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characterized by strong UV—Visible (UV—Vis) absorption within the cutoff while negligible

ABSTRACT: The optical properties of stoichiometric iron pyrite (FeS,) nanocrystals (NCs) are FeSz, W
o [ >
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absorption beyond the cutoff in near-infrared and longer wavelengths. Herein, we show this bandgap
limitation can be broken through controllable synthesis of nonstoichiometric Fe,_,S, NCs (x =
0.01—0.107) to induce localized surface plasmonic resonance (LSPR) absorption beyond the cutoff
to short-wave infrared spectrum (SWIR, 1—3 ym) with remarkably enhanced broadband absorption
across UV—Vis—SWIR spectra. To illustrate the benefit of the broadband absorption, colloidal LSPR
Fe,_,S, NCs were printed on graphene to form LSPR Fe,_ .S, NCs/graphene heterostructure
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photodetectors. Extraordinary photoresponsivity in exceeding 4.32 X 10° A/W and figure-of-merit
detectivity D* > 7.50 X 10" Jones have been demonstrated in the broadband of UV—Vis—SWIR at room temperature. These
Fe; .S, NCs/graphene heterostructures are printable and flexible and therefore promising for practical optical and

optoelectronic applications.
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1. INTRODUCTION

Localized surface plasmonic resonance (LSPR) provides a
unique approach to enhance light-solid interaction and has
been studied extensively in metal nanostructures.'”" Upon
light illumination, free electrons oscillate collectively on the
surface of the metal nanostructures at the LSPR frequencies
that are determined by free carrier concentration, shape, and
dimension of the metal nanostructures, resulting in a broad
application of metallic LSPR nanostructures in ?hotocatalysis,
biosensing, photodetection, photovoltaics, etc.”” "> Semicon-
ductor LSPR nanocrystals (NCs) are promising in optical and
optoelectronic applications due to their advantages in
enhanced light absorption and spectral tunability."*~"*
Specifically, the semiconductor LSPR NCs allow enhanced
light absorption in a wide spectral range much beyond the
original bandgap limitation."*'”*° However, the LSPR effect is
negligible in intrinsic semiconductors due to their low charge
carrier densities.”””>* Controllable carrier doping is therefore
critical to realization of the LSPR effect in semiconductor
NCs, 1923

Colloidal semiconductor NCs are particularly suitable to
exploration of semiconductor LSPR NCs due to multiple
advantages including low fabrication costs and controllability
of the nanocrystal's composition, shape, and dimension. In
particular, carrier doping of the colloidal semiconductor NCs
can be readily achieved by controlling their chemical
composition using selected precursor solutions. When the
dimension of the semiconductor NCs is restricted in a few to
few tens of nanometers, the much enhanced LSPR light-solid
interaction can be combined with the strong quantum
confinement in semiconductor NCs to provide unique
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advantages for photonic and optoelectronic applications.
Motivated by this, several groups have recently reported
synthesis of colloidal LSPR semiconductor NCs with
controlled sizes,”>**** shapes,”>*® and composition.””*” For
example, doping of Cu-based semiconductor NCs (Cu,_,S or
Cu,_,Se) through variation the elemental ratio of Cu and S (or
Se) has illustrated the LSPR effect-induced broadening of the
absorption spectra from originally visible to near-infrared
(NIR, 800—1000 nm) spectrum.'®'”**

Iron pyrite (FeS,), another representative transition metal
chalcogenide, is an attractive semiconductor used as the active
layer in photoelectrochemical and photovoltaic cells.”* " FeS,
has a remarkably high optical absorption coeflicient exceeding
10° cm™! and sufficiently long minority carrier diffusion length
(100—1000 nm), both of which are important to optoelec-
tronic applications.”””” In the bulk form, FeS, has a bandgap
of ~0.95 eV in a visible spectrum. A blue-shifted bandgap of
1.0—1.58 eV was reported in stoichiometric FeS, NCs of small
dimension on the order of 2—30 nm due to the strong
quantum confinement.'”**** In contrast, a red shift of the
absorption spectrum was observed on larger stoichiometric
FeS, nanocubes of dimension in the range of 50—150 nm at
which the quantum confinement is no longer important. While
surface/interface defects are hypothesized to provide carrier
doping in the FeS, nanocubes, the mechanism responsible for
the observed broadband light absorption and its correlation
with the LSPR effect remains unclear.'>>>%¢ Consequently,
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controlling the LSPR effect in terms of the spectral range and
enhancement factor of the light absorption remains difficult.

