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designing high-performance CCPs composites
for optoelectrical applications.

Conductive coordination polymers (CCPs) have
shown great potential for electronic purposes.
However, their applications in photodetection
limited by poor

on/off current ratio, and slow response owing

have been sensitivity, low
to the low charge generation and/or separation
efficiency. In this work, metal-to-ligand charge-
transfer (MLCT) in PhSeAg was used to fabri-
cate a single-component MLCT photodetecting
material for the first time to solve the above
challenges. The material obtained possesses
ultrahigh sensitivity to weak-light intensity
(0.03 mW cm™2), the highest on/off ratio, and

the fastest

Photodetector

response speed than other well-
known CCPs materials tested. Our work might
provide a simple but common strategy for

Keywords: coordination polymer, metal-organic
chalcogenide, metal-to-ligand charge transfer,
semiconductor, optoelectronic material

organic linkers.®> Recently, one of their sub-branches,

Introduction termed conductive coordination polymers (CCPs), have

Coordination polymers are a class of crystalline materials
that are constructed by the coordination of inorganic
secondary building units (metal ions or clusters) and
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attracted growing interest. The abundance and designa-
ble building blocks of CCPs provide them with endless
possibilities of tuning their electrical properties to enable
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their promising applications as field-effect transistors,
thermoelectric devices, chemiresistive gas sensors, elec-
trochromic devices, and others.*®* However, the applica-
tion of CCPs in photodetection is still limited by the low
generation and separation efficiency of the photoexcited
charge carriers. Thus, it is highly desirable to explore an
effective structural design method to enhance the photo-
detecting performances of CCPs. The existing efforts for
improving the performances of photodetecting materials
include constructing heterojunctions, compositing with
other materials, or doping with other elements/quantum
dots.®® Among them, dispersing discrete metal-organic
complexes, that readily undergo metal-to-ligand charge-
transfer (MLCT), and processing them into composite
and efficient conductive materials is very attractive,®”
because MLCT could promote the generation and sepa-
ration of photoexcited charge carrier.™ For example,
when graphene, a monolayer of crystalline carbon, was
composited with an MLCT ruthenium(ll) tris(bipyridyl)
compound, the fabrication showed enhanced response
to visible light by two orders of magnitude. However, this
type of composite material required relative tedious
preparation procedures, such as individually preparing
the MLCT component, the conductive component, and
subsequently, combining both of them (Figure 1). To
simplify the preparation procedure, we envisaged that
directly integrating the MLCT component into CCP might
be a feasible strategy. Moreover, this approach would
allow merging both the merits of MLCT component and
CCP into one material to obtain a high-performance
photodetection material.

PhSeAg (PhSeH =selenophenol), represents a good
model for the demonstration of our material design
strategy, although its optoelectrical properties have
not been reported yet.” In PhSeAg, Ag* is in a low
oxidation state, and hence, could facilitate the dona-
tion of excited electrons to ligands, whereas PhSeH
with the low-lying =n* orbital, is favorable for the ac-
ceptance of electrons transferred from the metal cen-
ters. Therefore, under light irradiation, the induction of
MLCT within PhSeAg is expected. Moreover, apart
from PhSeAg being different from the common coor-
dination polymers, it possesses a two-dimensional
(2D) inorganic continuous {AgSe}, layer, likely to en-
able smooth charge transport through the whole
material. The results of the optoelectrical measure-
ments using semiconductor characterization system
(4200SCS, Keithley, USA), revealed that the Conduc-
tive Coordination Polymer (CCP)-PhSeAg showed not
only strong response over whole visible-light range,
but also, demonstrated ultrahigh sensitivity to weak
light, the highest on/off ratio, and an overall fastest
turn-over response rate than the well-known individual
CCPs components in our tests. Our current discovery
demonstrates, for the first time, that integrating MLCT
and conduction functional motifs in one structure is a
useful, strategic design for enhancing the photode-
tecting performances of CCPs.

Results and Discussion

The single-crystal micro-flakes of PhSeAg were synthe-

Through literature searches, we found that the sized by a modification of previously reported method
reported coordination polymer of silver nanocluster, outlined in Figure 1 and Supporting Information
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Figure 1| Reported and our strategies for the preparation of MLCT-enhanced photodetecting materials.
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Figures S1and S2." The chemical and crystal structures of
PhSeAxg are shown in Figure 2a. Each Ag" coordinates
with four Se atoms in a distorted AgSe, tetrahedron.
AgSe, tetrahedrons are connected through sharing cor-
ners and edges to form a two-dimensional (2D) {AgSe},
inorganic layer. The phenyl rings connect to the Se atoms
by covalent bonds, which are on both sides of the
{AgSe}, layer. Hence, an organic/inorganic/organic
sandwich-like structure is formed, with the layers stack-
ing with each other by Van der Waals interaction to form
a three-dimensional (3D) packing structure of PhSeAg.

