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Small-size PbS colloidal quantum dots (CQDs) have achieved excellent performance in photoelectric
conversion devices through the ligand-exchange method of mixed lead-halide passivation. However, with
the increase of PbS CQD diameter, the proportion of (100) facets on the CQD surface increases and
the original proportion of mixed lead-halide ligand cannot passivate (100) facets completely, which will
introduce deep defects and deteriorate device performance. Here, we demonstrate an excessive PbBr2

concentration ligand strategy to sufficiently passivate large-size PbS CQDs with an absorption peak at
1300 nm. The first-principles calculation results suggest that Br− can passivate (100) facets more effi-
ciently compared with I−. With the increase of PbBr2 concentration (0–0.464 mmol/mL), both optical and
electrical measurements imply that defects are effectively passivated, while carrier lifetime increases and
dark-current density decreases. Finally, a device with specific detectivity of 5.22 × 1012 Jones is obtained.
This passivation strategy can also be used in other large-size PbS CQDs (diameter >4 nm) to realize a
better device performance.
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I. INTRODUCTION

Colloidal quantum dots (CQDs) are widely used in
photoelectric conversion devices due to their size-tunable
band gap [1], multiple exciton generation [2], and large
absorption coefficient [3]. Lead-sulfide (PbS) CQDs have
attracted much attention due to their great potential for
developing high-performance and low-cost near-infrared
detection technology [4]. However, incomplete passivation
of CQD surfaces results in interdots’ fusion [5] and gap
states [6,7], decreasing carrier lifetime [8,9], and degrading
device performance [10,11]. Thus, deeply understanding
the complex properties of (100) and (111) facets on the PbS
CQD surface and exploring a suitable passivation method
are essential for obtaining high-performance devices.

The ligand-exchange (LE) method is used in PbS CQDs’
film-fabrication process to replace oleic acid molecules
on CQDs’ surface and passivate defect sites. The mixed
ligand of high PbI2 to PbBr2 molar ratio (>5:1) is the
most common ligand used in small-size PbS CQD pas-
sivation. For the small-size PbS CQDs whose diameters
are below 4 nm (band gap >1.06 eV), the CQD surfaces
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are mainly composed of (111) facets. Plenty of I− ions
passivate (111) facets, while a few of Br− ions passi-
vate (100) facets and suppress fusions [5,12,13]. When
the diameter of PbS CQD increases to 4.61 nm (band gap
approximately 0.95 eV), the proportion of (100) facets
rises to 22.4% [14]. The traditional mixed ligand used for
small-size PbS CQDs could not sufficiently passivate (100)
facets, resulting in fusion between CQDs and trap states
[6,15]. Therefore, sufficient passivation of (100) facets is
vital for large-size PbS CQDs to reduce the density of trap
states and achieve high-performance devices.

Here, we report a mixed halide ligand of high PbI2
and high PbBr2 to sufficiently passivate 1300 nm PbS
CQDs (Eg = 0.96 eV), which significantly reduces the
defect density and dark-current density of photodetec-
tor devices. The first-principles calculation results suggest
that Br− has a lower adsorption energy compared with
I−, and can passivate (100) facets more efficiently. The
dark-current density of the optimal device passivated by
high PbBr2 concentration ligand at −0.1 V decreases to
156 nA/cm2 in contrast to the 11.3 ± 3.8 μA/cm2 of low
PbBr2 concentration ligand. Finally, a device with specific
detectivity of 5.22 × 1012 Jones is obtained, which demon-
strates a superior performance among large-size PbS CQD
photodetectors.
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II. RESULTS AND DISCUSSION

A. Theoretical calculation of (100) surfaces

Halide ligand can bind with Pb dangling bonds on the
PbS CQDs’ (100) facets at top and bridge sites. To inves-
tigate the passivation effect of Br− and I− on (100) facets,
we calculate the adsorption energy of Br− and I− at top and
bridge sites by a slab model in Figs. 1(a) and 1(b) [16,17].
The related density-functional theory (DFT) simulations
are accomplished based on methods in Refs. [18–22]. An
ion with lower adsorption energy is easier to adsorb on
the surface. Adsorption of Br− and I− at bridge sites
(−0.67 eV/ion and −0.36 eV/ion) is stronger than at top
sites (−0.61 eV/ion and −0.28 eV/ion), indicating a more
stable binding at bridge sites.