In this work, a colloidal process was developed for synthesis
of nonstoichiometric Fe,_,S, NCs to induce direct carrier
doping in Fe, .S, NCs of 10—60 nm by varying x in the range
of x = 0.01—0.107. Remarkably, the doped Fe,_,S, NCs exhibit
a pronounced LSPR effect with absorption spectra extended
systematically from visible to short-wave infrared (SWIR, 1-3
um) spectrum with increasing excess holes doped to the
valence band by the induced iron deficiencies. To demonstrate
the advantage of the LSPR Fe,_,S, NCs in optoelectronic
devices, photodetectors based on van de Waals (vdW)
heterostructures of the LSPR Fe; .S, NCs printed onto the
channel of graphene field-effect transistors (GFETs) were
constructed. We show that the enhanced LSPR absorption of
the Fe,;_,S, NCs can be transduced to the photodetectors,
leading to LSPR-enabled high photoresponsivity in the
broadband of ultraviolet—visible—near-infrared (UV—Vis—
SWIR). This result illustrates that the doped Fe,_.S, NCs
are excellent LSPR photosensitizers with both spectral
tunability and enhanced light-solid interaction.

2. EXPERIMENTAL SECTION

2.1. Fe;_,S; NCs. The Fe,_,S, colloidal NCs were fabricated using
a solvothermal route in a Schlenk-line system. In detail, FeCl, (0.5
mmol) and octadecylamine (ODA, 12 g) were added into a round-
bottom three-neck flask under ambient atmosphere and then
vacuumized/refilled with Ar for 10 min in a Schlenk-line system for
the chemical reaction at an inert gas environment. Then, the
temperature was increased to 120 °C for 2 h for decomposition of the
chemicals. Meanwhile, 4 mmol of sulfur powder and 5 mL of diphenyl
ether were added into the second round-bottom three-neck flask and
sonicated for 10 min in an ultrasound sonicator. Similar degassing
process was done in the Schlenk-line system. The sulfur mixture was
heated to 70 °C for 1 h as a sulfur-diphenyl ether precursor, which
was quickly injected into the first Fe-ODA precursor flask at 220 °C
and kept at this temperature for 90 min. The element ratio of Fe to S
in Fe,_,S, NCs should be tuned by changing the chemical
stoichiometry; for example, the Fe/S ratio was adjusted from 0.99:2
to 0.952:2 and 0.917:2 at the chemical ratio of FeCl, to sulfur of 1:8,
1:9.6, and 1:11.2, respectively. Details are shown in Table S1
(Supporting Information). The obtained Fe,_.S, NCs were cleaned
and collected by a centrifuge at the speed of 4000 rpm in a glovebox
filled with N,.

2.2. Fe;_,S, NCs/GFET Photodetector Fabrication. Graphene
field-effect transistors (GFETs) with different sizes of monolayer
graphene channels were fabricated using a previously reported
method.*”*® The Fe,_,S, NCs were dissolved in chloroform at the
concentration of 25 mg/mL and were used as the printing ink, which
was printed on the GFET channels by using an printer (inkjet
microplotter, SonoPlot, Inc.). The printed Fe,_,S, NCs/GFET
photodetectors were stored in a glovebox filled with N, and naturally
dried at room temperature for 20 min.

2.3. Surface Treatment. The surfaces of as-synthesized Fe,_.S,
NCs absorbed a layer of insulating long carbon chains molecular
ODA, which formed a charge transfer barrier in the contact interfaces
among NCs or NC electrodes. These insulating layers induced by the
organic solvent could be removed and substituted by a conductive
molecular of 3-mercaptopropionic acid (MPA). The MPA surface
engineering solution was prepared by mixing MPA with methanol (v/
v = 1:1). The printed Fe,_,S, NCs/GFET devices were submerged
into the MPA solution for 90 s and then rinsed using methanol to
clean the MPA residuals on the surface of the device. The surface-
engineered devices were stored in a glovebox for 10 min to evaporate
the treated solutions. Finally, these devices were packed by a thin
layer of PMMA (polymethyl methacrylate) to avoid oxidation in air.

