using the direct band gap method, by plotting the squared absorbance versus
energy and extrapolating to zero.

Notes to Figure S3: Since the difference between the band gaps for the samples with T, = 350 and 400
°C is quite small (<< 5%), the two samples have almost the same band-gap when considering the

experimental errors; we take the averaged band gap of 1.67 eV for both samples for simplicity.
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Figure S4. UPS spectra of the Sh,S; layers in the Sb,S3/TiO,-BHJs crystallized at 350 °C and 400 °C. (a) Comparison
between the UPS spectra of samples. (b, ¢) Determination of the valence band maximum energy (Evgwm) values.

Notes to Figure S4: UPS was used to determine the Fermi level (Ef) and the valence band maximum
(Evem) with respect to vacuum level of the Sb,S; layers subjected to different crystallization
temperatures (T.).>® The cut-off binding energy (Ecuworr) is determined by the intercept of the linear
portion of the spectrum (high binding energy edge) with baseline, the difference between E; and Eygy
is determined by the intersection of the linear portion of the spectra with the baseline in the low binding
energy region. Accordingly, the Eygyw Vvalues for the Sh,S; layers with T, = 350 and 400 °C were
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obtained to be —5.27 eV and —5.31 eV, respectively. The conduction band minimum (Ecgwm) values for
the samples are further calculated by adding the corresponding optical band-gap (Figure S3) to Eygw,
that is, Ecgm = —3.60 eV (for T, = 350 °C) and —3.65 eV (for T, = 400 °C). These results are comparable
to the values of Sh,S; reported in the literature.” The difference between the Eygw (0r Ecgm) energy
levels for T, = 350 and 400 °C is rather small (<< 5%) and may be due to the experimental errors, we
take the averaged Eygy 0f —5.29 eV and Ecgy of —3.63 eV for both samples for simplicity.
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Figure S5. Absorption spectrum of MEH-PPV films on quartz substrates. MEH-PPV film exhibits an absorption band in
400-600 nm due to —n* transition with the absorption maximum at 510 nm.
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Figure S6. IMPS spectra calculated from eq 3 in the main text with 7, = 102 s, 7, = 10°s, @ = 0.01 Hz— 50 kHz (a-b)
except for @ = 0.01 Hz — 10 MHz for the (®) dots in plot (a). Other calculation parameters are: (a) (O) G, = 4.95 and Gy,
=0;(A,D) G, =4.95, fi=1and G, =0; (V) G, =4.95, £, =0.5and G, = 0; (@) G, =4.95, £, =0and G, =0. (b) (A)
Ge = —Gp=4.95, and 4 = 1; (V) Ge = -Gy, = 4.95, 4 = 1/2; (O) G = 4.95x1.5, G, = —4.95/4, and /3 = 1/20. The solid
symbols identify the time constants i, values for electrons and holes; crossing points Py and P have the frequencies of
8 MHz and 1 Hz, respectively.

Notes to Figure S6: This figure shows the dependence of the calculated IMPS shape (Jon = Je + Jp) On
the parameters G, and £, where Je = G¢/(1 + iwp) and J, = Gp[1 — A/(1 + iwn,)]. For convenience, the
crossing points of IMPS response with the real axis at high and low frequency are referred to as Pyr and
P_r, respectively; we also use “Jh”, “Je” and “Jph” in subscripts to distinguish the kinds of the crossing
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points. Due to the serious trapping and fast recombination of holes in Sh,S3,%9 7, is set to be two orders
of magnitude lower than 7 for calculation.

(1) IMPS response for J. (Figure S6a): The simulated IMPS response for J. shows one
distorted semicircle in the fourth quadrant of complex plane due to the electron transport for no J,
contribution (i.e., G, = 0), where the value of crossing point P r. is G, i.€., the J under steady-state
condition.

(2) IMPS response for J,, (Figure S6a): The simulated IMPS response for J, shows one
distorted semicircle in the third quadrant of complex plane due to the trapped hole relaxation for no Je
contribution (i.e., Ge = 0); as the modulation frequency is rather high, the IMPS response for J, will
cross the real axis at Pyryn With a value of G, meaning a maximal J,, limit when the relaxation loss is
absent; moreover, the crossing point P gy, value is the J, under steady-state condition and strongly
correlates with the parameter £, and a smaller 4, for a certain Gy, makes the P ¢y, approaching Pyej, in
position.