We further calculate the adsorption energy and bond
length of Br− and I− at bridge sites varied with the atom
coverage of 1, 2, 4, 6, 8, and 10. Because the interac-
tion between halide ligands restrains the adsorption of
more atoms, the adsorption energy increases with the atom
coverage from 1 to 8. Meanwhile, Br− has lower adsorp-
tion energy compared with I− at the same atom coverage,
indicating the more excellent ability of Br− on passivat-
ing (100) facets than I− [Fig. 1(e)]. However, Pb atoms
are obviously pulled out from (100) facets at the atom
coverage of 8 [Figs. 1(c) and 1(d)]. When the atom cov-
erage of Br− up to 10, the dislocation of Pb atoms due
to the binding between Br and Pb would damage the
structure of (100) facets [23]. In this case, extremely
excessive Br− would damage (100) facets and introduce
defects.

Besides, we calculate the bond length of Pb—Br and
Pb—I varied with atom coverage [Fig 1(f)]. With the
increase of atom coverage, the bond length of Pb—Br
decreases while bond length of Pb—I increases, indicat-
ing a tighter bond of Br− on (100) facets at high atom
coverage than in the case of I−. In conclusion, choosing
an appropriate Br− concentration is necessary to obtain
high-performance PbS CQD detectors.

B. Optical characterization of PbS CQD films

Then we fabricate PbS CQD films by a ligand-
exchange method [24]. The pristine PbS CQDs are syn-
thesized and washed based on a previously reported
method [25]. We change the concentration of PbBr2 in
N, N-dimethylformamide (DMF): 0.029 mmol/mL (1 ×
PbBr2), 0.116 mmol/mL (4 × PbBr2), 0.232 mmol/mL
(8 × PbBr2), and 0.464 mmol/mL (16 × PbBr2) with a
fixed PbI2 concentration (0.266 mmol/mL). To understand
the effect of different PbBr2 concentrations on CQD films,
we characterize the optical properties of CQD films.

Figure 2(a) shows the normalized absorption spectra
measured from 0.73 to 1.13 eV (1100 to 1700 nm).
1 × PbBr2, 4 × PbBr2, and 8 × PbBr2 films show simi-
lar absorption peak position and shape, but 16 × PbBr2
film shows a slight blueshift of peak position. Higher-
concentration PbBr2 treated PbS CQD films are filled with
higher molar concentration of PbBr2 and PbI2 [27,28],
which leads to longer interdot space. The blueshift of
the peak position is possibly caused by the reduced CQD
coupling due to the longer interdot space [29].
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FIG. 1. Schematic diagram of PbS CQD (100) facets passivated by (a) 1 Br−, (b) 1I−, (c) 8Br−, and (d) 8I−. (e) Adsorption energy
of Br− and I− on different sites varied with atom coverage. (f) Bond length of Pb—I and Pb—Br varied with atom coverage.
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FIG. 2. (a) Absorption and (b) PL spectra of PbS CQD films passivated by different concentrations of Br−. (c) Excitation power-
dependent PL of 1 × PbBr2 PbS CQD film. (d) Excitation power-dependent PL intensity of the exciton transition (approximately
0.891 eV) peak and the trap-related transition (approximately 0.813 eV) peak. Solid lines: power-law fit. The absorption and PL
spectra are converted from wavelength to energy scale by using a Jacobian matrix transformation [26].

Figure 2(b) shows the normalized PL spectra excited
by a 980-nm laser. The PL spectra are comprised of two
peaks. Therefore, we perform peak splitting of PL spec-
tra and recorded the variation of two peaks [Fig. 2(b) and
Table I]. The main peak at 0.892 eV corresponds to the
absorption spectra at 0.930 eV with a Stokes shift, resulting
from carrier transition between the conduction band and
the valence band. The subpeak at 0.813 eV corresponds to
carrier transition between gap states and free states (con-
duction band or valence band). With PbBr2 concentration
increasing from 1 × PbBr2 to 16 × PbBr2, the integrated
intensity of the subpeak decreases from 0.0795 to 0.0400.
Therefore, higher concentration of Br− effectively reduces

gap states of PbS CQDs, consistent with the theoretical cal-
culation results. Besides, the subpeak intensities difference
between 8 × PbBr2 and 16 × PbBr2 films is lower than the
difference between 1 × PbBr2 and 4 × PbBr2 films, result-
ing from the passivation saturation of Br− mentioned in
theoretical calculation.