2.4. Materials and Devices Characterization. The optical
absorption properties of Fe;_,S, NCs were characterized using a UV-
3600 Shimadzu spectrophotometer. The morphology and crystal
structure of Fe,_,S, NCs were taken via a field-emission FEI Tecnai
F20XT. The optoelectronic properties of Fe, .S, NCs/GFET
photodetectors were characterized on a semiconductor device
analyzer (Agilent B1S0SA). The tunable light source was provided
by an optical system comprised of a xenon lamp and a
monochromator (Newport). The device size was tested by optical
microscopy (Nikon Eclipse LV 150 with a CCD camera). A broad
beam light source was employed, so the light-spot size was
considerably larger than the active area of the photodetector to
ensure uniform illumination of the device. In this case, the real light
energy absorption area is determined by the device area of 4.3 um
(length) X 11.4 um (width). A Stanford Research SR 760 spectrum
analyzer was used to measure the noise signal of the photodetectors.

3. RESULTS AND DISCUSSION

The crystalline structure of FeS, can be best described in terms
of sodium chloride (NaCl) with the centers of gravity of sulfur
atom pairs and the sublattices occupied by iron atoms. The
crystal structure of stoichiometric FeS, with perfect elemental
stoichiometry of 1:2 is shown in Figure la. This type of iron
pyrite demonstrates the intrinsic semiconductor property with
a bandgap of ~0.95 eV>* and negligible LSPR effect due to a
low free carrier concentration. Figure 1b depicts the crystal
structure of doped Fe,_,S, with iron deficiencies, which
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Figure 1. Crystal structure of (a) stoichiometric FeS, exhibiting
traditional semiconducting property under light irradiation and (b)
Fe,_,S, with Fe deficiencies, which induce hole charge carriers for the
LSPR effect under broadband light irradiation. Iron, sulfur atoms, and
iron deficiencies are depicted as violet, yellow, and black balls,
respectively. (c) LSPR effect based on surface/interface defects
doping in FeS, nanocubes, grown by oriented attachment of small-size
FeS, NCs with the induced defective interface defects shown using
red lines. (d) LSPR effect based on controllable nonstoichiometry
deficiency doping in Fe; .S, NCs. The insets are representative
schematics of energy band and density of states in one energy band of
(c) FeS, nanocubes and (d) Fe,_,S, NCs.

DOI: 10.1021/acsami.9b04250
ACS Appl. Mater. Interfaces 2019, 11, 19286—19293


http://pubs.acs.org/doi/suppl/10.1021/acsami.9b04250/suppl_file/am9b04250_si_001.pdf
http://dx.doi.org/10.1021/acsami.9b04250

ACS Applied Materials & Interfaces

Research Article

becomes p-type due to the hole doping in the valence band.
These free-carrier holes resonate to produce the LSPR effect in
the Fe;_,S, NCs under light excitation, and the LSPR effect
can be quantitatively controlled by the hole-doping level. The
LSPR effect is expected to red-shift the spectral range of optical
absorption with a much enhanced absorption amplitude.'***
Figure 1c describes the difference in the LSPR effect of the
stoichiometric FeS, nanocubes and nonstoichiometric Fe,_,S,
NCs. Since the stoichiometric FeS, nanocubes are formed via
oriented-attachment growth of many smaller-size FeS, NCs, as
shown in Figure Ic, a large amount of defective interfaces form
after the NCs merge.”* Considering that such defect-induced
doping is not uniform at an atomic scale, a weak and
uncontrollable LSPR effect is anticipated in the stoichiometric
FeS, nanocubes.’® In contrast, the nonstoichiometry Fe,_ .S,
NCs can exhibit a much stronger LSPR effect ascribing to the
high carrier doping uniform at an atomic scale that is induced
by the Fe deficiencies in each unit cell through composition
control. In fact, the estimated carrier density in Fe,_,S, NCs
could be up to 1.91 X 10** cm™ (Supporting Information). In
addition, the coupling of LSPR and quantum confinement in
Fe,_,S, NCs can further enhance the photoconductive gain in
optoelectronic devices,'* as shown in the comparison of the
performance of the FeS,/GFET photodetectors using stoi-
chiometric FeS, nanocubes or nonstoichiometric Fe;_,S, NCs
as photosensitizers, respectively (Table S2 and discussion
below).

