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An Antimony Selenide Molecular Ink for Flexible Broadband
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As digital imaging devices gain in popularity, the quest for new
infrared-sensitive materials that do not depend on epitaxial
thin-film deposition techniques has intensified. The ability to
deposit semiconducting films from solution has shown great
potential for various electronic and optoelectronic applications
and emerged as an attractive low-cost approach to fabricating
high-quality semiconducting thin films.'”7) One can simply
employ “soft” nonvacuum processes such as spin-coating,!®5-11]
ink-jet printing,*'? and similar techniques to enable high-
throughput device fabrication and realize new technologies
particularly in the area of flexible optoelectronics.!'11314]
Research on solution-processed semiconductors has focused
on both organic and inorganic systems.["*’] However, mole-
cular organic systems have several disadvantages including
poor environmental, mechanical, and thermal stability as well
as poor electronic transport as compared to their inorganic
counterparts. On the other hand, inorganic semiconductors
can take advantage of covalently bonded frameworks to achieve
desirable electronic transport properties and band gaps.['>~7]
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There have been tremendous efforts to deposit inorganic films
with excellent properties using chemical bath deposition,'8-21]
spray pyrolysis,?223 and other solution-based methods.

Among various inorganic semiconductors, metal chalcoge-
nides, particularly, group V-VI compounds have been widely
studied for their optoelectrical®*?°! and thermoelectric proper-
ties?®27] and successfully utilized in thin film transistors, >
solar cells,"?*28] thermoelectric devices,?>3% photodetectors
(PDs),B'33 and phase change memory* applications. These
films have typically been prepared via sophisticated deposition
techniques such as catalyst-assisted chemical vapor deposi-
tion,[®] sputtering,*®l thermal evaporation,**3”] and molecular
beam epitaxyP®®l that require energy-intensive, high vacuum
deposition conditions not amenable to high-throughput mass
production.

Although most metal chalcogenides are very difficult
to dissolve in common solvents, recent developments in
solution-based chemistry of chalcogenides have overcome
this limitation, and homogeneous, high-quality semicon-
ductor films derived from true molecular inks have been
grown successfully.*l Typically, an ink is made by dissolving
stoichiometric amounts of elemental chalcogens with metal
in hydrazine solutions.**" Unfortunately, hydrazine is highly
toxic and explosive, which limits the practicality of production.
Some less hazardous and volatile solvents, such as mixtures of
amine and thiols, have been used for solution deposition, but
their application has been limited to bulk metal chalcogenide
thin film growth from their respective compounds.3%#1:42]

Antimony selenide (Sb,Se;) has emerged from the group
V-VI chalcogenides as an excellent candidate for optoelec-
tronics due to its direct band gap of about 1.1 eVl in the NIR
regime and p-type semiconductor behavior. 1D Sb,Se; nano-
structures are of particular interest due to their high surface-
to-volume ratio and tunable properties that can be used to
enhance the performance of optoelectronic devices. Such
NWs have been synthesized in the past using solution-based
growth methods,32** but Sb,Se;—based devices, (e.g., PDs)
have been fabricated mostly on rigid substrates.’?) The com-
plicated growth methods based on toxic solvents and limited
performance to date have hindered Sb,Se; from competing
with traditional crystalline PD technologies.

Here, we report on a method for template-free, facile, one-
step solution-based and in-situ growth of Sb,Se; nanowires
(NWs) on flexible polyimide substrates for fast response and
high-performance flexible PDs. Our one-pot synthesis method
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is based on a molecular ink prepared by directly mixing ele-
mental antimony and selenium into a solution of ethylenedi-
amine (EDA) and 2-mercaptoethanol (ME).*? This is the first
time, to our knowledge, that this facile synthesis method has
been used to fabricate Sb,Se; PDs. Chemical, structural and
optical properties of the NWs obtained from this technique
are characterized. Sb,Se; PDs fabricated on flexible substrates
exhibit excellent figures of merit, such as a broadband photo-
response spanning from the ultraviolet (UV) to near-infrared
(NIR) range, fast temporal response, and superior mechanical
stability. Previous studies on Sb,Se;-based flexible PDs have
primarily focused on using polyethylene terephthalate (PET).[*4
However, in this study, we substitute PET for polyimide, a
film with a higher glass transition temperature (350 vs 78 °C),
superior maximum operating temperature (350 vs 160 °C), and
chemical exposure while maintaining excellent performance.
Additionally, we demonstrate that the spectral response of our
detectors should be tunable by adjusting the nanowire size.
Our results indicate that molecular-ink-based flexible, scalable,
and tunable systems have the potential to replace conventional
broadband and NIR optoelectronic technology.

