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Q
uasi-one-dimensional (quasi-1D)
ribbon-like structures (nanoribbons)
were found to have unusual elec-

tronic and thermal transport properties com-
pared to one-dimensional nanowire and
nanotube materials.1�4 These fascinating
materials exhibit novel physical properties
owing to their unique geometries, with high
aspect ratios and ultrathin thicknesses. They
are the potential building blocks for a wide
range of nanoscale electronics, optoelectro-
nics, and sensing devices.5�7 Among these,
photodetectors are critical for applications
as binary switches in imaging techniques
and light-wave communications, as well as
in future memory storage and optoelectro-
nic circuits.8�10

Great efforts have been devoted to syn-
thesize and characterize quasi-1D nano-
ribbons with various elemental composi-
tions.2,4,6,7,11�13 Parallel to the success with
group IV (such as graphene1,14) and groups
III�V (such as BN3,4) compounds, earth-
abundant main-group IV�VI (IV = Ge, Sn,
Pb; VI = S, Se, Te) semiconducting materials
have also attracted significant attention,
due to their narrow band gap and rich
optical, electronic, and optoelectronic
properties.15,16 Among these, tin(II) sulfide
(SnS) is a low-cost, earth-abundant (260 ppm
sulfur, 2.2 ppm tin in the earth's crust,
compared to 0.05 ppm selenium, 0.049 ppm
indium, and 0.005 ppm tellurium), nontoxic,
and heavy-metal-free (i.e., free from Cd, Pb,
and Hg) semiconductor material with nar-
row band gaps of 1.1 eV (indirect) and 1.3 eV
(direct).17�22 Avoiding the use of rare me-
tals, such as indium, selenium, and tellur-
ium, reduces the burden of demand in the
future. Theoretical calculations indicate that
SnS possesses all of the qualities required

for efficient absorption of solar energy and
is suitable for incorporation into clean en-

ergy conversion cells.16,22�26 It also has

other useful properties, such as photocon-

ducting, photocatalytic, and Peltier effects,

which make it a promising material for

diverse applications in thermoelectric cool-

ing, thermoelectric power generation, and

near-infrared photoelectronics.15,16,27�29

SnS nanocrystals and microcrystals with
either orthorhombic17,18,30�32 or zinc blende

(ZB)30,33 phases have already been reported.

Crystalline SnS wires of mixed micro- and
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ABSTRACT We report the solution-phase synthesis and

surface processing of ∼2�5 μm long single-crystalline IV�VI

tin(II) sulfide (SnS) ultrathin nanoribbons, with thicknesses

down to 10 nm, and their use in single nanoribbon based

photodetectors. The SnS nanoribbons grow via a metastable-to-

stable phase transition from zinc blende (ZB) nanospheres to

orthorhombic nanoribbons; dual-phase intermediate heterostructures with zinc blende

nanosphere heads and orthorhombic nanoribbon tails were observed. Exchange of long,

insulating organic oleylamine ligands by short, inorganic HS� ligands converts the organic SnS

nanoribbons into completely inorganic, hydrophilic structures. Field-effect transistor (FET)

devices were made from single SnS nanoribbons, both before and after ligand exchange, which

exhibit p-type semiconductor behavior. The SnS single nanoribbon based photodetector

devices showed highly sensitive and rapid photocurrent responses to illumination by blue,

green, and red light. The switching behavior of photocurrent generation and annihilation is

complete within approximately 1 ms and exhibits high photoconductivity gains (up to 2.3� 104)

and good stability. The ON/OFF ratio of the photodetector can be engineered to 80 (4 nA/50 pA)

using a small drain current (10 mV) for the all inorganic SnS nanoribbons. This work paves the

way for the colloidal growth of low-cost, environmentally benign, single-crystalline narrow band

gap semiconductor nanostructures from abundant elements for applications in photodetectors

and other nanoscale devices.

KEYWORDS: colloidal nanoribbons . phase transition . ligand exchange .

field-effect transistors . photodetector . tin sulfide
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nanometer scale features have been synthesized over
tin metal foils using a surfactant-assisted approach.34

In a recent study, 50 nm diameter SnS nanowires were
synthesized by the pulsed electrochemical deposi-
tion method using porous anodized aluminum
oxide templates.35 However, synthesis of SnS nano-
structures with well-defined crystallinity, size, and
morphology as well as the investigation of their
optical, electrical, and photoconductive properties
remains a challenge. Here, we demonstrate the first
colloidal synthesis of ultrathin, single-crystalline
SnS nanoribbons with thicknesses down to 10 nm
via a unique metastable-to-stable phase transition
process. We also demonstrated that a simple inor-
ganic ligand HS� can be used to replace the original
organic oleylamine ligand, imparting hydrophilicity
to the structures. Field-effect transistor (FET) devices
based on single SnS nanoribbons were fabricated
and exhibited p-type behavior. Although inorganic
chalcogenide ligands have led to record high elec-
tronic transport parameters in colloidal quantum dot
arrays,36 the report here is the first time that the
electronic behaviors of single 1D or quasi-1D colloidal
nanostructure based devices were investigated using
such a technique. Furthermore, we studied the
photoconductivity of a single SnS nanoribbon based
photodetector. To the best of our knowledge, this is
the first example of a single SnS nanostructure based
photodetector.