Figure 2a,b shows the transmission electron microscopy
(TEM) images of well-dispersed Fe,_,S, NCs with the ratios
of Fe to S of 0.99:2 and 0.917:2, respectively. The size
distributions are also illustrated for these two samples in the
same figures. The TEM images and size distributions of two
other samples with Fe/S ratios of 0.962:2 and 0.952:2 are
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Figure 2. (3, b) TEM images of Fe,_,S, NCs with different chemical
compositions (Fe/S ratios: (a) 0.99:2 and (b) 0.917:2). The insets
show the corresponding size distribution histogram. The scale bars are
50 nm. (¢, d) HRTEM images corresponding to samples in (a) and
(b), respectively. The scale bars are 5 nm. (e) UV—Vis—IR absorption
spectrum of Fe, .S, NCs with different elemental ratios. The inset
shows the Tauc plot measurement obtained from the bandgap of
Feg99S, NC thin film.

shown in Figure S1. Most Fe,_ .S, NCs have an irregular shape
with a comparable average size of 25—30 nm. This means that
the LSPR frequency is primarily dependent on the
stoichiometry of the Fe; .S, NCs with a negligible size effect
between the NCs of different chemical compositions. The
chemical composition of Fe, .S, was analyzed using energy
dispersive X-ray spectroscopy (EDS) in the TEM. Figure 2c,d
depicts the high-resolution TEM (HRTEM) images corre-
sponding to the samples in Figure 2a,b, respectively. High
crystallinity was demonstrated in both Fe, .S, NC samples,
and they both have a lattice fringe of ~0.27 nm, which is close
to the anticipated value for the (200) planes of the iron
pyrite.39

The UV—Vis—IR absorption spectra of Fe; .S, NCs are
demonstrated in Figure 2e. The carrier doping-induced LSPR
effect is clearly shown to lead to the appearance of an IR band
systematically with decreasing Fe/S ratio. The stoichiometric
FeygeS, NCs (black) have an absorption cutoff of ~785 nm
that corresponds to the bandgap of 1.58 eV based on the Tauc
plot™* ahv o (hv — Eg)l/ * (inset of Figure 2e), where « is
the absorption coeflicient, hv is the photo energy, and E, is the
bandgap. The blue shift of the bandgap from the bulk value is
anticipated for the Fe; .S, NCs due to the quantum
confinement. With increasing carrier doping through the
introduction of Fe vacancies in the Fe,_,S, NCs, the induced
LSPR effect leads to a systematic development of an IR
absorption band spanning over NIR and SWIR spectra, which
gains systematically not only in the absorption intensity but
also in spectral broadening through a red shift with decreasing
Fe/S ratio up to 0.917:2. At a 900 nm wavelength, for example,
the absorption intensity increases monotonically with decreas-
ing Fe/S ratio from stoichiometric 0.99:2 (black) to 0.917:2
(purple) due to increasing hole concentration. This observa-
tion is in excellent agreement with recent studies of the LSPR
effect in other doged semiconductor NCs of Cu,_S,"*
Cu,_,Se,'” Cu,_,Te,”” and WO,_..*" It should be noted that
the optimal LSPR effect was observed in Fe,_.S, NCs at x =
0.083. A further increase in doping to the Fe/S ratio = 0.893:2
(the green curve in Figure 2e) shows a reduced absorption
intensity at 900 nm, which may be ascribed to the increased
light reflection as the doped Fe, .S, NCs become more
metallic with higher carrier concentrations. In the following
discussion, we will mainly focus on the low-doping Fe, .S,
NCs with an Fe/S ratio from 0.99:2 to 0.917:2.