Our deposition method for Sb,Se; films is depicted in
Figure 1 and involves the following steps: (i) dissolving ele-
mental Sb with excess Se at a molar ratio of 1:3 in EDA and
ME to produce the precursor solutions under magnetic stirring
for several days in a nitrogen glove box; (ii) spin-casting the
resulting dark orange molecular ink onto polyimide substrates,
and (iii) annealing the as-deposited films. The details can be
found in the Experimental Section.

We wused field-emission scanning electron microscopy
(FESEM) to image the Sb,Se; nanostructures on flexible poly-
imides after thermal processing at 350 °C in the presence of
excess Se, as shown in Figure 2a. The FESEM image shows the
formation of randomly oriented NWs having a small range of
lengths and diameters. The processing temperature and sele-
nium concentration are key fabrication parameters as they
dictate the aspect ratio of the nanostructures (Figure S1, Sup-
porting Information), which, in turn, affects the device optical
properties. Formation of NWs from the as-deposited films
takes place at around 200 °C in the presence of excess sele-
nium; however, when the concentration of Se is lowered (to
near the stoichiometric concentration), the films grow instead
with a nanograin-like morphology. Compositional mapping by
energy-dispersive X-ray spectroscopy (EDXS) shows the dis-
tribution of Sb and Se elements in the film (Figure S2, Sup-
porting Information), and one can clearly see the individual
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nanostructures in the elemental maps. The EDXS spectrum
(Figure S2, Supporting Information) exhibits strong Sb and Se
peaks, and there is no discernable sulfur present in the film.

Transmission electron microscopy (TEM) measurements
revealed rod-like morphology of 0.1-1.2 pm long Sb,Se; NWs
with diameters ranging from 100 to 300 nm (Figure 2D).
The corresponding selected-area diffraction (SAED) pattern
(Figure 2b, inset) and phase-contrast high-resolution TEM
(HRTEM) images (Figure 2c) indicate that the Sb,Se; nano-
structures are single orthorhombic crystals growing along
the <001> direction of the Pbnm space group. The SAED pat-
tern of an individual NW indexed as the [430] zone shows
a 002 point reflection with 0.20 nm lattice spacing (doy, =
0.19810 nm) and a 340 point reflection with 0.23 nm lattice
spacing (ds4 = 0.23431 nm). More detailed analysis of SAED
patterns revealed additional splitting of {341} reflections due to
twinning of NWs along the growth direction likely caused by
close-packed growth conditions. The latter was supported by
examination of corresponding TEM micrographs. The HRTEM
image in Figure 2c (left) reveals several families of inter-
planar lattice fringes, including large 0.58 nm (020) spacing
(doa0 = 0.5885 nm) parallel to the growth direction, and the inset
shows a Fast Fourier Transform (FFT) pattern implying [100]
orientation for the Sb,Se; NW sample area indicated by the red
box. The enlarged HRTEM fragment (Figure 2c, right) shows
orthogonal 0.19 nm (022) and (0-22) lattice fringes observed in
the vicinity of a partially amorphized NW surface.

