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Figure S1. Structural characterization for Bi,S; nanowires prepared by the hydrothermal reaction of Bi(NO;); and
2-mercaptoethanol. A) SEM image showing nanowires of Bi,S;. B) Powder diffraction pattern verifying the
orthorhombic unit cell with Pbnm space group symmetry of as-synthesized Bi,S; nanowires. Superimposed on the
pattern is the identification of bulk Bi,S;, per JCPDS Card No. 17-320.
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Figure S2. Transfer characteristics of a Bi,S; single-nanowire field-effect transistor. Inset: SEM image of the

channel region. The source and drain gold electrodes at the top and bottom of the image were defined by e-beam

lithography and lift off; the nanowire is 30-nm in diameter.



Table S1. Device performance of hybrid solar cells comprising P3HT and percolated Bi,S; networks with various

thicknesses of both constituents.

Device Bi,S; P3HT Jse Voe FF PCE
batch® network thickness (mA/cm?) V) (%)
thickness (nm)
(nm)
1 50 120 2.7+0.1 0.50+0.07 0.34£0.03 0.5+0.15
2 140 120 7.7+0.1 0.70 = 0.05 0.43£0.01 2.3+0.02
3 200 120 10.7+0.1 0.69 +0.01 0.45+0.01 3.3+£0.01
4 240 120 42+02 0.50+0.08 0.40 = 0.05 0.8+0.10
5 200 100 9.6+0.1 0.70 £ 0.01 0.40 £ 0.02 2.7+0.02
6 200 180 9.7£0.1 0.56 +0.03 0.33+0.04 1.8+0.03
7 200 200 57+0.1 0.62 +0.02 0.41+0.08 1.4+0.12

“device performance based on 24 devices tested in each batch; P3HT was spin-coated at 700 rpm for 60 s; devices

were thermally annealed at 150 °C for 10 min
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Figure S3. A) Absorption of Bi,S; nanowire networks. From these measurements we calculated an optical bandgap
of 1.2 eV for our Bi,S; nanowire networks. B) EQE and UV-Vis data comparison for the individual constituents
(Bi,S; and P3HT) and P3HT-Bi,S; active layers.
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Figure S4. UPS spectra of Bi,S; nanowire networks. A) secondary electron cutoff for work function determination.
B) Magnification of the UPS spectra close to the Fermi level for the determination of the HOMO onset.
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Figure S5. Energy diagram for Bi,S3-P3HT active layers based on the energy levels of the individual constituents.



Figure S1 shows the morphological and structural characterization of as-synthesized Bi,Ss
nanowires. From the SEM micrograph presented in Figure S1A, these nanowires are
dimensionally uniform with an average length of 25 + 5 um and an average diameter of 30 £ 5
nm. Figure S1B shows the corresponding XRD pattern of the Bi,S; nanowires, which provides
definitive identification of the crystal structure of the nanowires. All the experimental reflections
can be indexed to the Pbnm space group of Bi,S; (Joint Committee of Powder Diffraction
Standards (JCPDS) 17-0320).

The electrical transport measurements on a single nanowire allowed us to determine if our
Bi,S; nanowires are transporting holes or electrons. Figure S2 shows the Ips-Vg curve of a
single-nanowire Bi,S; field-effect transistor (FET) at room temperature under vacuum (107 torr).
The device was measured at a fixed source-drain bias voltage of 2 V. The gate voltage was
scanned from -10 V to +5 V. To compare the performance of this device with those reported in
the literature, we calculated the field-effect mobility (1) in the linear regime per equations

below:

L 1
H=Gm X o X (S1)
2TEpy
Ct = ln(%ﬁ") (S2)

where g, is the transconductance, Vps is the source-drain voltage, and L (520 nm) and W (30
nm) are the channel length and width of the Bi,S; nanowire, respectively. C; is the gate
capacitance per unit length, where &, is the dielectric constant of SiO, (3.9¢,), and t. the SiO,
thickness (300 nm). From the device characteristics in the linear regime, we calculated an

electron mobility of 1.3 cm*V's™.

The calculated mobility is on par with those reported in the
literature for single-nanowire Bi,S; devices.

Table S1 shows the average and standard deviation values of performance characteristics for
batches of hybrid devices comprising active layers having varying P3HT and Bi,S; thicknesses.
Subsequent device optimization and GIXD experiments were performed on the active layer that
resulted in the highest performing devices, i.e., those having an active layer of 200 nm-thick

Bi,S; nanowire networks and 120 nm-thick P3HT layer.



Figure S3 shows the EQE and UV-Vis spectra for P3HT-Bi,S; active layer as well as the neat
components. From Figure S3A, we estimated an optical bandgap of 1.2 eV for our Bi,S;
nanowire networks. From the UV-Vis data presented in Figure S3B, we observe that our Bi,S;
nanostructures absorb strongly in the IR region. As such, we had originally believed that our
Bi,S; nanowire networks should contribute substantially to photocurrent generation beyond the
visible region. While our EQE data does show some absorption beyond the absorption edge of
P3HT, photocurrent generation does not extend to the IR nearly as much as the absorption of
Bi,S; suggests. We do, however, observe contribution to the EQE in the 400-500 nm range
attributable to photoabsorption of Bi,Ss.

We also calculated the work function of our percolated Bi,S; networks from UPS
measurements. From Figure S4A, we determined the work function of our Bi,S; nanowire
networks by extrapolating the cut-off energy values from the UPS spectrum. This extrapolation
resulted in a work function value of 4.8 eV. The obtained work function value is comparable
with values obtained for the work function of Bi,S; quantum dots via kelvin probe force
microscopy measurements.’

From the same UPS data, we calculated a valence band onset of 0.6 eV (Figure S4B),
corresponding to a valence band level of 5.4 eV. Previously, Liao and coworkers reported the
valence band (VB) and conduction band (CB) levels for Bi,S; nanorods via cyclic voltammetry
measurements.’ By resolving the threshold point for the oxidation and reduction peaks obtained
in their measurements, they obtained VB and CB edges of 5.2 eV and 3.8 eV, respectively. As
such, the VB edge for our Bi,S; nanowire networks obtained via UPS measurements is 0.2 eV
higher than that reported by Liao and coworkers. This slight discrepancy might be related to the
technique used to determine the energy levels of Bi,S; nanostructures. It could also arise from
differences in the dimensions and geometry of the nanostructures (dots as opposed to wires).

We constructed an energy diagram based on the experimentally obtained energy levels for
Bi,S; and published values for P3HT,”” recognizing that this energy diagram does not account
for band bending, the presence of interfacial dipoles or vacuum level shifts associated with

interfacing Bi,S; with P3HT. This energy diagram is presented in Figure S5.
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