The LSPR-enhanced light absorption in Fe; .S, NCs makes
them ideal photosensitizers for broadband photodetectors.
Figure 3 depicts schematically the printing process of the
Fe,_,S, NCs on the channel of a GFET from an ink of Fe,_,S,
NCs in chloroform using a SonoPlot microplotter through a
glass capillary tip. A schematic of a GFET device from a 36
GFET array chip (the real image is shown in Figure S2) is
illustrated in Figure 3a. The GFETs have different channel
lengths of 2—20 um, and the same channel width of 20 ym was
fabricated by transfer monolayer graphene grown in chemical
vapor deposition (CVD) on SiO, (90 nm)/Si substrates. A
two-step photolithography process was employed to define the
GFET array and the Au (80 nm)/Ti (2 nm) source and drain
electrodes. The Raman spectra taken on the GFET channel of
a representative GFET before and after printing Fe, .S, NCs
are shown in Figure S3, which confirms the high quality of the
monolayer graphene, which remained intact after the Fe,_,S,
NC printing. The Fe;_,S, NC ink can be controllably printed
on the GFET channel since the inkjet tip position is controlled
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Figure 3. Schematic images of the printing process: (a) before and
(b) after Fe;_,S, NCs are printed on the GFET channel using an
inkjet printer; (c) three-dimensional view of the printed LSPR Fe,_,S,
NCs/GFET broadband photodetector. (d) Energy level diagram of
Fe,_,S, NCs/GFET van der Waals heterojunction and charge transfer
process under illumination.

by a computer (Figure 3b). Figure 3c illustrates a schematic
image of a Fe; .S, NCs/GFET photodetector, in which the
top two Au electrodes served as the source and drain. Charge
transfer is a critical step affecting the optoelectronic properties
of the Fe;_,S, NCs/GFET UV—Vis—NIR broadband photo-
detectors. The vdW interface provides a high-efficiency charge
transfer path across the interface as we reported in the ZnO
QD/GFET heterojunction UV photodetector.”” The charge
transfer mechanism of the Fe, .S, NCs/GFET photodetector
under illumination is shown in Figure 3d. Upon the absorption
of light by the Fe, .S, NCs, excitons are generated and
dissociated to free electrons and holes at the Fe;_,S, NCs/
GFET interface by the built-in field. Based on the band edge
alignment across the Fe; .S, NCs/GFET interface shown in
Figure 3d, the photoexcited charges (holes) in the valence
band of Fe, .S, NCs are expected to transfer to graphene,
leading to a photogating effect on the GFET channel
conductance as the photoresponse.’”

The Fe,_,S, NCs/GFET vdW heterojunction photodetector
exhibits excellent photoresponse reversibility. Figure 4a shows
the on/off current density plots of the doped Fe,_,S, NCs/
GFET photodetectors (colored) under illumination of SWIR
light of 1100 nm with a light power density of 3.89 4W/cm?.
For a comparison, the FeS, NCs/GFET photodetector with
stoichiometric FeS, NCs (black) is also included in Figure 4a.
For all devices, the source—drain bias voltage (Vpg) was
maintained at 0.1 V. Remarkably, the devices with doped
Fe,_,S, NCs have significantly higher photoresponse than their
counterpart with stoichiometric FeS, NCs. This is not
surprising since SWIR photoresponse is forbidden, considering
the bandgap of 1.58 eV for the stoichiometric FeS, NCs. This
means that the observed SWIR photoresponse in doped
Fe,_,S, NCs/GFET photodetectors is primarily attributed to
the LSPR effect through expansion of the absorption spectrum
from visible toward longer wavelengths into SWIR, enabling
broadband photodetection in the UV—Vis—SWIR spectrum.
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Figure 4. (a) Dynamic photoresponse I, curves of the LSPR Fe,_.S,
NCs/GFET heterojunction photodetectors upon SWIR illumination
(1100 nm) on and off. The light power density was 3.89 yW/cm?
The GFET channel length and width are 4.3 and 11.4 um,
respectively. (b) Spectral photoresponsivity of the Fe,_,S, NCs/
GFET photodetectors. (c) Experimentally measured gain (black dots)
versus theoretical fitting (red curve) as a function of the incident light
power. (d) Wavelength-dependent broadband photodetectivity D*.