For more accurate evaluation of the nanoscale elemental
composition and the spatial uniformities of the Sb and Se
elemental distributions, EDXS-FESEM compositional analyses
were corroborated with high spatial resolution EDXS and elec-
tron energy-loss spectroscopy (EELS). Analyses of randomly
selected NWs from the same sample were performed using a
0.2 nm diameter electron probe in scanning transmission elec-
tron microscopy (STEM) mode at 300 kV accelerating voltage
(Figures S3 and S4, Supporting Information). Elemental map-
ping results revealed that Sb and Se were uniformly distributed
throughout the analyzed NWs (Figure 2d), and elemental line
profiles confirmed the same (Figure S3, Supporting Informa-
tion). X-ray spectra acquired during line profiling have been fur-
ther quantified using a Cliff-Lorimer thin film ratio technique
with calculated k-factors for the Sb Ko and the Se Ko peaks,
and absorption (mass-thickness) correction as described else-
where.[* Similarly, EELS spectra (Figure S4, Supporting Infor-
mation) taken in randomly selected spots on the same sample
have been quantified using a thin film ratio technique with

0

s

\J

Spin-coat Sh,Se; film

Figure 1. Fabrication scheme for Sb,Se; nanostructure formation on flexible substrates utilizing a molecular ink. The process begins with dissolution
of elemental Sb and Se in ethylenediamine (EDA) and 2-mercaptoethanol (ME) to produce a molecular ink that is spin-cast onto a flexible substrate

and annealed to form a flexible nanowire-based film.
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Figure 2. Analytical electron microscopy and XRD analysis of Sb,Se; NWs: a) High magnification
FESEM image. The scale bar corresponds to 1 pm. b) Bright-field (BF) TEM of Sb,Se; NWs with
an SAED pattern in the [430] orientation (inset). c) HRTEM of a single crystalline orthorhombic
NW growing along the <001> direction with the corresponding FFT pattern in the [100] orienta-
tion (upper left inset). The right inset shows an enlargement of the area marked by the red box on
the left showing the (022) and (0-22) lattice fringes. d) HAADF-STEM image of an Sb,Se; NW and
corresponding Sb Lot and Se Lot X-ray maps (right insets). e) GIXRD pattern of the Sb,Se; NW
film, the calculated lattice constants (top) and stick pattern JCPDS card, No. 72-1184 (bottom).
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200 eV energy windows for both Sb M, s- and
Se L,3-edges and corresponding calculated
Hartree-Slater ionization cross-sections.*]
Quantification results demonstrate that the
Sb/Se atomic ratio in the NWs is close to stoi-
chiometric with excellent agreement between
the employed analytical techniques (Table 1).

We further confirmed the crystal structure
of the Sb,Se; NW films using grazing inci-
dence X-Ray diffraction (GIXRD), as shown in
Figure 2e. All of the diffraction peaks can be
indexed to the orthorhombic phase of Sb,Se;
(JCPDS Card No. 72-1184) with a space
group of Pbnm (62). All of the major planes
were indexed, and no secondary phases were
detected. Using retrieval analysis, the lattice
constants are calculated as: a = (1.160584 *
0.0004) nm, b = (1.176583 % 0.0005) nm, and
¢ = (0.396286 + 0.0002) nm, very close to the
ideal bulk values for Sb,Se; (@ = 1.162 nm,
b=1.177 nm, ¢ = 0.3962 nm), and consistent
with previously reported data.l2>47:48]

X-ray photoelectron spectroscopy (XPS)
measurements were further carried out to
characterize the chemical state of Sb,Se; as
well as the presence of Sb,0;. Figure S9 (Sup-
porting Information) shows a high-resolution
XPS spectrum for the Sb 3d core level. The
binding energies located at (529.2 + 0.3) eV
and (538.6 £ 0.3) eV correspond to Sbs,; and
Sbsj, and are consistent with Sb 3d core
levels for Sb,Se;.*¥! In addition, binding
energies located at (530.5 = 0.3) eV and
(539.9 + 0.3) eV correspond to the core levels
of Sbs, and Sby, for Sb,03.1*% The storage of
the films in air before the XPS measurement
provides an explanation for the presence of
oxide in the film.