To explore the transitions of two peaks more deeply,
we characterize the excitation power-dependent PL spectra
of 1 × PbBr2 films [Fig. 2(c)], and perform a peak split-
ting [30]. The relationship between excitation power and
integrated PL intensity is expressed as

IPL ∝ Iα
ex (1)

TABLE I. PL peak-splitting data of PbS CQD films passivated with different concentrations of PbBr2.

Film Position 1 (eV) Area 1 FWHM 1 (eV) Position 2 (eV) Area 2 FWHM 2 (eV) Stokes shift (eV)

1 × PbBr2 0.892 0.0797 0.0794 0.813 0.0795 0.0783 0.043
4 × PbBr2 0.892 0.0890 0.0770 0.813 0.0553 0.0766 0.038
8 × PbBr2 0.892 0.0935 0.0795 0.813 0.0430 0.0793 0.039
16vPbBr2 0.892 0.0895 0.0765 0.813 0.0400 0.0816 0.046
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for exciton transitions, 1 < α < 2, while 0 < α < 1
for trap-related transition [31,32]. We fit excitation
power-dependent PL intensity with Eq. (1) and obtain
αsubpeak = 0.77, αmainpeak = 1.13 [Fig. 2(d)]. Therefore, the
main peak at 0.892 eV results from exciton transition, and
trap-related transition results in the subpeak at 0.813 eV.

We also calculate Stokes shifts of CQD films using
the original PL and absorption data (Table I). 4 × PbBr2
and 8 × PbBr2 films have smaller Stokes shifts (0.038 and
0.039 eV) compared to 1 × PbBr2 film (0.043 eV), indicat-
ing 4 × PbBr2 and 8 × PbBr2 films have a smaller density
of gap states than 1 × PbBr2 film. However, the Stokes
shift of 16 × PbBr2 film (0.046 eV) is bigger than that
of 8 × PbBr2 film (0.039 eV) due to the above-mentioned
absorption peak blueshift.

C. Electrical characterization of PbS CQD devices

We further prepare photodiode devices to investigate
the influence of different concentrations of PbBr2 passiva-
tion on device performance. The devices are fabricated on
ITO electrodes. Firstly, we fabricate 200-nm ZnO as the
electron transport layer by rf sputtering on ITO glass sub-
strate. Secondly, we spin-coated 400-nm absorption layer
PbS CQDs passivated by different concentrations of PbBr2
and a fixed PbI2 on ZnO in nitrogen. We then spin-coated
50-nm hole-transport layer of PbS CQDs capped with 1,
2-ethanedithiol ligands (PbS-EDT) by the layer-by-layer
method. Finally, 120-nm patterned Au electrodes are evap-
orated on the top of the PbS-EDT layer. Figure 3(a) shows

the structure schematic of PbS CQD devices. The cross-
section scanning electron microscopy (SEM) image and
detailed energy band structure of the PbS CQD device are
shown in Ref. [33].

Firstly, we characterize the current density-voltage
(J -V) curves of the devices passivated by different
concentrations of PbBr2 [34]. With the concentration
increasing from 1 × PbBr2 to 16 × PbBr2, the dark-
current density (J dark) of devices at −0.1 V decreases
from 11.3 ± 3.8 μA/cm2 to 182 ± 37 nA/cm2, and then
increases to 362 ± 109 nA/cm2 [Fig. 3(b)], while exter-
nal quantum efficiency (EQE) at 1300 nm increases
from 19.6 ± 0.9% to 21.6 ± 1.3%, and then decreases to
12.7 ± 1.9% [Fig. 3(c) and Table II]. We used Eq. (2)
to analyze typical dark J -V curves of devices passivated
by different concentrations of PbBr2 based on the circuit
model demonstrated in Ref. [35]. The dark current is com-
prised of the diode current, the Ohmic leakage current
caused by leakage sites, and the trap-assisted tunneling
leakage current caused by interface defects [36,37].

J = J0{exp[q(V − J × Rs)/nkT] − 1}
+ (V − J × Rs)/Rsh + kV exp[m/(V − Vbi)] (2)

V and J in Eq. (2) are applied bias and output current den-
sity. J 0 is the reverse saturation current density, determined
by carrier lifetime, depletion width, and carrier concentra-
tion. Rs and Rsh are the device series resistance and shunt
resistance; n is the diode quality factor; k and m are related
to defect level and concentration at the interface.
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FIG. 3. (a) Structure schematic of PbS CQD devices. (b) Dark-current density and (c) EQE at −0.1 V of devices passivated by
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TABLE II. Dark-current density and EQE at −0.1 V of PbS
CQD devices passivated with different concentrations of PbBr2.

