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Zhi-Gang Gu,* and Jian Zhang

1. Introduction

The potential of metal-organic frameworks (MOFs) for applications in

optoelectronics results from a unique combination of interesting
photophysical properties and straightforward tunability of organic and
inorganic units. Here, it is demonstrated that using MOF approach
chromophores can be assembled into well-ordered 1D arrays using metal-oxo
strands as lead structure, and the resulting porphyrinic rows exhibit unique
photophysical properties and allow the realization of highly sensitive
photodetectors. A porphyrinic MOF thin film, In-TCPP surface-coordinated
MOF thin films with [021] orientation is fabricated using a layer-by-layer
method, from In(NO;); and TCPP (5,10,15,20-(4-carboxyphenyl)porphyrin).
Detailed experimental and theoretical analysis reveals that the assembly
yields a structure where In-oxo strands running parallel to the substrate fix
the chromophoric linkers to yield 1D arrays of porphyrins. The frontier orbitals
of this highly anisotropic arrangement are localized in these columnar
arrangements of porphyrins and result in high photoactivity, which is
exploited to fabricate a photodetector with record (as compared to other
organic materials) responsivity in visible regime of 7.28 x 10'* Jones and
short rise/fall times (0.07/0.04 s). This oriented MOF thin film-based
high-sensitive photodetector provides a new avenue to use inorganic, stable
lead structures to assemble organic semiconductors into regular arrays, thus
creating a huge potential for the fabrication of optoelectronic devices.

Photodetectors convert photons to electrical
signals and are the crucial elements in ap-
plication fields like biomedical imaging,™
optical communications,?3] environmen-
tal monitoring,*l gas sensing,®! and mo-
tion detection.[®! Extensive efforts have been
devoted to explore next-generation pho-
todetector materials, including inorganic
semiconductors (such as GaN,’l ZnS,®]
In,Se;,l”) graphene,') MoS,!!) and or-
ganic materials.">'* Inorganic semicon-
ductors show excellent performance, but of-
ten the fabrication process is complicated
and expensive. Organic materials, on the
other hand, offer low-cost production. How-
ever, in many cases their responsiveness
and stability are inferior in practical pho-
todetection applications. The investigation
of hybrid materials, containing inorganic as
well as organic constituents, thus appears to
be of pronounced interest as synergistic ef-
fects may result in superior performance.
Metal-organic frameworks (MOFs) are
a prototypic class of such hybrid ma-
terials, yet highly ordered compounds.
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Scheme 1. Schematic illustration of In-TCPP SURMOF grown on functionalized substrate by using layer-by-layer dipping method.

These crystalline networks are fabricated by coordinating organic
linkers to metal nodes. While originally MOFs were primar-
ily considered for applications in gas storage/separation,’>]
more recently these reticular materials have found applications
in energy storage,!?) catalysis,[?!23] drug delivery,2*%°] and water
harvesting.[?! For many applications requiring electrical contacts
and/or exploitation of MOF optical properties,[¥’) MOF thin films
are required.!?*3!l Indeed, recent work demonstrated that mono-
lithic, uniform, and compact MOF thin films show excellent pho-
toresponse photoconductive and photodetector applications. One
example is a porphyrinic MOF, where the donor-acceptor in-
teraction with fullerene guest enhanced charge separation and
yielded high photocurrent.®?] Erbe and co-workers reported a
photodetector based on a 2D graphene-like MOF thin film with
excellent response over a broad range of wavelengths.[**] How-
ever, compared to inorganic compounds with detectivities as
large as 10'2-10" Jones[3*3¢! and a recently reported molecular
crystal with a detectivity for photons in the UV of 10'® Jones,*”]
the sensitivity of MOFs is still substantially smaller, the main rea-
sons being small photocurrents and low photoresponse, with de-
tectivities limited so far to less than 3 x 10! Jones.[*®]

In this work, we demonstrate that In-TCPP, a porphyrinic
MOF with a highly anisotropic architecture, is well suited for the
construction of photodetectors with detectivities exceeding those
reported previously. Whereas most MOFs consist of individual
(0D) metal-oxo nodes linked by organic linkers, in the In-TCPP
1D MOF metal-oxo strands provide lead structures to which pla-
nar chromophores, TCPP are fixed via coupling units so as to
well-ordered rows running along the [100] direction (Scheme 1).
The choice of In-oxo strands was motivated by the attractive prop-
erties of In,0, with regard to the fabrication of optical sensors

Adv. Sci. 2021, 2100548

2100548 (2 of 8)

and devices.?*#% The chromophores used here, porphyrins, ex-
hibit excellent electron-transfer*!l and photoresponse properties
and are often used in organic photovoltaic devices.*]

With regard to integrating photoactive materials into devices,
the fabrication of thin films is required, and in addition achiev-
ing oriented growth is either required or beneficial.*! As thin
films made from the conventional, powdery form of MOFs
obtained from solvothermal synthesis schemes are rather inho-
mogeneous, we have used a layer-by-layer (Ibl) method for film
deposition, which allows growing monolithic MOF thin films
with well-defined thickness. The surface-coordinated MOF thin
films (SURMOFs) exhibit a high degree of orientation, with the
1D porphyrinic columns aligned parallel to the substrate. The
interlamellar distance of porphyrinic ligands with face-to-face
stacking is 7.1 A, which is close to the interplanar distance in
2D porphyrinic MOFs (6.7 A) as listed in Table S1 (Supporting
Information).