Scanning electron microscopy image showed a sheet-
like rhombic morphology of the prepared PhSeAg,
which has lateral dimensions of tens of micrometers
(Figure 2b) and thickness of several hundred nanometers
(~200-500 nm) (inset of Figure 2b). The powder X-ray
diffraction (PXRD; MiniFlex Il, Rigaku, Japan) pattern of
PhSeAg flakes (Figure 2¢) was consistent with the simu-
lated one, indicating the high purity and crystallinity
nature of the flakes. The main diffraction peaks 002,
004, and 006 were assigned to the indexes of (00l
crystal plane of PhSeAg. The UV-visible absorption spec-
tra (Lambda 950, PerkinElmer, USA) of PhSeAg flakes
(Figure 2d) showed strong absorption in the region of
200-480 nm, and a tail extended to 800 nm. The optical
bandgap of PhSeAg measured was 2.57 eV (Supporting
Information Figure S3).

The characterization of the nature of the excited states
for asingle PhSeAg crystal was performed by conducting
femtosecond transient absorption (fs-TA; Ultrafast Sys-
tems, Helios Fire, USA) measurements for PhSeH in ace-
tonitrile and PhSeAg in single-crystal form (Figure 3 and

Supporting Information Figure S4).” PhSeH showed two
evolution processes from 0.56 to 1.90 psand 5.5 to 208 ps
after excitation at a wavelength of ~267 nm (Supporting
Information Figure S4A,B). The transient absorption (TA)
spectra after 208 ps were assigned to the triplet state of
PhSeH (Supporting Information Figure S4B).” This as-
signment was confirmed further by a time-dependent
density functional theory (TD-DFT) calculation, where
the two apparent peaks centered at 410 and 475 nm
matched well with the experimental TA spectra detected
at 7.5 ns (Figure 3a). The nanosecond TA measurement
(Figure 3b) revealed that the triplet state of PhSeH had a
long lifetime of 8.4 ps.

The UV-vis absorption of PhSeAg in the range 200-
450 nm, mainly contributed by the PhSe™ ligand because
the solid-state of PhSeH also had a broad absorption
band around 200-450 nm (see Supporting Information
Figure S6). We unveiled the nature of the excited states
between the PhSe™ ligands and Ag‘centers in a single
crystal by choosing three pump lasers with wavelengths
of 400, 450, and 600 nm, respectively, to excite PhSeAg.
The fs-TA spectra showed that PhSeAg excitation oc-
curred at ~400 nm, similar to the behavior demonstrated
by the excitation of PhSeH in acetonitrile by the laser at
~267 nm. PhSeAg experienced excitation in two stages
(Supporting Information Figure S4D,E), as follows: the
first stage was associated with the first singlet excited
state of PhSe™ moiety of PhSeAg, attributable to the
sharp transient peak observed at 478 nm within the
whole molecule (Figure 3c). At later delay time, as
the 478 nm value was very close to the shoulder TA of
~485 nm of the triplet state of PhSeH (Supporting
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Figure 2 | Structure, morphology, and optical property of PhSeAg. (a) Synthetic route and the structure of PhSeAg.
(b) Scanning electron microscopy SEM image and (c) experimental and simulated powder X-ray diffraction patterns of
PhSeAg flakes. (d) UV-vis absorption spectra of PhSeAg in solid and PhSeH in acetonitrile.
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Figure 3 | Femtosecond transient absorption (fs-TA) measurements of PhSeAg and PhSeH. (a) Comparison between
fs-TA at the delay time of 7.5 ns of PhSeH in acetonitrile pump by 267 nm and the UV-vis spectra obtained by time-
dependent density functional theory calculations for a triplet of PhSeH. (b) Dynamics of the nanosecond TA of PhSeH
at 430 nm in acetonitrile. (c) Comparison of the TA spectra at 7.5 ns of PhSeH and PhSeAg. (d) Comparison of the
fs-TA spectra at 460 ps and 7.5 ns of PhSeAg pump by 400 and 450 nm, respectively.