Device J dark (μA/cm2) EQE (%)

1 × PbBr2 11.3 ± 3.8 19.6 ± 0.9
4 × PbBr2 0.34 ± 0.124 21.6 ± 1.3
8 × PbBr2 0.18 ± 0.037 19.2 ± 0.8
16 × PbBr2 0.36 ± 0.109 12.7 ± 1.9

Parameters obtained after curve fitting are shown
in Table III. With the increasing concentration of
PbBr2, J 0 decreases gradually from 5 × 10−4 mA/cm2 to
3.97 × 10−5 mA/cm2. To understand the variation of J 0,
we characterize temperature-dependent admittance spec-
troscopy (TDAS) of 1 × PbBr2 and 8 × PbBr2 devices
[Figs. 3(e) and 3(f)]. The 8 × PbBr2 device has narrower
defect distribution and shallower defect level compared
with the 1 × PbBr2 device, showing that moderate Br−

passivate CQD defects more effectively. We also char-
acterize transient absorption spectra (TAS) [38,39] and
calculate carrier lifetime based on a method used in Refs.
[40–42], showing that 8 × PbBr2 film has a longer carrier
lifetime than 1 × PbBr2 film. Therefore, the decreased J 0
is due to the increased carrier lifetime caused by the defect
passivation of Br−.

We also find that the ideality factor n decreased at first
and then increased. The ideality factor n describes the qual-
ity of p-n junction. Junction current can be further divided
into generation-recombination current (J GR) and diffusion
current (J diff). Generally, n (1 < n < 2) evaluates the pro-
portion of J diff in junction current. Devices with lower n
have a lower proportion of J diff, a higher proportion of
J GR, lower dark-current density and better device perfor-
mance. To analyze factors affecting n, we use the J GR/J diff
to characterize the proportion of GR current and diffusion
current, and J GR/J diff is positively correlated to n. For an
N+P junction, J GR/J diff is expressed as Eq. (3):

JGR/Jdiff ∝ [
NDW/

(
2ni

√
μτ

)]
, (3)

where ND is the doping density, W is the width of deple-
tion region, ni is the intrinsic carrier concentration, µ is
the mobility, τ is the carrier lifetime. From 1 × PbBr2 to
8 × PbBr2 devices, τ increases due to defect passivation,
resulting in the decrease of J GR/J diff and n. The carrier

mobility (µ) of CQD film could be described by hopping
mode and proportional to the tunneling rate [29,43,44].
Along with the increase of PbBr2, the interdot space
increases, leading to wider tunneling barrier and lower µ.
Decreased µ leads to the decrease of J GR/J diff and n while
increased τ results in increased J GR/J diff and n. Therefore,
n exists a minimum with the PbBr2 concentration, which
can be attributed to the balance between carrier mobility
and lifetime.

The atomic force microscope (AFM) images [45] reveal
that CQD films with higher concentration of Br− are
smoother with fewer cracks serving as the leakage channel,
corresponding to the variation of Rsh. The x-ray photo-
electron spectroscopy (XPS) results show that CQD film
with higher concentration of Br− has lower carbon con-
tent, meaning more sufficient ligand exchange [36,46]. The
1 × PbBr2 film has a lot of cracks caused by solvent evapo-
ration and organic ligand removal, resulting in detrimental
shunt path and a decrease in Rsh [47–49].

For reverse bias, we induce the trap-assisted tunneling
(TAT) current model [36]. k and m are parameters of trap-
assisted tunneling current, respectively, related to the trap
density and energy level. When the bias ranged from −0.4
to −0.2 V, the J dark is dominated by TAT current density
[Fig. 3(d)]. Devices passivated by higher concentration of
PbBr2 have the same k and smaller m, indicating the pas-
sivation of interface traps in higher PbBr2 concentration
devices.

D. Comprehensive performance characterization of
the best PbS CQD devices

We then characterize the detection performance of the
best device (8 × PbBr2). Figure 4(a) shows the response
of the device to 590-nm light varied with frequency. The
590-nm light-emitting diode (LED) source is modulated by
sine wave to ensure that the frequency spectra of input sig-
nal corresponds to one frequency. The −3-dB bandwidth
of the 8 × PbBr2 device at zero bias is 38 kHz. Figure
4(b) shows the wavelength-dependent EQE measured at
−0.1 V bias. The 8 × PbBr2 device generates an EQE of
22.78% at 1300 nm. Figure 4(c) shows the response of the
8 × PbBr2 device illuminated by 1300-nm light with dif-
ferent power density. Linear dynamic range (LDR) defines

TABLE III. Fitting data of typical dark J -V curves of PbS CQD devices passivated with different concentrations of PbBr2.