The responsivity R* is defined as the ratio of photocurrent
(Ip) to incident optical power (P,,) absorbed in the Fe,_,S,
NCs/GFET photodetector: R* = I,/P,,. I, is defined as the
difference between current under illumination and in the dark.
Figure 4b compares the R* versus wavelength curves on the
four samples shown in Figure 4a. The R* values of the doped
Fe,_,S, NCs/GFET photodetectors (colored) are considerably
higher than those of their counterpart with stoichiometric FeS,
NCs (black). The most significant R* enhancement occurs in
the NIR-SWIR spectrum. At an SWIR wavelength of 1100
nm, the enhancement is almost three orders of magnitude from
6.49 X 10°> A/W at the Fe/S elemental ratio of 0.99:2 to 4.32 X
10° A/W at Fe/S = 0.917:2. Even at the UV wavelength of 300
nm, an almost 4-fold enhancement of the R* can be seen in
Figure 4b. It should be pointed out that the spectral
responsivity in Figure 4b agrees well qualitatively with the
UV—Vis—IR absorption spectra in Figure 2c, illustrating that
the broadband enhancement of the photoresponse in the
Fe,_, S, NCs/GFET photodetectors is primarily ascribed to
the LSPR effect on the doped Fe,_.S, NCs photosensitizers.
This result demonstrates the benefit of the enhanced LSPR
absorption by doped Fe,_,S, NCs in the Fe,_,S, NCs/GFET
vdW  heterojunction photodetectors for broadband photo-
detection. At the optimal doping at x = 0.083, the Feyo,,S,
NCs exhibit the strongest LSPR effect (purple in Figure 2c),
leading to the highest R* values exceeding 4.0 X 10° A/W in
UV—Vis—SWIR on the Fe;y;,S, NCs/GFET devices (purple
curve in Figure 4b). This is in contrast to the much lower R*
of ~10° A/W for the stoichiometric Feyg,S, NCs/GFET
device (black in Figure 4b) only from ultraviolet (300 nm) to
visible (560 nm). However, the responsivity decreases
monotonically with increasing wavelengths near or beyond
the cutoff (785 nm) of the stoichiometric FeygS, NCs. The
fact that R* decreases by almost three orders of magnitude
from 560 nm (below the cutoff) to 1100 nm beyond the cutoff,
which is anticipated for traditional semiconductors such as the
stoichiometric FeygyS, NCs. Therefore, the enhanced broad-

DOI: 10.1021/acsami.9b04250
ACS Appl. Mater. Interfaces 2019, 11, 19286—19293


http://dx.doi.org/10.1021/acsami.9b04250

ACS Applied Materials & Interfaces

Research Article

band responsivity on the Fe,_,S, NCs/GFET photodetectors
illustrates the unique advantage of the LSPR effect in the
doped Fe,_,S, NCs. Figure S4 shows the photoresponsivity of
the Fe,_,S, NCs/GFET photodetector as a function of the bias
voltage V4. The linear increase of the responsivity with V4 is
anticipated since the carrier drift velocity between the source
and drain electrodes increases linearly with V,

It should be pointed out that the Fe,_, S, NCs/GFET
photodetectors take advantages of the improved LSPR
absorption of doped Fe, .S, NCs, in combination with the
strong quantum confinement in the highly crystalline Fe,_,S,
NCs for prolonged carrier lifetime (Tyg) and the high charge
mobility of graphene for a short source—drain charge transit
time (Tyans)- Therefore, high and broadband photoconductive
gain (G) proportional to Tyg/ Tyanse is anticipated for Fe,_,S,
NCs/GFET phototransistors. To quantify this, the photo-
conductive gain in these Fe; .S, NCs/GFET vdW hetero-
junction 3I;hotodetectors can be estimated from the following
equation

I, hv h T. 1
G="2" = (agNVW)—2— = g0t~
qlWL qlWL ’I;ransit 1+ (L)
to

(1)
Here, q is the elementary charge, i is the light power absorbed
by Fe,_,S, on the GFET channel, W and L are respectively the
GFET channel width and length, a, is the photogenerated
carrier transfer efficiency from the Fe;_ S, NCs to graphene,
and N is the Avogadro constant. The carrier drift velocity V =
#Vps/L is proportional to the carrier mobility y in graphene. In
addition, hv is the elemental photo energy, @ is the quantum
efficiency of Fe,_,S, NCs, i; is the saturation light power on
the NCs when all of the surface states are filled, and n is a
phenomenological fitting parameter. Figure 4c plots the G
versus i curve measured on the Fey,,S, NCs/GFET
photodetector (black dots) and the theoretical fitting (red
curve).”® A maximum gain of 4.3 X 10° under an illumination
power of 1.91 pW can be observed. With increasing incident
light power beyond 1.91 pW, the gain decrease monotonically
due to the reduced average lifetime of holes and saturation of
the surface states. For the theoretical fitting curve shown in
Figure 4b, the fitting parameters are ay@ = 0.21, iy = 0.90 pW,
and n = 0.80. A further enhanced gain predicted from the
theoretical calculation is as high as ~1.19 X 107 under a low
incident light power of <0.1 pW.
The detectivity (D*) is a key figure of merit for a
photodetector and can be calculated from the following
equation‘q’8