RESULTS AND DISCUSSION

The synthetic scheme we employed for the synthe-
sis of SnS nanoribbons is based on our previously
reported phosphine-free colloidal method for synthe-
sizing II�VI nanocrystals.37 Experimental procedures
are detailed in the materials and methods section. The
resulting single-crystalline SnS nanoribbons are ∼2�5
μm long and ∼150�500 nm wide, with thicknesses of
∼10 nm. Their formation occurs by a simple colloidal
process, initiated by the injection of a sulfur-oleylamine
precursor into a hot tin-oleylamine solution in the
presence of hexamethyldisilazane (HMDS). During
the synthesis, sequential aliquots of the reaction mix-
ture were removed and purified tomonitor the kinetics
of nanoribbon formation. As shown in Scheme 1,
single-crystalline SnS nanoribbons formed through a

unique phase transition pathway from the metastable
zinc blende phase to the stable orthorhombic phase.
A black SnS product was observed 15 min after the

injection of the sulfur-oleylamine precursor into the tin
precursor solution at 250 �C. The solid product was
purified by centrifugation and imaged by transmission
electron microscopy (TEM). Nanospheres with an aver-
age diameter of ∼280 nm were obtained (Figure 1A
and Supporting Information Figure S1). High-resolution
TEM (HRTEM) images (Figure S1) of the edge of the
nanospheres reveal a two-dimensional lattice with
typical spacing of 0.21 nm, which corresponds to the
distance between (220) lattice planes of the cubic zinc
blende SnS (with a crystal constant of a = 0.5845 nm).30

The X-ray diffraction (XRD) pattern (Figure 2A, black
trace) indicates that the SnS nanospheres are zinc
blende phase with trace amounts (∼5%) of orthor-
hombic phase present.
The temperature of the reaction mixture was ele-

vated to 330 �C at ∼10 �C/min. After 10 additional
minutes, intermediate SnS heterostructures with nano-
sphere heads and nanoribbon tails were observed
(Figure 1B�D). High-resolution TEM (HRTEM) images
(Figure 1E and Supporting Information Figures S2 andS3)
reveal that the “head” area of the heterostructure
consists of a two-dimensional (2D) lattice with a zinc
blende spacing of 0.21 nm between (220) planes. The
indexed fast Fourier transform (FFT) of a HRTEM
image (inset in Figure 1E) reveals a typical hexagonal
pattern, indicating the SnS nanosphere head is single-
crystalline zinc blende phase projected along the Æ111æ
direction. In contrast, a HRTEM image of the “tail”
section of the heterostructure (Figure 1F) shows a
two-dimensional lattice with typical spacing of
0.29 nm, which corresponds to the distance between
(101) planes of the orthorhombic phase of SnS (with a
crystal constant of a = 0.4329 nm, b = 1.1192 nm, c =
0.3894 nm, JCPDS Card No. 39-0354). The indexed FFT
of this HRTEM image (inset in Figure 1F) reveals a
typical rhombic pattern, indicating that the SnS nano-
ribbon tail is single-crystalline orthorhombic phase
projected along the Æ010æ direction. These results
clearly indicate the unique, dual-phase property of
the intermediate heterostructures. Further character-
ization of the intermediate product by XRD (Figure 2A,
red trace) confirms a mixture of zinc blende and
orthorhombic SnS phases with a ∼4:6 ratio. After
30 min at 330 �C, all of the metastable zinc blende SnS
nanospheres were transformed into stable orthorhom-
bic SnS nanoribbons, as shown in the TEM and scan-
ning electron microscopy (SEM) images (Figure 1G�K
and the Supporting Information Figures S4�S8). The
XRD pattern of the final product (Figure 2A, blue trace)
reveals a highly pure orthorhombic phase SnS with no
zinc blende phase detected. Typical nanoribbons are
2�5 μm long, 150�500 nm wide, and ∼10 nm thick.

Scheme 1. Schematic illustration of the growth of a single-
crystalline SnS nanoribbon via ametastable-to-stable phase
transition process. The blue sphere represents the meta-
stable zinc blende phase, while the green ribbon represents
the stable orthorhombic phase.
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Bright-field and corresponding dark-field TEM
images of a typical nanoribbon (Figure 1J,K) reveal that
the nanoribbons are single-crystalline. HRTEM analysis
(Figure 1L,M) of both the end and side of the nanor-
ibbon shows the same 2D lattice composition with a
spacing of 0.29 nm, which corresponds to the distance
between (101) planes of the orthorhombic phase of
SnS. The interplanar angles defined by the intersection
of the (101) planes of the nanoribbon do not measure
as 90�, but rather as 88 and 92� (Figure 1M), which is
consistent with the calculated dihedral angle between
(101) and (�101).26 The indexed FFT of the HRTEM
image (inset in Figure 1M) reveals a rhombic pattern,
further confirming that the SnS nanoribbon is single-
crystalline in the orthorhombic phase. These analyses
confirm that the long edge of the nanoribbon is in the
[001] direction with the terminating facets at the ends
(001), along the sides (100), and on the faces (010).
Mass calculations, before and after the phase transi-
tion, indicate that the average mass of a single SnS
nanosphere (initial stage of the reaction) and a single
SnS nanoribbon (final product) is nearly identical
(details in the Supporting Information). This sup-
ports the view that the morphology change from

nanosphere to nanoribbon is due to a zinc blende to
orthorhombic phase transformation within the same
nanostructure.
We observed that the reaction temperature plays a

crucial role in the formation of nanoribbon morphol-
ogy. When the temperature is held at 330 �C for the
entire reaction, rather than using an initial tempera-
ture of 250 �C, 2D orthorhombic nanosheets with
200�500 nm edges and 30�60 nm thicknesses
were obtained, as shown in Supporting Information
Figure S9. We propose that the zinc blende nano-
spheres initially formed at a lower temperature act as
templates and limit the final dimensions of the nano-
ribbons formed during the phase transition at higher
temperatures. To our knowledge, the formation of
single-crystal SnS nanoribbons by a metastable-to-
stable phase transition has never been reported. Odom
and co-workers reported a SnS phase transition from
zinc blende tetrahedral- shaped crystals to 2D orthor-
hombic nanosheets;30 however, no intermediate dual-
phase heterostructures were observed. One literature
report38 detailed the formation of single-crystalline
Sb2Se3, Sb2Se3�xSx (0 < x < 3) and Sb2S3 nanotubes
following a transition from amorphous nanospheres to