(3) IMPS response for J,, (Figure S6b): When both J, and J. are present, two semicircles can
be obtained, in which the value of crossing point Pie.gn is Jpn (i.€., = Je+ Jy = Ge + Jy) that is the
steady-state photocurrent limit determining the efficiency in practical devices, while the Pye;p, may not
appear when the modulation frequency is not high enough. Given appropriate G, G, and /4, one can get
the IMPS response in a form of a single semicircle with the time constant dominated by the electron
transport in the 1V quadrant and the indiscernible semicircle for J, (or the time constant for hole
relaxation) in the 11l quadrant in agreement with experimental observations (Figure 7b in the main text),
in which the crossing point Pyejpn has the value of Gy. Therefore, the IMPS responses going from the IV
into Il quadrant of complex plane is reasonably a strong indication of the contribution to photocurrent
generation from the photogenerated holes in Sh,S; layer. Note, whether the semicircle for Ji, in IMPS
response is discernible depends significantly on 4, and the Gy, relative to Ge; in practice, the reduction in
[ for the hole trapping degree should also reduce the charge recombination and bring forth the increase
in both G, and Gy,
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Figure S7. IMPS spectra calculated by eq 3 in the main text with o = 102 s, 7, = 10°s, @ = 0.01 Hz — 50 kHz. Other
calculation parameters are: (V) G, = 4.95, G, = —4.95, 4 = 1/12; (O) G, = 4.95, G, = -4.95/2, and S, = 1/2; (A) G, = 4.95, G, =
—4.95/4 and S, = 1/4; (O) G, = 4.95x2.2, G, = —4.95x1.2, S = 1/10. Note, the magnified high frequency region is used to
identify that the frequency of the turning point for the process change from electron transport to hole relaxation is not
unchanged, but strongly depends on the G, G, and £, values.
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Figure S8. Sectional SEM image of Sb,Ss/TiO,-BHJs crystallized at 300 °C (a) and 450 °C (b).

Notes to Figure S8: The XRD data showed that the annealing at 300 °C results in a much lower Sb,S;
crystallinity in Sb,S3/TiO,-BHJs film with respect to samples crystallized at 350 and 400 °C (Figure
S2). SEM image revealed that Sb,S3/TiO,-BHJs with T, = 300 °C still exhibits a nanomorphology with
the enlarged nanoparticles inside the Sb,S; layer, which is similar to the morphology in the
as-deposited Sh,Ss/TiO,-BHJs film, but quite different from the formation of a crystallized and
continuous Sh,S; layer with large grains around TiO, nanorods for T, = 350-400 °C. However, SEM
results show that thermal annealing at 450 °C removes the major part of Sh,S; from TiO,-NA. The
removal of Sh,S; is very likely by the Sh,S; evaporation because we got the dark substance inside the
coverer over the sample. The disappearance of Sbh,S; from TiO,-NA during thermal annealing is
similar to migration of CdSe from TiO,-NA after over-annealing treatment reported in the literature.'
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Figure S9. The J-V curve (a) and measured IMPS spectrum (b) of the solar cells based on the Sh,S3/TiO,-BHJs

crystallized at 300 °C. The insets to (a) and (b) are the IPCE and IMVS spectra of the solar cell, respectively. The solid
symbol on IMPS and IMVS plots identify the fyi, point.

Notes to Figure S9: Annealing at T, = 300 °C results in the Sb,S; in Sb,Ss/TiO,-BHJs not well
crystallized (Figure S2) and still in nanostructured state (Figure S8). The solar cells based on the
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Sh,S4/TiO,-BHJs crystallized at 300 °C has a much lower Js; (or Jpn), much smaller Vo, much shorter
electron lifetime 7. (= 0.48 ms), and a much longer transit timezy (= 0.42 ms) (Figure S9b), as
compared to the solar cells with T, = 350 and 400 °C (Table 1 in the main text).

Interestingly, the IMPS spectrum of the solar cell based on the Sh,S;/TiO,-BHJs crystallized at
300 °C locates only in the forth (1) quadrant but not entering into |11 quadrant of complex plane. The
measured IIMPS shape of the solar cell with T, = 300 °C is significantly different from those with T, =
350 and 400 °C (Figure 7b in the main text) that appear dominantly in the IV quadrant of complex
plane and entering into the third (111) quadrant of complex plane in high frequency regimes. The
appearance of IMPS only in the IV quadrant (Figure S9b) indicates no photogenerated hole
contribution to photocurrent in devices with T, = 300 °C. Clearly, beside the difference in crystallinity
and morphology in the Sh,Ss/TiO,-BHJs crystallized at 300 °C, the photovoltaic mechanism in the
solar cell based on the Sh,Ss/TiO,-BHJs crystallized at 300 °C is also different from those in the
Sh,S4/TiO,-BHJs devices with T, = 350 and 400 °C.

The shape of IMPS response of the solar cell with T, = 300 °C is similar to those in the excitonic
HPSCs, in which almost no photogenerated hole contribution to photocurrent exists and the lag time of
charge generation behind excitation are not ignorable.***? As indicated from the shape of IMPS
response, we believe that the solar cell with T, = 300 °C still takes the excitonic mechanism, with the
excitons therein needing to diffuse to the Sh,Ss/TiO, interface for dissociation rather than dissociate in
the bulk Sb,S; layer, which is similar to the cases of HPSCs'**2 and PbSe/TiO, solar cells,"*** because
the binding energy of the excitons in amorphous Sb,S;***" and in nanosized Sb,S;* should be much
higher due to the structural disorders than in crystalline state.

Reasonably, the solar cell with T, = 300 °C involves the excitonic mechanism, with the exciton
diffusion in Sbh,S; layer toward Sh,S3/TiO, interface for dissociation and no evident hole contribution
to phototcurrent generation due to the very serious hole trapping by the defect states in nanostructured
Sh,S; layer; however, the exciton biding energy in the bulk crystalline Sh,S; is very low (< 10 meV),*
the solar cells with T, = 350 and 400 °C take a non-excitonic mechanism in which the excitons
dissociate in the bulk Sh,S; layer with a remarkable hole contribution to photocurrent generation
because of the formation of crystallized and continuous Sbh,S; layers.?
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