Device J 0 (mA/cm2) n Rsh (� cm2) Rs (� cm2) k (1/�) m (V)

1 × PbBr2 5 × 10−4 1.796 10 0.002 NA NA
4 × PbBr2 9.4 × 10−5 1.58 400 0.002 5.37 4.7
8 × PbBr2 4.6 × 10−5 1.55 1122 0.003 5.37 4.4
16 × PbBr2 3.97 × 10−5 1.92 780 0.072 5.37 4.1

NA, not available.
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the range in which photocurrent varies linearly with inci-
dent power density. The LDR of the 8 × PbBr2 device at
zero bias is over 97.3 dB.

To quantify the detection efficiency of the best device,
we calculate the specific detectivity D* of the device using
the following equation:

D∗ = R
√

A�f /in, (4)

where R is the responsivity calculated from EQE at
1300 nm, A is the area of the electrode (0.0706 cm2), �f
is the bandwidth of the measurement circuit, and in is the
noise current. The noise power density is measured by the
lock-in amplifier setting the circuit bandwidth as 1 Hz.
Figure 4(d) shows the noise power density

(
in/

√
�f

)
of

the best device (8 × PbBr2) device at zero bias. We choose
the noise power density at −3-dB bandwidth and get the
D* of 5.22 × 1012 Jones. Compared with previous PbS
CQD photodetectors, our optimal PbS CQD photodiode
shows an excellent performance in sensitivity [50–56].

III. CONCLUSION

In summary, we develop an excessive concentration of
PbBr2 ligand strategy to solve the insufficient passivation
issue of (100) facets on the large-size PbS CQD surface.
This method effectively suppresses defects and increases
carrier lifetime. Meanwhile, continuing to increase the

PbBr2 concentration decreases the EQE due to the hin-
drance of carrier transport by too thick PbBr2. As a result,
a balance between carrier transport and defect passivation
of (100) facets could be achieved with the application of
0.232 mmol/mL PbBr2 (8 × PbBr2) in ligand exchange.
This finally generates the minimum dark-current den-
sity of 156 nA/cm2 at −0.1 V and a specific detectivity
of 5.22 × 1012 Jones. This simple and efficient approach
should also contribute to the passivation of other large-size
PbS CQDs (diameter >4 nm) and obtain high-performance
infrared photodetectors.
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APPENDIX: METHODS

1. DFT simulations

DFT simulations are accomplished by the projector
augmented-wave (PAW) method [18], which is applied in
the Vienna ab initio simulation package (VASP).[19] The
general gradient approximation (GGA) Perdew-Burke-
Ernzerhof (PBE) function [20] is used for all the structural
relaxations. The plane-wave cutoff energy is set to 500 eV
for all calculations. PbS{100}/Br and PbS{100}/I systems
with five atomic layers in total and a vacuum layer of 15 Å
are used for interface calculations. �-centered Monkhorst-
Pack [21] meshes sized 4 × 4 × 1 (PbS{100}/Br or I sys-
tem) are employed for sampling the Brillouin zones, and
the corresponding atom positions are relaxed until the
total force on each atom is less than 0.02 eV Å–1. The
crystal-structure diagram is created by VESTA [22].

The adsorption energy Eads is widely used to character-
ize the strength of adsorption capacity and the stability of
adsorption structure, and Eads could be determined by the
following definitions:

nEads = Eslab - x − (Eslab + nEx),

where n is the number of adsorption atoms, Ex is the energy
of single adsorption atom, Eslab is the bare slab energy, and
Eslab-x is the energy of slab after atom adsorption. Adsorp-
tion energy (Eads) calculated from this equation is minus,
and the atom with a higher absolute value of Eads has a
stronger adsorption ability.

2. Chemicals

Lead chloride (PbCl2, 99.99%), lead iodide (PbI2,
99.99%), lead bromide (PbBr2, 99.99%), oleylamine
(OLA, > 80%), n-octylamine (99%), N,N-dimethyl-
formamide (DMF, 99.8%) and n-butylamine (BTA, 99%)
are purchased from Aldrich and used as received. Oleic
acid (OA, 90%), 1-octadecene (ODE, 90%), and zinc
stearate (>12.5%) are purchased from Alfa and used as
received. Hexane (97%) and ethanol (99.7%) are acquired
from Greagent and acetone from Sinopharm.