Figure 1. (A) TEM image of the initial zinc blende SnS nanospheres. (B�D) TEM images of the intermediate dual-phase SnS
heterostructures, each containing a nanosphere head and a nanoribbon tail. (E,F) HRTEM images of the head and tail regions
corresponding to theboxesmarked “1” and “2” in (D); (inset in E,F) indexedFFTs of the images in E,F. (G) TEM imageof thefinal
orthorhombic SnS nanoribbons; (inset in G�I) SEM images of the final SnS nanoribbons. (J,K) Bright- and dark-field TEM
images of a typical nanoribbon. (L,M)HRTEM imagesof the end and long edge corresponding to theboxesmarked “3” and “4”
in (J), respectively; (inset in M) indexed FFT of image M.
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orthorhombic nanotubes. It is well-known that the
phase transition of a solid material results in changes
to thematerial properties, which play an important role
in a variety of processes ranging from information
storage to materials processing.39�41 In the field of
semiconductor crystal growth and engineering, phase
transitions from the metastable phase to the stable
phase have been utilized as a novel practical route to
synthesize new semiconductor materials.42,43

For SnS, the phase transition between metastable
zinc blende phase and stable orthorhombic phase is
still largely unexplored. We believe that the following
two factors may play important roles in the phase
transition of SnS nanocrystals: the small size of the
nanocrystals and the particular surface modifications.
First, size-dependent crystalline phase transitions,
which can be considered as an intrinsic property of
nanocrystals, exist for a wide range of materials.44

Decreasing the size of the nanocrystals has a significant
influence on the phase transition by modifying the
transition energies and thus the transition tempera-
tures. For example, the metastable zinc blende nano-
crystals generated at lower temperatures can be
transformed into the stable orthorhombic phase at
moderately higher temperatures.30 This is likely be-
cause the formation of the metastable zinc blende
phase nanospheres is kinetically faster and dominates
at lower temperatures. With a relatively lower energy
barrier for the phase transition, the metastable zinc
blende nanospheres can be transformed to the stable
orthorhombic phase by providing the additional ther-
mal energy. Second, by adsorbing and desorbing the
capping ligand, oleylamine, on the surface of the SnS
nanocrystals, the surface and/or interface energy can
be modified, subsequently affecting the phase transi-
tion energy. We expect that studying the unique phase
transitions in SnS nanocrystals will lead to better
understanding of the mechanism behind the transi-
tions and to new strategies for the synthesis of novel
nanomaterials.
UV�vis�NIR absorption spectroscopy was used to

determine the optical properties of the SnS products at
various synthesis stages (Figure 2B). The absorption
onset of the initial zinc blende SnS nanospheres occurs
around 760 nm, while the absorption onset begins
around 1015 nm for the final orthorhombic phase SnS
nanoribbons. The intermediate product showed the
two onsets of absorption close to 760 and 1015 nm,
consistent with its dual-phase heterostructure. To de-
termine the direct and indirect band gap values,
Kubelka�Munk transformations were performed. A
plot of [F(R)hν]2 versus energy indicates a direct band
gap of 1.66 and 1.27 eV for the nanospheres and
nanoribbons, respectively (Figure 2C), while a plot of
[F(R)hν]0.5 versus energy indicates an indirect band gap
of 1.48 and 1.18 eV for the nanospheres and nanorib-
bons, respectively (Figure 2D). These values match well

with previously reported results for SnS.16 Little quan-
tum confinement effects were observed, possibly due
to the relative large dimension of the nanoribbon
obtained compared to the small Bohr radius of SnS
∼7 nm.35

Individual, single-crystal SnS nanoribbon based op-
toelectronic devices were fabricated and studied in an
inert gas (N2 or argon) environment using a back-gated
FET configuration as shown in Figure 3A,B. The details
of device fabrication and characterizations are given in
the materials and methods section. Briefly, single
nanoribbons were deposited on the surface of a highly
doped n-type Si substrate covered with a 300 or
100 nm thick SiO2 dielectric layer. The electrodes are
composed of Cr (30 nm) and Au (120 or 150 nm), where
Cr has a work function of 4.50 eV, close to that of
orthorhombic SnS (4.2 eV).45 Ten devices were fabri-
cated (see Figure S10) and characterized. Curves of
source�drain current (Ids) versus source�drain voltage
(Vds) weremeasured, and typical Ids�Vds curves at Vgs = 0
for the nanoribbons are shown in Figure 3C. A zero
current region is visible at low voltage bias, suggesting
the existence of an energy gap. The band gap of the
SnS nanoribbon was determined to be 1.3 eV from the
dIds/dVds versus Vds curve (inset in Figure 3C), which is
close to the direct band value of the SnS nanoribbons
obtained from the optical absorption study (Figure 2B).