In order to determine the transition type
and the optical band gap, a transmission
spectrum of the Sb,Se; NW thin films was
recorded using UV-vis absorption spectros-
copy. The band gap was estimated by extrapo-
lating the linear region of the Tauc plots of
(chv)? versus hv to hv = 0 (Figure 3a), where
o is the absorption coefficient and hv is the
photon energy. A direct transition type with a
value of =1.12 eV was confirmed, quite close
to previously reported values,”! as well as
those measured by ellipsometry (Figure S5,
Supporting Information).

We also computed the electronic band
structure of bulk Sb,Se; using density func-
tional theory and found good agreement
with the measured band gap of the depos-
ited NWs. The calculated minimum gap of
0.90 eV for Sb,Se; was found to be indirect,
and the direct gap was 1.05 eV, a difference
of 0.15 eV from the indirect gap, making
the direct and indirect transitions almost
(3 of 9) 1600182
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Table 1. Quantitative EDXS and EELS analyses of Sb,Se; NWs.

Technique Accelerating

voltage [kV]

Sb/Se atomic ratio, £2G at the
95% confidence limit

EDXS-STEM Cliff-Lorimer 300
thin film ratio method

0.65 +0.09

with calculated k-factors
for the Sb Kor and the Se
Ko peaks and absorp-
tion (mass-thickness)
correction

EELS thin film ratio 300
method with 200 eV

integration windows for

the Sb M, 5- and the Se

L, ;-edges

0.65 +0.04

degenerate, as previously reported®? (Figure 3b). Further-
more, the band structure of Sb,Se; exhibits several transitions
between the valence band and the conduction band with compa-
rable energy to the fundamental indirect-gap energy, suggesting
that Sb,Se; can be considered a direct gap semiconductor for
all practical applications. The states at the valence band edge
are predominantly associated with Se p-orbitals and those at
the conduction band edge are dominated by the Sb p-orbitals.
The density of states (DOS) for bulk Sb,Se; shown in Figure 3¢
agrees well with earlier work.?*l The close agreement in the
band gap of bulk Sb,Se; and solution-deposited Sb,Se; NWs
indicates surface and quantum confinement effects play little

(a)

(ahv)?2 (au)

] ~1.12 eV

Photon Energy (eV)

06 08 10 12 14

leriels
Met oS
www.MaterialsViews.com

role in the electronic structure of the NWs. In addition, Raman
spectroscopy performed on Sb,Se; NWs revealed two Raman
peaks centered at (190 £ 0.3) and (253 % 0.3) cm™! which repre-
sent the hetero-polar Sb—Se and nonpolar Sb—Sb vibrations!?’!
(Figure 3d). The additional minor peaks located at =160 and
=212 cm™! can potentially be attributed to the oxidation of the
film or Sb,05.°] Raman mapping also shows the uniformity of
those peaks (Figure S6, Supporting Information).

After establishing the crystal structure and optical properties
of the molecular-ink-based Sb,Se; NWs, we fabricated flexible
photoconductive PDs by depositing interdigitated Au/Ti/Au
electrodes via electron beam evaporation on the NW-polyimide
substrates (inset of Figure 4a). Figure 4a shows a current—
voltage (I-V) characteristic curve for an Sb,Se; NW PD meas-
ured in the dark and under 870 nm illumination. At an applied
bias ranging from —30 to 30 V with a very low illumination
intensity of =6.4 pW, the change in slope of the -V curve indi-
cates a strong photoresponse, and the linear -V curve evinces
the Ohmic nature of the contact between the metal electrodes
and NWs.