3. CQD synthesis and ligand exchange

The PbS CQDs are synthesized and washed based on a
previously reported method [25]. We carry out the ligand-
exchange process in the solution phase in a N2-filled glove
box. Firstly, the exchange solution is carefully prepared
by dissolving lead iodide (PbI2, 0.266 mmol/mL), and
different concentrations of lead bromide (PbBr2) in N, N-
dimethylformamide (DMF). Then, CQD solution in octane
(10 mg/ml) is added into the exchange solution at a 1:1 vol-
ume ratio. Then, the mixed solution is shaken vigorously

for 30 s until CQDs are completely transferred to the DMF
phase. The DMF solution is then washed 2 times using
octane with the same volume of DMF. After the exchange
process, CQDs are then separated by centrifugation. This
is followed by a vacuum-drying process for 40 min.

4. CQD film fabrication

The vacuum-dried CQDs are redispersed in a mixed sol-
vent of 4:1 (volume ratio) N-butylamine (BTA) and DMF
with 300 mg/ml. The hybrid ink is deposited by spin coat-
ing at 2500 rpm for 40 s to achieve an optimized thickness.
This is followed by a 10-min 90 °C annealing process to
remove solvent residues.

5. Device fabrication

The devices are fabricated on 2.5 × 2.5 cm2 glass sub-
strates covered by 1 × 2.5 cm2 striped indium-doped tin-
oxide (ITO) electrodes bought from Youxuan Tech. Firstly,
we fabricate 200-nm electron transport layer zinc oxide
(ZnO) by rf sputtering. The sputtering target is zinc oxide
of 99.9% purity from Zhongnuo New Material Company.
The typical parameter of ZnO sputtering is as follows:
sample substrate kept at 25 °C, sputtering power density
of 4.38 W/cm2, mixture of argon and oxygen with a VAr2 :
VO2 ratio of 99:1, chamber pressure is 0.55 pa measured
by Pirani gauge during sputtering. The PL spectrum and
XRD pattern of ZnO film are shown in Ref. [57]. Sec-
ondly, we spin coat 400-nm absorption layer PbS CQDs
passivated by different concentrations of Br− on ZnO in
nitrogen. We then spin coat two layers of CQDs (first
exciton peak at 880 nm) that are treated with EDT lig-
and (0.01% volume EDT-acetonitrile solution) as the hole
transport layer (PbS-EDT). Finally, 80-nm patterned Au
electrodes are thermally evaporated on the top of the PbS-
EDT layer. The electrode area of the prepared PbS CQD
device is 0.0706 cm2.

6. Film and device characterizations

The PL spectra are excited by a 980-nm laser with power
densities of 1.1, 2.6, 3.2, 3.5, and 4.0 W/mm2 and obtained
by a QuantaMaster 8000 steady-state transient modular
fluorescence spectrometer. The optical absorption spec-
tra are measured by a SolidSpec-3700 ultraviolet-visible-
near-infrared spectrophotometer. The SEM images are
acquired by GeminiSEM 300 field-emission scanning elec-
tron microscope. The XPS spectra are excited by Al Kα

x ray (1486.6 eV) and collected using an AXIS-ULTRA
DLD-600W x-ray photoelectron spectrometer. The bind-
ing energy scale of XPS is calibrated by measuring the
binding energy of C 1 s (285.000 eV). Transient absorption
(TA) spectra are carried out by Ultrafast System Helios
Fire, which includes an 85-fs pump laser at 750 nm with
a power of 5 μW, a repetition frequency of 1000 Hz,
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a spot size of 0.059 mm2, and a Femto-TA spectrome-
ter as a probe system. The J -V curves are tested by an
Agilent B1500A semiconductor characterization system.
The −3-dB bandwidth measurements are performed with a
Thorlabs LED modulated by a function generator (Agilent
33210A) and a lock-in amplifier (Stanford Research Sys-
tems, SR850). The noise power spectra are performed with
a preamplifier (Stanford Research Systems, SR570) and
a lock-in amplifier (Stanford Research Systems, SR850).
The LDR is measured under a 1300-nm LED (Thorlabs)
with a tunable power density by changing the LED current
and distance between LED and devices. The power den-
sity (from 105 nW/cm2 to 7.7 mW/cm2) are calibrated by
a 1 × 1 cm2 optical power meter (PM101, Thorlabs) at the
same position of the measured device. The AFM images
are measured by a scanning probe microscope (SPM-9700,
Shimadzu, Japan).
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