Figure 2. (A) Powder XRD pattern of the initial SnS nano-
spheres (black trace), the intermediate SnS heterostructures
(red trace), and the final SnS nanoribbons (blue trace). The
red vertical bars along the top are indices of the orthor-
hombic phase of SnS crystals according to JCPDS card No.
39-0354. The black vertical bars along the bottom are
indices of the zinc blende phase of SnS crystals according
to literature.30 (B�D) UV�vis�NIR absorption spectra, plots
of (ahν)2 and (ahν)0.5 versus photon energy (hν) of the initial
SnS nanospheres (black trace), the intermediate SnS hetero-
structures (red trace), and the final SnS nanoribbons (blue
trace). The spectra were recorded from powder samples
drop-cast at room temperature on a glass slide using a
UV�vis�NIR spectrometer equipped with an integrating
sphere.
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Figure 3D shows Ids versus Vgs at Vds = 2 V for the
same device shown in Figure 3B. We observed the
source�drain current decrease with an increase in the
gate potential, suggesting that the holes, rather than
electrons, are the major carriers inside the SnS nano-
ribbon. Thus, the SnS nanoribbon based device displays
p-type behavior. A small hysteresis was observed, likely
originating from the water present in the atmosphere
or charged impurities and contamination (such as
amorphous carbon) that were incorporated during the
FET device fabrication process. The transconductance
gm (=dIds/dVgs) was acquired by fitting the linear region
of the Ids versus Vgs curve. With the backgate area
capacitance known and the dimensions of the nanorib-
bons measured from the SEM images, the hole mobility
for this device was calculated based on the equation46

μ ¼ L=(W � Cox � Vds)� dIds=dVgs (1)

For the specific device reported here, the channel
length L is 1.5 μm, the channel width W is 0.21 μm,
the capacitance Cox is εoεr/d (ε0 is 8.854� 10�12 Fm�1,
εr for SiO2 is 3.9, and d is the thickness of SiO2

∼300 nm), Vds is 2 V, and dIds/dVg obtained from the
slope of the plot of Ids versus Vg is�1.23 nA/V, as shown
in Figure 3D. The calculated hole mobility μ of this
device is ca. 0.4 cm2 V�1 s�1.
The hole concentration in the nanoribbon can be

estimated by nh = σ/eμh, where σ is the conductivity
(defined as the inverse of the resistivity F= R� S/L= 1.4
Ωcm, here R is 2V/200 nA = 1� 107 Ω, S is the vertical
cross-section area of nanoribbon = 10 nm� 210 nm =
2.1 � 10�11 cm2, and L is the length between the
electrodes 1.5 μm), e is the charge of an electron 1.6�
10 �19 C, and μh is the calculated hole mobility. Thus,
the hole concentration is calculated as 1.1� 1019 cm�3.

The p-type semiconductor behavior of the SnS nano-
ribbon might be due to a small amount of Sn2þ that is
substituted by Sn4þ. Derived from the calculated hole
concentration, the substitution rate in the SnS nano-
ribbons is estimated to be∼0.025%, a value that is too
low to be detected using XPS or EDS.
The FET measurements were repeated on six indivi-

dual devices (fabricated with the as-synthesized
nanoribbons) and revealed calculated hole mobilities
ranging from 0.2 to 1.1 cm2 V�1 s�1 (see Figure S11).
There are options to improve the hole mobility of the
colloidal single SnS nanoribbon based FET devices. For
example, a top-gate FET configuration where a high
dielectric gate material like HfO2 is deposited on top of
SnS nanoribbons could be used, as demonstrated in
the single-layer MoS2 based top-gate FET devices.12 It
should be noted that the hole mobility of the single
SnS nanoribbon FET device achieved here is compar-
able to the best known solution-processed organic47

and nanocrystal48�50 devices reported to date, and
also at the same level as that of other IV�VI PbS and
PbTe nanowire FET devices where the nanowires are
synthesized by the chemical vapor transport (CVT)
method.51

Figure 4A shows the configuration of a SnS single
nanoribbon photodetector for photocurrent measure-
ments. The photoswitching characteristics and stability
of single SnS nanoribbon based photodetectors were
investigated in air at room temperature. Three different
color lasers (532 nm light with a power intensity of
50 mW cm�2, 650 nm light with 38 mW cm�2, and
405 nm light with 13 mW cm�2) were used as the light
source for the device. The steady-state photocurrent
(under constant light illumination) was recorded while
the source�drain voltage was varied between�3 and
þ3 V (Figure 4B). The device responded to all wave-
lengths of light, displaying increased current as com-
pared to that in the dark. This is due to the small direct
band gap energy (1.27 eV) of the SnS nanoribbons,
where the electron hole pairs could be excited by all
photons in the visible range. We found that the photo-
current generated from the single SnS nanoribbon
photodetector depends on the power intensity of the
illuminating light. Figure 4C shows the current�
voltage (I�V) curves when the power intensity (Plight)
is increased from 0, 9, 50, 67, to 120 mW cm�2. Plots of
photocurrent (Iph, the current difference with the light
ON and OFF) as a function of Plight are shown in
Figure 4D. The dependence of the photocurrent on
light intensity can be fit to a power law, Iph ∼ Plight

θ,
where θ determines the response of the photocurrent
to light intensity.8 The fitting reveals a linear relation-
ship with θ ∼ 0.99 for Vds = 3 V, 0.95 for Vds = 2 V, and
0.93 for Vds = 1 V. In such a single SnS nanoribbon
based photodetector, the power law dependence of
Iph on Plight further confirms that the photocurrent is