The temporal response of the PD under pulsed 365 nm illu-
mination (30 mW cm™2, 20 and 90 s pulse widths) and 10 V
bias is presented in Figure 4b. Both shorter (20 s pulse width)
and longer (90 s pulse width) periods of modulation were per-
formed to demonstrate the photocurrent stability. The PD pho-
tocurrent is reproducible and stable with two distinct states: a
“low” current state in the dark and a “high” current state under
illumination with an on/off ratio of =22. The characteristic rise
time (t,) for the photocurrent to increase from 10% to 90% of

Se

(b)

(c)

DOS

-4 =2 0
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100 150 200 250 300

Raman shift (cm™)

Figure 3. Optical properties of Sb,Se;: a) Tauc plot used to estimate the band gap (=1.12 eV) from a linear interpolation. b) Electronic band structure
of bulk Sb,Se; computed using DFT simulations. Sb,Se; has an indirect band gap, AEpd™, of 0.90 eV and a direct band gap, AERI=, of 1.05 eV. The
valence band maxima and conduction band minima are marked with red and blue circles, respectively. The symbol sizes and colors denote the weights
of the Sb or Se contributions to the bands. The valence band maximum is set to zero energy. c) The calculated DOS versus E — Egm; in eV. d) Raman

spectrum showing the heteropolar Sb—Se and nonpolar Sb—Sb vibrations.
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Figure 4. Photoconductive device properties: a) I-V curves measured in the dark and under 870 nm illumination with a light intensity of 6.4 pW.
The inset shows a schematic of the fabricated PD with interdigitated electrodes. b) Temporal photocurrent response under 365 nm pulsed light
(=30 mW cm™?) with periods of 20 and 90 s (to demonstrate stability) at an applied bias of 10 V. c) Zoomed-in temporal photocurrent response
illustrating the rise (24 £ 2 ms) and decay (9 + 2 ms) times measured in one period of modulation.

its maximum value is (24 £ 2) ms, and the decay time (t,) for
the photocurrent to decrease from 90% to 10% of the peak
value is (9 + 2) ms (as illustrated in Figure 4c). This temporal
response is significantly faster than in previous Sb,Se;-based
PD demonstrations with both response and recovery times that
are two orders of magnitude smaller than previously reported
values (24 and 9 ms vs 0.18 and 0.20 s).[3244

Device photoresponse is generally governed by complex
processes such as carrier generation, trapping, and recombina-
tion. Due to the nanostructured nature of the PD active layer,
abundant grain boundaries (or junction barriers) are expected
to be present in the NW film. This type of defect is generally
associated with the formation of deep traps leading to slow tem-
poral response. Instead, the NW film measured here exhibits
fast decay and recovery times. This can potentially be attributed
to the high-quality crystalline nature of the materials, which
leads to efficient optical absorption and photocarrier generation
under illumination. The increased carrier density reduces the
junction barrier height between the adjacent NWs, and such
light-induced barrier height modulation could lead to the fast
response time. Additionally, the large surface-to-volume ratio of
the NWs is likely associated with a high density of surface-asso-
ciated dangling bonds/defects. Thus, when the light is turned
off, the carriers can recombine quickly, resulting in short decay
times.

We also obtained the spectral response of the PD by scaling
the measured photocurrent to that of a calibrated Si PD. Given

Adv. Electron. Mater. 2016, 1600182
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nominally identical illumination conditions under applied
bias, this measurement can be used to extract the external
quantum efficiency (EQE) of the device. Figure 5a (top) is a
contour plot of the device EQE, which increases monotonically
with the applied bias. It can be seen that the applied bias influ-
ences the on/off ratio of the PDs, which is related to the bias
dependence of the exciton dissociation and the background
current. The EQE at 30 V reaches a maximum of =35% in the
NIR (at 1.43 eV) and =51% in the UV (at 4.13 eV); however, it
remains lower in the visible regime.

In order to investigate the source of the partial visible
transparency present in the EQE spectra, we ran a series of
finite-difference time-domain (FDTD) optical simulations of
single nanowires and nanowire arrays. The nanowires in the
arrays were randomly oriented and modeled as cylinders with
a uniform distribution of 250 nm in diameter and 900 nm in
length (Figure S7c, Supporting Information), based on the
SEM measurements of the as-grown samples. Their refractive
indices were determined from ellipsometry measurements, and
absorption and reflection spectra (Figure S7a,b,d, Supporting
Information) as well as spatial electric field data were obtained
for nanowire arrays, planar Sb,Se; control films of comparable
total thickness, and single nanowires.