Information Figure S4B), and the time constant (38 ps) of
the second step for PhSeAg is almost the same with that
of PhSeH (32 ps). Therefore, the second stage is convinci-
ngly assigned to the intersystem crossing (ISC) from the
singlet excited state to the triplet state of ligand PhSe".
However, when the 450 nm pump laser was employed,
the TA of PhSeAg was observed at 460 ps; as the
excitation was increased to ~478 nm pump laser, there
was an elimination of the time constant within the 460 ps
(Figure 2d), which suggested the prompt quenching of
the triplet state of the ligand PhSe™. We deduced that
three possible processes might have led to the fast decay
of TA at 478 nm as follows: (1) ligand-to-metal charge-
transfer, (2) ligand-ligand annihilation, and (3) charge
transfer between the ligand (PhSe™) and the metal
(Ag"). When 400 nm pump laser was used, the triplet
state of the ligand PhSe™ in PhSeAg exhibited no appar-
ent decay, as the dynamic at 478 nm of PhSeAg was
almost the same with that of the free PhSeH in acetoni-
trile. This revealed that ligand-to-metal charge-transfer
and ligand-ligand annihilation processes could be ruled
out. Beside, if only a d-d electronic transition among Ag*
ion took place, it should not affect the dynamics of PhSe~
ligand, and thus, the TA peak at 478 nm should not decay.
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Nonetheless, in this instance, when the 450 and the
600 nm laser pumps were applied, the dynamics of
PhSe™ ligand was dramatically shorter than the excitation
produced by the 400 nm laser (Supporting Information
Figure S4H), which suggested that a charge transfer had
taken place between the ligand (PhSe™) and the metal
(Ag"). Collectively, these findings provided evidence that
only an MLCT process led to the fast decay of the excited
state energy dynamics at 478 nm. Thereby, it is plausible
for the charge transfer from the metal to the ligand to
qguench the TA quickly in the triplet state of PhSe™. The
global fitting of the data matrix time constant of 5.6 ps
was attributable to the MLCT process, consistent with the
lifetime of MLCT reported in other systems.””® The life-
time of the recombination of MLCT obtained was 103 ps.
Furthermore, the TA pumped by the 600 nm laser was
very similar to that of the 450 nm excitation, indicating
that the MLCT process took place when PhSeAg was
excited by the light between 500 and 800 nm (for details
see Supporting Information Figures S5 and S6). Interest-
ingly, the time constant of 202 ps produced by the
600 nm pumped laser excitation, which was associated
with the recombination of the MLCT process was
longer than the 103 ps obtained by 450 nm excitation
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(Supporting Information Figure S4F,G) of PhSeAg. Ac-
cordingly, the application of the 450 nm pump laser
gained two-time constants (5.6 and 103 ps) that were
different from the time constants pumped by 400 nm
laser of the first ion. This suggested that the charge
carriers pumped by the laser at 600 nm were more
favorable for the charge transport in the inorganic layer.

The electrical properties of the PhSeAg powder pellet
were studied by a direct current two probe method using
the semiconductor characterization system (4200SCS,
Keithley, USA; Figure 4a).”? The conductivity of PhSeAg
increased three orders of magnitude, that is, from 2.93 x
107" to 3.95x10® S cm™ in the range of 308-418 K,
which indicated its typical semiconductive characteristic.
With temperature increments (308-418 K), the exponen-
tial conductivity (o) varied with exp(-E,/kT) (E, is
the activation energy), which suggested that PhSeAg
possessed a thermal-activated band-like transport
(Figure 4b).” The density functional theory (DFT) calcu-
lation revealed that the PhSeAg possessed a direct
bandgap structure, and the valence band maximum
(VBM) at the Gamma (G) point was constructed mainly
by the orbitals of the metal cation (Ag*) and the Se atoms
(Figure 4c,d). These results suggested that the benzene
groups in PhSeAg were bonded covalently to the inor-
ganic layers, and therefore, the charge carriers transport
mainly in the inorganic layer.

The large bandgap (2.0 eV) of wide bandgap
semiconductors limits their application in the visible
range.?2* We considered that the MLCT of PhSeAg in
the whole visible-light range might extend its response
spectra range. The single-crystal PhSeAg flake was
placed on Si/SiO, substrate with pre-prepared Cr/Au
parallel electrodes with an effective device area of
30 pm? for photodetection (Figure 5a). Monochromatic
lights with different wavelengths were each applied
as light sources. The inset of Figure 4b shows the
typical /-V curves under dark and white light. Figure 5b
exhibits a wavelength-dependent responsivity (R,) of
PhSeAg from 400 to 800 nm. The optimum responsivity
of PhSeAg was in agreement with its MLCT induced strong
absorption at the wavelength of 500 nm. Interestingly,
although the MLCT induced absorption in 500-700 nm is
much weaker than the absorption of the ligand in the
range of 300-450 nm (Figure 2d), the responsivity at
600 nm was unexpectedly stronger than that at 400 nm.
Even at 700 nm, which is almost the end of the absorption
tail, the responsivity was still comparable with that at
400 nm. These observations demonstrated that the MLCT
generated by the PhSeAg was an effective process that
resulted in producing a strong photocurrent and also
extended the spectral range of the photoresponse.