Figure 3. (A) Schematic of a single SnS nanoribbon based
field-effect transistor device. (B) SEM image of a typical
device. The distance between two electrodes is 1.5 μm, and
the width of the ribbon is about 200 nm. (C) Ids vs Vds curve
of a typical single SnS nanoribbon FET device in the dark at
Vgs = 0 V. Top left inset in (C) shows the derivative of the I�V

curve with band gap energy of 1.3 eV. (D) Ids vs Vgs in the
dark at Vds = 2.0 V of the same single nanoribbon based FET
device shown in (B), exhibiting p-type semiconductor
behavior.
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determined by the amount of photon-generated car-
riers under illumination.
Under intermittent illumination, the current ramps

to a high steady value (ON state) with light and
resumes to the low value (OFF state) under dark. The
stability of the photoswitching behavior was demon-
strated by performing repeating pulsed illuminations
on the device for 200 s. Steady photocurrent levels were
observed after >2000 cycles of switching (Figure 5A
and Figure S12). The switching behavior was also
investigated using different optical powers and drain
voltages (Figure 5D). With an optical power of approxi-
mately 90 mW cm�2, the photocurrent increases from
0.8 to 200 nA as the drain voltage increases from 0.1 to
3.0 V. The dependence of photocurrent on the drain
voltage indicates that not all photon-generated charge
carriers can be converted to the photocurrent ob-
served, due to recombination of the charge carriers
in the nanoribbon. A larger drain voltage can drive
photon-generated charge carriers to reach the electro-
des faster (resulting in decreased carrier transit time in
the semiconductor device), thus suppressing recombi-
nation of photon-generated charge carriers. With a
zero gate voltage, the photoresponsivity of the single
SnS nanoribbon photodetector can reach 3 μA/W cm�2

under illuminationwitha lowopticalpower (90mWcm�2)
and a small drain voltage (Vds, 3 V).
The ON�OFF photoswitching time is a key param-

eter that determines the capability of a photodetector
to follow a fast-varying optical signal. Figure 5B,C
shows the photoswitching behavior of single SnS

nanoribbon based photodetectors with the change
of photocurrent recorded on short time scales. For
intrinsic semiconductors, recombination is considered
as a monomolecular process, and the recombination
rate is proportional to the excess of charge carriers,
given by52

dΔn=dt ¼ gn �Δn=τn (2)

where gn is the generation rate of charge carriers,Δn is
the concentration of the excess electrons (or holes)
created in the conduction or valence bands by photon
excitation, and τn is the lifetime of charge carriers.52

Assuming that τn is independent of n, and the
electron�hole pairs are generated by direct band
gap excitation, I = I0(1 � e�t/τR) and I = I0e

�t/τD for the
photocurrent (I) at the rise (time constant τR) and decay
(time constant τD) edges, respectively. Both the rise
and decay edges of the SnS nanoribbon device were
well fit by the above exponential equations. As shown
in Figure 5B, the observed typical switching time
constants for the current rise (0.94 and 0.98 ms from
OFF to ON) or decay (1.09 and 1.13ms fromON to OFF)
process are on the millisecond scale.
Figure S13 illustrates the rise and fall edges, respec-

tively, of the photocurrent for the ON and OFF state of
irradiation at different drain voltages. We observed
that both the rise and decay time decreases with

Figure 5. (A) Stability of the photoswitching behavior of
single SnS nanoribbon photodetectors at Vds = 1 V, using
532 nm light of power intensity Plight = 90 mW cm�2. (B,C)
Rise and decay rate of the photocurrent for a single SnS
nanoribbon photodetector measured at Vds = 3.0 V with
0.5 ms time resolution and Vds = 1.0 V with 2 ms time
resolution. The rise and decay time (τR and τD) for the rise
edge and decay edge of the photocurrent were obtained by
fitting the curvewith a single exponential equation. (D) One
cycle of a single SnS nanoribbon photodetector at different
drain voltages (Vds = 0.5 to 3 V) under 90 mW cm�2

illumination. (E) Plots of the calculated gain (G) vs drain
voltages, and the mobility of the photon-generated holes
(μph) vs drain voltage. As the drain voltage increases, both
the G and μph increase.

Figure 4. (A) Schematic illustration of the single SnS nanor-
ibbon based photodetector device configuration for photo-
current measurements. Vds is held between 0 and 3 V, Vgs is
held at 0 V, and Ids (between the source and drain
electrodes) is monitored as light is irradiated on and off
the nanoribbon surface. The laser spot is 4 mm in diameter
with the irradiation controlled by clippingwith a light block.
(B) Typical output characteristics of the photodetector at
different wavelengths of illumination: 650 nm (red), 532 nm
(green), and 405 nm (blue) at Vg = 0 V. (C,D) Typical drain
current (Ids) and photocurrent (Iph) vs drain voltage (Vds)
of the photodetector at different illuminating optical
powers of 532 nm green light with Plight ranging from 9 to
120mWcm�2 at Vg= 0V. Inset in (B) shows an optical image
of a typical photodetector device.
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increasing drain voltage. The average rise/decay times
are 0.96/1.11, 1.23/1.51, 2.72/3.00, 3.69/3.98, 7.50/8.13,
9.66/10.47, and 12.64/14.42 ms for the drain voltage of
3.0, 2.5, 2.0, 1.5, 1.0, 0.5, and 0.10 V, respectively. For all
drain voltages, the rise time is always shorter than the
corresponding decay time,which results in asymmetric
curves at the rise and fall edges.
The photocurrent gain (G), defined as the number of

electrons collected by electrodes due to excitation per
photon, can be expressed as52