The FDTD single NW absorption results qualitatively repro-
duce the observed dip in the visible region of the EQE spectra
(Figure S7d, Supporting Information), while the planar device
absorption has less of a spectral discrepancy across the same
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Figure 5. Figures of merit of the PDs: a) EQE data as a function of applied bias: as-made device (before bending: top) and after 40 bending cycles
(after bending: bottom) over a radius of curvature of 1T cm. b) Representative spectral responsivity of the same device at an applied bias of 30 V. The
mechanical robustness of the device is evident even after 40 bending cycles. Calculated FDTD normalized electric field intensity for an average-sized
single Sb,Se; nanowire at the plane normal to the incident illumination (s-polarized source) at ¢) A =1100 nm and d) A = 650 nm. The presence of
a waveguide mode in (c) versus the absence of a confined mode within the NW in (d) demonstrates a possible explanation for the enhanced NIR

performance seen in (a) and (b).

range (Figure S7a, Supporting Information). The single
nanowire results give a potential explanation for this phenom-
enon: in the visible region, the most common size of nanowire
does not support a waveguide mode; however, in the NIR, the
nanowire supports a strong mode, leading to enhanced in-cou-
pling and waveguiding in the nanowire array. Nanowire spatial
electric field profiles are plotted in Figure 5c,d for 1100 and
650 nm illuminations, respectively. The absorption spectra in
Figure S7a (Supporting Information) also display resonance
peaks in the NIR regime similar to peaks observed in the device
EQE and spectral responsivity (Figure 5a,b respectively). Addi-
tionally, Figure S7e (Supporting Information) shows the reflec-
tion spectrum of the fabricated Sb,Se; nanowire film without
electrodes. The small pitch of the interdigitated electrodes
(IDEs; 100 pm) leads to a shadowing effect that results in the
loss of a fraction of the incoming light (=35%). This shadowing
could be reduced in future systems by replacing the opaque
electrodes with thinner metals or transparent conductive oxides
and optimizing their fill fraction.

These results imply that the spectral responsivity of the PDs
could be tuned by changing the size of the nanowires in the
array. The nanowire size is controlled by relative precursor
concentration during growth and post-annealing conditions.
This tuning knob could be used to enable enhanced broadband
performance of the molecular-ink based PDs. Additionally,

wileyonlinelibrary.com
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controlling the nanowire size would allow for the realization of
spectrally selective detection by enhancing or suppressing per-
formance in specific spectral bands.

Mechanical stability is critical for practical applications of
flexible optoelectronics. We measured the device photocurrent
after 40 bending cycles over a radius of curvature of =10 mm.
As shown in Figure 5a (bottom), there is no significant change
in the EQE after many bending cycles, demonstrating the
robustness of these PDs.

The responsivity (R;), another critical measure of PD perfor-
mance, has also been calculated using Equation (1)

Ili ht
R, = 1
“=h (1)

where Iy, is the device photocurrent under UV illumination,
and P, is the light intensity. The calculated responsivities of the
devices at 30 V bias are shown in Figure 5b before and after
bending. The maximum responsivity reaches =0.27 A W' at
880 nm and experiences only a slight decrease to =0.25 A W
after 40 bending cycles, comparable with other broadband PD
technologies.

The figures of merit for these molecular-ink-based PDs
could be further improved by optimizing the processing condi-
tions and tuning the gap between the two IDEs to optimize the

Adv. Electron. Mater. 2016, 1600182
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metallized area. Optically, tuning the nanowire size could target
waveguiding and enhanced performance in the visible regime.
One could also employ alternative light trapping and optical
enhancement schemes such as integration of nanoscale plas-
monic structures to improve in-coupling and benefit from local
field enhancements.’2 Exploring these approaches is beyond
the scope of this paper.