D= ,/A X Af NAXY )
= ones
)
where A is the active layer of the Fe,_.S, heterojunction
photodetector in cm?, Af is the bandwidth in hertz, and NEP is
the noise equivalent power in the unit of A/Hz'? which
indicates the incident light power required for the device
output signal to be equal to the noise current. The NEP can be

calculated using the formula NEP = An2 /R*, where Aﬂ2 is
the mean square noise current and can be obtained from the
spectra density of the noise power. The A,> of the Fe,_.S,
NCs/GFET device monotonically decreases with increasing

frequency, which can be fitted by A_n2 « 1/f in the low

frequency range up to hundreds of hertz, demonstrating that
the 1/f noise dominates the current noise behavior at low
frequencies (Figure SS). The wavelength-dependent D* of the
Fe, .S, NCs/GFET photodetectors is shown in Figure 4d.
Among the four Fe;_,S, NCs/GFET devices shown in Figure
4d (the same four devices as in Figure 4a,b), the three based
on the doped Fe,_,S, NCs (colored) have higher D* values
than those based on the stoichiometric Fe, 4,5, NCs (black) in
the entire UV—Vis—NIR—SWIR spectra. The one with the Fe-
to-S ratio of 0.917:2 (purple) has the overall highest D* values
in the entire UV—Vis—NIR—SWIR spectra. At short wave-
lengths below 340 nm, the D* for the Feyy,,S, NCs/GFET
photodetector (purple) reaches up to 1.15 X 10'* Jones, which
is significantly higher than the D* ~ 3.1 X 10" Jones of its
counterpart based on the stoichiometric Fey S, NCs (black).
While it decreases with increasing wavelengths for all four
samples, the D* value of 7.50 X 10'* Jones of the Fey;,S,
NCs/GFET photodetector is more than two orders of
magnitude higher than the 1.1 X 10" Jones of the FeygS,
NCs/GFET counterpart.

It should be pointed out that the LSPR-enhanced light
absorption in doped Fe, .S, NCs addresses a fundamental
issue in photodetectors based on semiconductor NCs due to
the limited absorption in a thin layer of the stoichiometric
semiconductor NCs. A naive resolution is to stack NCs to
multilayers for enhanced light absorption, as shown in Figure
Sa. Unfortunately, charge transfer across the stacked semi-
conductor NC layers is seriously hindered by the poorly
defined NC—NC interfaces, and the difference in the charge
transfer routes in the multilayered NCs/graphene and single-
layered NCs/graphene heterostructures is illustrated in Figure
Sa,b. Basically, The photogenerated holes on the top NC layers
in the multilayered NCs (Figure Sa) must go through multiple
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Figure S. Schematic diagrams of photo-induced charge carrier
transport paths in (a) multilayer and (b) single layer (or thinner
layer) of Fe, S, NCs/GFET photodetectors. The corresponding
dynamic photoresponse in the devices with (c) a multilayer and (d)
single-layer (d) Fe,_,S, NCs sensitizer. The rising (falling) time is
estimated from the time required for the photocurrent to increase to
(decrease to) 70% of the maximum value of the photocurrent. The
inset in (d) shows the time-dependent on/off current density of the
single-layer Fe, .S, NCs photodetector.
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NC-NC interface junctions before reaching to graphene. In
contrast, a direct charge transfer from NC to graphene can be
achieved in the single-layered NC case (Figure Sb). This
difference in the charge transfer route results in a direct
consequence of slower photoresponse due to charge traps at
the NC—NC interface junctions in the Fe,_,S, NCs/GFET
devices with a multilayered Fe,_,S, NC sensitizer. This
argument is indeed supported by the dramatically slower and
smaller dynamic photoresponse of the Fe,_.S, NCs/GFET
photodetectors with multilayers of the Fe,_,S, NCs (Figure
Sc) as compared to its single-layer counterpart (Figure Sd).
The thicknesses of the multilayer and single-layer NC samples
used in Figure Sc,d are ~540 and 60 nm, respectively (Figure
S6). While the photocurrent of 8.24 yA in the former is about
1.3 times of the 6.16 pA in the latter, the photoresponse is
significantly slower in the former. To quantify this, the rising
(falling) time is estimated from the time required for the
photocurrent to increase to (decrease to) 70% of the light on-
state current. In fact, an asymmetric rise/fall pattern can be
observed in the Fe;_,S, NCs/GFET devices with a multi-
layered Fe,_,S, NCs sensitizer. As illustrated in Figure Sc, the
rising time of ~1.6 s in response to the illumination of the
SWIR (1100 nm) “light on” is almost an order of magnitude
shorter than the falling time of ~13.8 s in response to the “light
off”. In contrast, the rising and falling times are both ~0.1 s in
the Fe,_,S, NCs/GFET devices with single-layered Fe,_,S,
NCs. Therefore, the slower and asymmetric photoresponse in
the Fe, .S, NCs/GFET photodetectors with a multilayered
Fe, .S, NCs sensitizer indicates the presence of charge traps
most probably at the NC—NC interface junctions.’” Besides
the detrimental effect on the response times, these charge traps
also promote charge recombination and reduce the photo-
response. This argument is consistent with only 30% higher
photocurrent in the multilayered Fe; .S, NCs of thickness
(540 nm) nine times of that on the single-layered NC sample.
Therefore, the significantly faster and symmetric photo-
response and the specific response (per NC thickness) in the
single-layer Fe, .S, NCs/graphene illustrate the importance of
the LSPR effect in doped Fe,_,S, NCs/GFET for high-
performance optoelectronic devices. The inset in Figure Sd
demonstrates the on/off current density of the single-layer
Fe,_,S, NCs/GFET photodetector in response to six cycles of
the light on and light off. A stable photocurrent can be retained
during the process, demonstrating the stability of the
photodetector.