G ¼ Ne=Np ¼ τD=ttran (3)

where Ne is the number of electrons collected in a unit
time, Np is the number of photons absorbed in a unit
time, τ is the carrier lifetime obtained from τR or τD, and

ttran is the transit time of the charge carrier in the

channel material between the electrodes. In the ex-

periment shown in Figure 5B, the photocurrent is

approximately 200 nA for a 3 V drain voltage, the light

intensity is 90 mW cm�2 at 532 nm, and the surface

area of the nanoribbon is 2.25 � 10�9 cm2. If the
absorption coefficient53 is approximately 1 � 105 cm�1,

and the thickness of the device is 10 nm, then 10%of the

light illuminatedon thenanoribbon is absorbed.54 There-

fore, the gain of nanoribbon photoconduction G is

calculated to be ∼2.3 � 104 according to eq 3.
From eq 3, if the decay time (τD) is 1.1 ms, the transit

time of the charge carriers between the electrodes,
ttran, is 48 ns for a 3 V drain voltage. According to Bube
et al.,51 if the photoconductivity gain for a given
material is calculated, and the carrier lifetime is known
from steady-state data, the mobility of the photon-
generated carriers can be calculated according to

μph ¼ L2=(ttran � Vds) (4)

where Vds is the applied drain voltage, L is the channel

distance (1.5 μm) of the photodetector, and ttran is the

transit time. The mobility of the photon-generated

carrier μph at 3 V drain voltage is calculated as

0.16 cm2 V�1 s�1. For different drain voltages (from

0.1 to 3 V), the calculated gain G, transit time ttran, and

mobility of the photon-generated holes μph are listed

in Table 1 and plotted in Figure S13. We observe that as

the drain voltage increases, Iph,G, and μph also increase,
while τD and ttran decrease.
In a single SnS nanoribbon photodetector, the ab-

sorption of photons will excite electrons from the
valence to conduction band, where the electrons and
holes are separated across the SnS nanoribbon energy
band gap. If there are surface traps to remove the
electrons, then excess holes are generated in the
nanoribbon photodetector. The faster photoswitching
speed (up to ∼1 ms) of SnS nanoribbons compared to
SnS thin films and bulk crystals (rise time of 120 s or
more55) could be attributed to the single-crystal struc-
ture of the SnS nanoribbons. First, the density of traps
induced by defects inside the nanoribbon is drastically
reduced, thus the photocurrent reaches a steady state
rapidly in both the rise and decay stages. In addition,
the ultrathin thickness of the SnS nanoribbons reduces
the energy barrier for the carrier to cross the interface
of the semiconductor nanoribbons and metallic elec-
trodes (Au/Cr) due to less profound band bending at
the semiconductor andmetal (electrode) interface.8 As
a result, the high photocurrent is generated with a fast
rise and decay lifetime. The ON/OFF ratio of the current
for the SnS nanoribbon based photodetector is about
1.8, with Vds ranging from 0.5 to 3 V, exhibiting a small
voltage dependence. When the drain voltage is further
decreased, the dark and light current both become
too low to be measured. The ON/OFF ratio for the
photodetector reported here is lower than reported
by Yin et al., who used inert gas protection and
thermal annealing treatment after the nanodevice
fabrication.46

It is well-known that organic ligands with long
hydrocarbon chains are essential to capping the sur-
face of nanomaterials to facilitate size and shape
control during colloidal synthesis. However, these
ligands may act as an insulating layer between semi-
conductors and electrodes, preventing effective charge
transfer. We employed a ligand exchange strategy to
replace the long chain organic ligands with short
inorganic chalcogenide ligands yielding completely
inorganic semiconductor nanomaterials. Impressively
high carrier mobilities have been reported for field-
effect transistor devices composed of semiconductor
quantum dot arrays, such as CdSe/ZnS nanocrystals,
after similar ligand exchange treatment.36

In a typical ligand exchange process, we combined a
solution of oleylamine-capped SnS nanoribbons in
nonpolar hexane with a solution of inorganic HS�

ligands in polar formamide. The two-phase mixture
containing immiscible layers of formamide and hexane
was vortexed for about 30min. After settling, complete
transfer of the nanoribbons from the nonpolar solvent
to formamide was observed (Figure 6A). Fourier trans-
form infrared spectroscopy (FTIR) spectra of SnS nano-
ribbons taken before and after the ligand exchange
(Figure 6B) show that the transfer of nanoribbons from

TABLE 1. Summary of the Calculated Gain (G), Transit

Time (ttran), and Mobility of the Photon-Generated Holes

(μph) at Different Drain Voltages of the SnS Single

Nanoribbon Devices

Vds (V) Iph (nA) τD (ms) G ttran (μs) μph (cm
2 V�1 s�1)

3.0 200 1.1 23000 0.048 0.16

2.5 170 1.5 20000 0.077 0.12

2.0 90 3.0 10000 0.29 0.039

1.5 62 4.0 7100 0.56 0.027

1.0 32 8.1 3700 2.2 0.010

0.5 11 10.5 1300 8.1 0.0055

0.1 0.8 14.4 92 160 0.0014
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hexane to formamide resulted in complete disappear-
ance of the bands at 2852 and 2922 cm�1, correspond-
ing to C�H stretching in the original organic
oleylamine ligands.36 These results confirm that the
original organic oleylamine ligands were completely
removed by the HS� ligands and all-inorganic colloidal
SnS nanoribbons were obtained. UV�vis�NIR absorp-
tion spectra of the SnS nanoribbons (Figure 6C)
showed no change before and after the ligand ex-
change, implying no changes in the size or shape of the
nanoribbons. Energy-dispersive X-ray spectroscopy
(EDS) spectra of the SnS nanoribbons capped with
oleylamine ligands and HS� are presented for com-
parison in Figure 6D. The increase in the S/Sn ratio
from 0.98:1 to 1.03:1 suggests the existence of a HS�

ligand layer on the surface of SnS nanoribbons after the
exchange. In addition, survey X-ray photoelectron
spectra (XPS) of the SnS nanoribbons revealed that
the atomic ratio of S/Sn for SnS nanoribbons with OAm
ligand is 0.98:1, while the atomic ratio is 1.08:1 with the
HS� ligand (see Figure 6E), consistent with the EDS
analysis. As shown in Figure S14, the peak at 485.9 eV
corresponds to the binding energy of Sn2þ 3d5/2,
and the corresponding binding energy of S2� 2p3/2 is
161.2eV.NoevidenceofSn4þ (bindingenergyat486.7eV)
is detected in the spectra.
As shown in Figure S11, we found that that after the

surface ligand exchange to remove the insulating
organic layer on the surface of the nanoribbon, the
charge carrier mobility of the device is significantly

improved to about 4 times in dark. The performance of
the HS� ligand-coated nanoribbon based photodetec-
tor was analyzed, as shown Figure 7. Similar to the SnS
nanoribbon based device before the ligand exchange,
the all-inorganic device responded to the illumination
of green light (532 nm lightwith power intensity Plight=
9mWcm�2), displaying increased current as compared
to that in the dark. As the gate potential was increased
the source�drain current decreased, suggesting that
the HS� ligand-coated SnS nanoribbon based device
also displays p-type behavior. Under intermittent illu-
mination with power intensity Plight = 90mWcm�2, the
current ramps to the ON state with light and resumes
to the OFF state in the dark. A steady level of photo-
current was observed by applying repeating pulsed
illuminations on the device for 200 s, which demon-
strated the stability of the switching behavior
(Figure 7C,D and Figure S15). The ON/OFF ratio of the
current was∼2�3 with the drain voltage ranging from
0.5 to 3 V but was increased to approximately 8 as the
drain voltage was decreased to 50 mV (at Vgs = 0 V)
(Figure 7C) and reached ∼80 when the drain voltage
was further decreased to 10 mV (Figure 7D). When the
power intensity of the 532 nm light was reduced to
45 mW cm�2 (see Figure S15), the ON/OFF ratio

Figure 7. (A) Typical output characteristics of SnS nano-
ribbon based photodetectors at difference gate voltages
(Vgs = 0, 20 V) under dark or illuminatedwith 532 nm light of
power intensity Plight = 9 mW cm�2 at Vgs = 0 V. (B) Optical
image of the single SnS nanoribbon photodetector device
with labeled source and drain electrodes. (C,D) Stability test
of the photoswitching behavior of single SnS nanoribbon
photodetectors at Vds = 50 mV and 10 mV, illuminated
with 532 nm light of power intensity Plight = 90 mW cm�2.
The ON/OFF ratio of the current is ∼8 at 50 mV and ∼80 at
10 mV.

Figure 6. (A) Colloidal dispersion of SnS nanoribbons un-
dergoes transfer from an upper, nonpolar hexane layer
(density: 0.659 g/mL at 25 �C) to a lower polar, formamide
layer (density: 1.134 g/mL at 25 �C) upon exchange of the
original oleylamine ligands with HS� ligands. (B�E) FTIR,
UV�vis�NIR absorption, EDS and XPS spectra of SnS nano-
ribbons before ligand exchange (curves 1) and after ligand
exchange (curves 2), respectively.
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dropped to ∼40 for the same device operated under
identical conditions. We found that removal of the
insulating surface ligand greatly improves the contact
of the electrodes to the nanoribbons, thereby increas-
ing the photocurrent which allows the device to be
operated using very small drain voltages (<10 mV).
Overall, the performance of our solution-processed
single SnS nanoribbon photodetector is comparable
to the best photodetectors reported, including single
CdSe nanoribbons,52 single CdS nanoribbon,56 PbS
nanocrystals,57 etc.8

CONCLUSION

In summary, we present the controlled colloidal synthe-
sis of high-quality single-crystalline SnS nanoribbons
through ametastable-to-stable phase transition process.
Optical measurements show that the onset of absorp-
tion of the initial ZB nanospheres occurs at 760 nm (1.63
eV), while the absorption begins at 1015 nm (1.22 eV)
for the final orthorhombic phase nanoribbons. Simple

norganic HS� ligands were used to successfully replace
the original organic oleylamine ligand. The photocon-
ductive characteristics of SnS single nanoribbons were
investigated, which demonstrate highly sensitive and
rapid response to illumination by blue, green, and red
light at room temperature. Switching between photo-
current generation and annihilation is complete within
1msand is accompaniedbyhighphotoconductivity gains
(up to 2.3� 104). The ON/OFF ratio of the photodetector
can be engineered to 80 (4 nA/50 pA) using a small drain
current (10 mV). We found that the drain voltage has a
significant influence on the photoswitching speed with
higher voltages exhibiting faster photoswitching
rates. These desirable properties can be attributed
to the high single-crystal quality and large surface-to-
volume ratio of the ultrathin SnS nanoribbons. This work
reinforces the potential application of low-cost, less toxic,
and earth-abundant IV�VI colloidal semiconductor
nanostructures in optical, electronic, and optoelectronic
devices.