A facile, scalable, template-free route was developed to grow
Sb,Se; nanostructures directly on flexible substrates. Our
molecular ink was prepared from elemental antimony and
selenium dissolved in amine/thiol solvents and deposited at
room temperature, employing a chemical method that should
be extendable to other technologies. Compositional analysis
and structural characterization of the resulting nanowires
depict chemically pure, high-quality single-crystalline nano-
structures with near stoichiometric composition. The fabri-
cated PDs exhibit fast response and excellent figures of merit.
Manipulating the nanowire size is an additional tuning knob
that could be used to enhance the broadband performance and
build spectrally selective optoelectronics. The negligible change
in photoresponse after multiple bending cycles is evidence of
excellent mechanical stability which makes the molecular inks
a promising platform for low-cost, flexible and portable broad-
band photon detection, photoelectronic switches, and other
optoelectronic devices.

Experimental Section

Growth of Sb,Se; Nanostructures: In a typical synthesis, 2.5 mmol
(304 mg) antimony (Alfa Aesar, 99.5+%) and 7.5 mmol (590 mg)
selenium (Alfa Aesar, 99.999+%) were weighed in a 20 mL vial and
transferred to a nitrogen-filled globe box (MBraun, <0.1 ppm O, and
<0.1 ppm H,0). Then, 5.0 mL EDA (Alfa Aesar, 99+%) and 1.5 mL of
ME (Alfa Aesar, 98+%) were added to the vial. The solution was stirred
for several days until complete dissolution of the constituent elements
occurred, resulting in a dark orange color. To obtain nanograin-like
morphology rather than nanowires (Figure S1a, Supporting information),
the selenium concentration was reduced to 4 mmol (316 mg), resulting
in a final solution of light orange color (not shown).

Thin Film Fabrication and Metallization: The obtained Sb,Se; ink was
spin-cast onto a polyimide film (Dupont, Kapton HN) at 1500 rpm
for 40 s in a nitrogen glove box, and the deposited thin films were
annealed at 350 °C for 5 min inside the glove box. We speculate that
the ink as-synthesized is a polymeric complex in an organometallic
compound solution, which converts to Sb,Se; after thermal annealing.
The antimony can bond with thiols (—SH) and amines (—NH,), forming
long chain when added to the solvents. Selenium can also form S—Se
bonds or Se—Se rings in the solution. The polymeric chains possibly
break at random locations when this complex polymeric film is annealed
at high temperature, and this results in nanowire formation. Additionally,
we speculate that the functional chains of the polyimide substrate may
also play a critical role for wire formation. Subsequently, the substrates
were taken out of the glove box and stored in air. IDEs with metal
contacts of Au/Ti/Au (20/90/20 nm) were evaporated at a rate of about
(0.5-1) A s7" through a shadow mask using electron-beam evaporation.
Both the width and the spacing between the adjacent electrodes (pitch)
were fixed at 100 pm. The device area was about 16 mm?, and four
devices were patterned on each 15 x 15 mm? polyimide substrate.

Characterization: The microstructure and composition of the
materials were examined using a JEOL JSM-7100 FLV variable vacuum
FESEM equipped with an Oxford Instruments 80 mm? X-Max silicon-
drift energy dispersive X-ray detector (EDXS SDD) and AZtec integrated
microanalysis system. Scanning and transmission electron microcopy