4. CONCLUSIONS

In summary, a colloidal process was developed for synthesis of
highly crystalline nonstoichiometric Fe, .S, NCs with a
systematically controlled hole doping for the LSPR effect by
introduction of Fe deficiencies in the range of x = 0.01—0.107.
By increasing doping x up to 0.083, a systematic increase in the
absorption intensity and spectral range of UV—Vis—SWIR,
which is much beyond the visible cutoff of ~785 nm of the
stoichiometric FeS, NCs, has been obtained. At the optimal
doping of x = 0.083, the free carrier density is estimated to be
1.91 X 10* cm™. A further increase in the doping leads to
reduced absorption intensity, which may be attributed to the
enhanced light reflection in more metallic Fe,_,S, NCs. The
LSPR effect in the doped Fe, .S, NCs provides a unique
resolution to the critical issue of inadequate light absorption in
the optoelectronic devices with a thin layer of semiconductor
NCs. This advantage is demonstrated in a comparative study of

the Fe,_,S, NCs/GFET photodetectors with stoichiometric (x
=0.01) and doped (x is up to 0.083) Fe,_,S, NCs. In contrast
to the much lower R¥ ~ 10° A/W for the stoichiometric
Feg9oS; NCs/GFET device below the cutoff of 785 nm, a
remarkable broadband R* exceeding 4.32 X 10° A/W and
detectivity D* of >7.50 X 10'* Jones are observed in
nonstoichiometric Fe,_,S, NCs/GFET (optimal x = 0.083).
The enhanced R*, especially that at NIR to SWIR wavelengths
beyond the cutoff, should be attributed to the synergistic
combination of the enhanced LSPR light absorption, strong
quantum confinement of the Fe, .S, NC sensitizer, and high
carrier mobility of the graphene for high-performance
optoelectronics. This result is important as demonstrated in
a further comparative study of Fe,_ .S, NCs/GFET devices
with 60 nm-thick (single-layer) and 540 nm-thick (multilayer)
Fe,_,S, NCs as photosensitizers. While the latter has 30%
higher R* than in the former, its response times increase by
more than an order of magnitude due to the charge trapping
effect at the NC—NC junctions through multiple layers of
Fe,_,S, NCs. Therefore, this result demonstrates a pathway
toward printable and flexible high-performance optoelec-
tronics.
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