To reveal the photodetecting performances in
more detail, PhSeAg was studied with 500 nm light

(a)
0.20
418 K —— 408 K —— 398 K
0.154—388 K ——378 K——368 K
-~ 358 K—— 348 K——338 K
i 0'10-—328K—318K—308K
= 0.051
=
2 0.00-
5 7
0—0.05-
-0.10+
-0.151
-0.20 T T T T T
2o (V% !
oltage
()

ax10°{"2
~3x107
=] o =c,exp(-E /xT)
@ 2x10° R =0.9997
° E, =0.63 eV
1x107*
04 308 K
0.0024 0.0027 0.0030 0.0033

UT (K™

Figure 4 | Electrical properties of the PhSeAg. (a) Temperature-dependent |-V curves of PhSeAg. (b) Arrhenius plots
of conductivity of PhSeAg. (c) Band structure of PhSeAg. (d) Valence band maximum and conduction band minimum

of PhSeAg at Gamma (G) point.
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Figure 5 | Photodetection measurements of PhSeAg. (a) Schematic diagram of PhSeAg single-crystal-based photo-
detector. (b) Responsivities versus light absorption of PhSeAg at different wavelengths, insets are the |-V curves and
the optical image of PhSeAg single-crystal-based photodetector. (¢) Time-dependent photoresponse of PhSeAg
under periodic illumination. (d) Photoresponse of PhSeAg flake under illumination with different light intensities.
(e) Comparison of the on/off ratio and (f) rise time and decay time of different coordination polymers.

illumination with a fixed power of .70 mW cm™. As
shown in Figure 5c, PhSeAg exhibited an alternative
on/off photocurrent with a ratio of nearly two orders of
magnitude when irradiated by the periodic light pulses.
Additionally, the on/off switching behavior of PhSeAg
could be well retained for 20 cycles with negligible
decay, indicating its good repeatability and long-term
cycling stability. Based on a high-resolution on/off scan,
the response time (t/se) and decay time (Tgecay) Were
deduced as 0.94 and 0.045 s, respectively (Supporting
Information Figure S7). Also, the R, and detectivity (D*)
were calculated to be 0.119 A W™ and 1.29 x 10" Jones,
respectively, at a bias of 2 V. Light-intensity-dependent
optoelectronic properties of PhSeAg were also studied.
We found that PhSeAg could generate an apparent
photocurrent even when illuminated with an optical
power as low as 0.03 mW cm (Figure 5d), indicating
its high sensitivity. The R, and D* of PhSeAg increased
slightly as the light intensity decreased (Supporting
Information Figure S8).

According to the fs-TA measurements, the photoexcit-
ed electrons were transferred and located at the organic
ligand through MLCT, which significantly enhanced
the generation and separation of the photoexcited
charge carrier. Moreover, different from the isolated inor-
ganic nodes in common CCPs, the continuous metal
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chalcogenides layer in PhSeAg was favorable for the fast
transportation of carriers. The optoelectrical properties
of a crystallite thick film of PhSeAg and the various well-
known CCPs were compared. The PhSeAg film showed
two orders of magnitude higher on/off ratio and one
order of magnitude shorter for t,se and Tgecay, respec-
tively (Figure 5e,f and Supporting Information Figures
S9-S11). The PhSeAg film also showed superior perfor-
mances, including on/off ratio, rise and decay time, than
other reported CCPs (Supporting Information Table S1).

Conclusion

In this report, the fabrication of a single-component
MLCT photodetecting material (CCP-PhSeAg) was
achieved for the first time. The prepared CCP-PhSeAg
material adopted a continuous conducting {AgSe}, lay-
ered structure, which provided a smooth electron trans-
port route, whereas the organic functional groups on
{AgSe}, layers afforded matched energy levels with the
inorganic layer of MLCT. The MLCT processes, revealed
by fs-TA measurements, significantly enhanced the gen-
eration and separation of charge carriers under irradia-
tion. Due to its strong MLCT capabilities, PhSeAg showed
response to whole visible-light range, the ultrahigh sen-
sitivity to weak light (0.03 mW cm™), highest on/off
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current ratio, and fastest response speed than the well-
known CCPs. Since MLCT processes could be rationally
achieved in coordination polymers, our work indeed pro-
vides a new versatile strategy for the optoelectronic
enhancement of the properties of CCPs.

Supporting Information

Supporting Information is available.
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