Adv. Electron. Mater. 2016, 1600182

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

MATERIALS

www.advelectronicmat.de

(S/TEM) imaging in various modes, SAED, EEL, and EDXS spectroscopic
analyses of the Sb,Se; nanostructures were performed in a Schottky
field-emission FEI Titan 80-300 analytical S/TEM with a point-to-point
resolution of 0.19 nm and information limit below 0.1 nm equipped with
S-TWIN objective lenses and operating at 300 kV accelerating voltage.
For high spatial resolution nanoanalysis in the STEM mode using a
0.2 nm diameter probe, the instrument was equipped with a Fischione
3000 model high-angle annular dark-field (HAADF) detector, FEI BF-
and ADF-STEM detectors, a Gatan Enfina electron spectrometer, and a
30 mm? EDAX Si/Li EDX detector with a 0.13 srad acceptance angle.
To ensure optimal counting rates, the specimens were tilted at an angle
of 15° toward the EDX detector. Crystallinity of the deposited films was
characterized using a Rigaku SmartLab XRD system. JCPDS Card No.
72-1184 was used as it matched closely with our Sb,Se; XRD data
having an orthorhombic phase with a space group of Py, as compared
to other JCPDS cards. An integrated HORIBA Jobin Yvon LabRAM
800HR bench-top system was used for Raman spectroscopy using a
532 nm laser (Laser Quantum DPSS) with a spot size of =1 pym.

XPS was used to validate the chemical composition of the NW film,
and the spectra were collected in a Kratos Axis Ultra DLD spectrometer
with an Al Ka monochromatic X-ray source and an analyzer with 0.1 eV
energy steps and 20 eV pass energy for high-resolution scans. The XPS
spectra were energy calibrated to the adventitious C 1s binding energy at
(284.5 £0.3) eV,

UV-vis—NIR absorption spectroscopy (Lambda 950 Perkin Elmer)
was used to determine optical band gaps, extracted by employing
Tauc plots. Vacuum ultraviolet variable angle ellipsometry (VUV-VASE)
measurements were also performed to determine the dielectric functions
of the films from which the band gaps were extracted.

PD devices were characterized by current-voltage (I-V) and EQE
measurements using a spectrally filtered light source, and the system
was calibrated using an NIST-calibrated silicon photodiode. A total
uncertainty of = 5% (fractional) is associated with the measured EQE
under AM1.5 illumination. For transient response measurements, PD
devices were illuminated using a Panasonic Aicure UJ30 system equipped
with a 365 nm UV light emitting diode, and currents were monitored
with and without UV light using an Agilent B1500A semiconductor
device parameter analyzer.

Simulation: Density functional theory (DFT) simulations used the
projector augmented wave method as implemented in the plane-wave
code VASP.53-57] For the structural relaxations, the optB88-vdW functional
was employed, which includes van der Waals interactions.[8% Employing
a cutoff energy of 400 eV and a k-point mesh density of 80 per A™,
the structure of the Sb,Se; was optimized until forces and in-plane
stresses were below 0.005 eV A~' and 0.001 GPa, respectively. The lattice
constants of Sb,Se; were found to be a = 1.2055 nm, b = 1.1607 nm,
and ¢ = 0.4042 nm, within 2% of the experimentally measured lattice
parameters from GIXRD. A high k-point mesh density of 120 A™' was
used for the standard DFT electronic structure determination under the
generalized gradient approximation. Using a k-point mesh density of
20 A", the more expensive functional HSE06/5*%'] resulted in a 0.15 eV
difference between the indirect and direct gaps. While the electronic
structure of Sb,Se; has been previously reported, the weak van der Waals
interactions are not accounted for in the existing literature.[2430.62-66]
There is a large variation in the theoretically predicted band gaps, ranging
from 0.75-1.14 eV (indirect gap) and 0.78-1.27 eV (direct gap),l>%63-5¢l
and the existing DFT-based and GW-based simulations report only a
small fraction of the paths along the high-symmetry k-points.%:626465]

FDTD calculations were performed using commercial software
(Lumerical, Inc.). A broadband plane wave source spanning a wavelength
range of 300-2000 nm was used as the excitation source. The nanowires
were modeled as cylinders with a uniform distribution of 250 nm in
diameter and 900 nm in length on a polyimide substrate. The nanowire
array was composed of randomly oriented cylinders in all three axes with
an angular distribution from 0° to 180°. Refractive index data (n and k)
for Sb,Se; were obtained from ellipsometry measurements. Monitors
were placed behind the incident source, in front of, and beyond the
structure to obtain absorption, reflection, and spatial electrical field data.
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Supporting Information is available from the Wiley Online Library or
from the author.
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