MATERIALS AND METHODS

Materials and Synthesis. Tin(IV) iodide (SnI4, anhydrous, pow-
der, 99.999%), sulfur (S, powder, 99.998%), oleylamine (OAm,
70% tech.), hexamethyldisilazane (HMDS, >99%), sodium hy-
drosulfide (NaHS, g90%), formamide (HCONH2, g99.5%), hex-
ane (g95%), isopropyl alcohol (IPA, 99%), methanol (g99.5%),
and ethanol (99%) were purchased from Sigma-Aldrich and
used without further purification. In a typical experiment,
S-OAm precursor solution was prepared in a flask, where
64 mg (2 mmol) of sulfur powder was mixed with 20 mL of
OAm, and stirring under low vacuum (100 mtorr) was performed
in order to remove moisture and O2; the solution was subse-
quently heated at 100 �C for 2 h before use. Then, 63 mg
(0.10 mmol) of SnI4, 10 mL (∼31 mmol) of OAm, and 2 mL
(9.4 mmol) of HMDSwere added to a separate 100mL three-neck
round-bottom flask with stirring, and the solutionwas heated to
100 �C and degassed under 100 mTorr pressure for 30 min.
HMDS was essential to the formation of the uniform size SnS
nanocrystal products. We found that, if no HMDS present, the
sample will show poor crystallinity (or amorphous) with very
broad size distribution. Next, the flask was filledwith N2, and the
solution was heated to ∼250 at 10 �C/min, and 1 mL of S-OAm
precursor solution was swiftly injected. Timing was started
immediately after injection, and the growth temperature was
maintained at 250 �C. After 15 min, the yellowish solution
turned black. At this point, the reaction temperature was
increased to 330 �C at ∼10 �C/min. After remaining at this
temperature for 30 min, the reaction was stopped by injection
of the hot black reaction solution (2 mL) into a mixture of
methanol (6 mL), ethanol (6 mL), and IPA (6 mL) at room
temperature. The resulting product was centrifuged at
15 000g and 4 �C for 30 min, redispersed in hexane (2 mL),
and washed in a mixture of methanol, ethanol, and IPA (1:1:1)
three times by centrifugation. The final product was redispersed
in hexane (2 mL) for optical measurements and structural
characterization. The overall yield of the SnS nanoribbons is
estimated to be 60% by comparison of themass of final product
and initial source materials used.

Ligand Exchange. The ligand exchange process was carried
out in air. Colloidal dispersions of SnS nanoribbons with organic
ligands were prepared in nonpolar hexane, while solutions of
inorganic ligands were prepared in polar formamide, immisci-
ble with hexane. For a typical ligand exchange, 0.5 mL of SnS

nanoribbons solution (2 mg/mL) was mixed with 1 mL of NaHS
solution (5 mg/mL). The mixture was vortexed for 10�30 min,
leading to a complete phase transfer of SnS nanoribbons from
hexane to formamide phase. The phase transfer can be mon-
itored by the color change of hexane (black to colorless) and
formamide (colorless to black) phases. The formamide phase
was separated out by carefully removing the top hexane layer
by a syringe, then followed by more washing steps: adding
more hexane (hexane/formamide 1:1 volume ratio), mixing
them by vortex, settling and removing the top hexane layer
by a syringe. We did not observe any oxidation and dissolution
during the ligand exchange process.

Characterizations. Bight and dark filed transmission electron
microscopy (TEM), high-resolution TEM (HRTEM), selected area
electron diffraction (SAED), and energy dispersive X-ray spec-
troscopy (EDS) were performed on a JEOL JEM 2010F electron
microscope operating at 200 kV using ultrathin carbon-coated
400 mesh copper grids or lacey carbon-coated copper grids
(Ted Pella) as the sample substrates. Scanning electron micro-
scopy (SEM) was performed using silicon as the sample sub-
strate on a FEI FIB/SEM Nova 200 NanoLab. Powder X-ray
diffraction (XRD) measurements employed a PANalytical X'Pert
Pro Materials Research X-ray diffractometer with Cu KR radia-
tion (λ = 1.5418 Å) and scanned at a rate of 0.025 deg/s.
Ultraviolet�visible�near-infrared (UV�vis�NIR) absorption
spectra were recorded at room temperature with a JASCO
V-670 spectrophotometer equipped with an integrating sphere
(model ISN-723, diameter = 60 mm). Samples for XRD and UV�
vis�NIR absorption characterization were prepared by drop-
coating concentrated nanocrystal samples in isopropyl alcohol
or hexane onto a clean glass substrate and dried in air. Fourier
transform infrared spectroscopy was measured with a Thermo
Nicolet 6700 FTIR (Thermo Fisher Scientific, MA) equipped with
Smart orbit (a diamond single-bounce ATR accessory). The
powders of the SnS nanoribbons before and after ligand
exchange were deposited on the indium sample holder and
examined with an X-ray photoelectron spectroscopy (XPS)
system consisting of an Al monochromator and twin anode
sources.

Device Fabrication and Measurements. Metal (Au) markers for
position registration were first fabricated by electron beam
lithography (EBL) on n-type silicon substrates with 300 nm
thermal silicon dioxide. The SnS nanoribbons were dispersed
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in hexane (before ligand exchange) or ethanol (after ligand
exchange) and transferred to the substrates by a pipet. The
nanoribbons remained on the SiO2 surface after the solvent
evaporation. After determining the position of each nano-
ribbon by SEM with the aid of metal markers, source�drain
electrodes (30 nm Cr and 120 nm/150 nm Au) were fabricated
by EBL. The electrical measurements were conducted with a
Keithley 2636A in a faraday cage under N2 or argon gas
protection. The hole mobility is calculated to be 0.4 (

0.1 cm2 V�1 s�1 with nanoribbons before ligand exchange
and improved to 0.9 ( 0.2 cm2 V�1 s�1 with ribbons after
ligand exchange. Multiple devices (>10) have been fabricated
(see Figure S10) and measured to obtain the reproducible
results. All photocurrent measurements were performed in
air and at room temperature.
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