The liquid phase epitaxial (LPE) Ibl dipping method*+*!
is illustrated in Scheme 1. Briefly, a functionalized substrate
(hydroxyl-functionalized SiO,/Si, for details see the Supporting
Information) was immersed subsequently into In(NO,), and
TCPP(H,) solutions. Between each of these steps the substrate
was rinsed with ethanol. For the samples used here, typically 15
preparation cycles were used, yielding uniform In-TCPP SUR-
MOFs, with a high degree of crystallite orientation and a thick-
ness of about 170 nm. The X-ray diffraction (XRD) data dis-
played in Figure 1 demonstrate that the In-oxo chains and the
rows of porphyrins running along the [021] crystallographic di-
rection are almost perfectly aligned parallel to the substrate. The
stoichiometry of the In-oxo chain in In-TCPP is calculated as
In(COO),(OH).

© 2021 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 1. Characterization of In-TCPP SURMOF: a) out-of-plane and in-plane XRD pattern of In-TCPP SURMOF and simulated XRD pattern of bulk
In-TCPP; b) the frequency decrease (—Af) in the Ibl growth process monitored by a QCM-D (inset: sense chip assembled with In-TCPP SURMOF); c)

UV-vis spectra (inset: Tauc plot); d) N 1s region of XPS data.

The obtained In-TCPP SURMOF was used to fabricate a two-
terminal photodetector, which showed a very large detectivity
(D*) of 7.28 x 10 Jones for a bias of 10 V at 420 nm light ir-
radiation. The performance is much higher than that of refer-
ence devices fabricated from powder-based, polycrystalline In-
TCPP thin films and also higher than other photodetectors based
on porphyrinic complexes, organic compounds, perovskites, and
reported MOFs (Table S2, Supporting Information). This work
demonstrates that the LPE Ibl approach offers an enormous po-
tential to fabricate high-quality SURMOFs containing inorganic
In-oxo chains and organic porphyrinic components for high-
sensitive photodetection.

The out-of-plane XRD pattern of the obtained In-TCPP SUR-
MOF (Figure 1la) shows three sharp diffraction peaks at 7.5°,
15.0°, and 22.5°. By comparing with a simulation using the pre-
viously reported structure of the In-TCPP MOF,“®] these signals
can be assigned to the (021), (042), and (063) reflections. The in-
plane XRD data show distinct peaks at 5.2°, 7.5°, 11.7°, and 15.0°,
which are related to the (001), (021), (022), and (042) peaks. Some
weak diffraction peaks are submerged in the noise baseline ow-
ing to the very thin of SURMOF. The intense peaks in the out-
of-plane and in-plane XRD patterns as well as the small width of
the individual peaks clearly demonstrate the presence of highly
crystalline In-TCPP SURMOF with the [021]-direction oriented
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perpendicular to the substrate. For comparison, polycrystalline
In-TCPP thin films were prepared from solvothermally synthe-
sized powders and also characterized by XRD and scanning elec-
tron microscopy (SEM) (Figures S1 and S9, Supporting Informa-
tion). A quartz crystal microbalance (QCM) was used to in situ
monitor the bl growth process of In-TCPP SURMOF by record-
ing the frequency and dissipation (QCM-D) changes of a mod-
ified Au chip sensor surface successively exposed to In(NO;),
and TCPP solutions (Figure 1b and Figure S2, Supporting Infor-
mation). During the growth-monitoring experiments, In(NO,),
and TCPP solutions were alternately pumped through the QCM-
D cell with ethanol washing between each step. The frequency
change was plotted against the number of pumping 1bl cycles in
Figure 1b. The flowing rate of pump was constant during the
experiment. Growth was initiated by introduction of ethanolic
In(NO,);, which caused a sharp rise in minus frequency (—Af)
that reached a plateau after ~15 min. Then ethanol was passed
over the QCM-D cell, leading a slight drop in minus frequency,
presumably owing to the dissociation of unreacted species. After-
ward, TCPP solution was flowed over the QCM-D cell, which was
again accompanied by a significant increase of minus frequency.
The species deposited can be indirectly determined from the
mass gain/cycle and the density of reactive sites per unit area.*’]
UV-vis spectra (Figure 1c) recorded for In-TCPP SURMOF show

© 2021 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 2. a) Surface SEM image, b) cross-sectional SEM image, and c) AFM image with roughness statistics of In-TCPP SURMOF with 15 cycles; d) the

thickness of In-TCPP SURMOF with 5, 10, 15, and 20 LPE cycles.

a strong absorption band ataround 420 nm, demonstrating an ex-
cellent photoresponse to visible light. In the range of 500-700 nm
four Q-band characteristic peaks are observed, demonstrating
that the porphyrinic groups are not protonated.*®! In contrast,
the UV-vis spectra of the In-TCPP thin film made from solvother-
mally synthesized powder material (Figure S3, Supporting Infor-
mation) show a broad absorption band from UV to visible light,
indicating that a certain percentage of the porphyrins were met-
alated during the high-temperature (120 °C) synthesis. The N 1s
X-ray photoelectron spectroscopy (XPS) peaks (Figure 1d) of In-
TCPP SURMOF at 399.8 and 397.7 eV are ascribed to the N-H
and =N- of free-based porphyrinic units, which are similar to the
N 1s XPS data recorded for the TCPP ligand (Figure S4, Support-
ing Information). Figure S5 (Supporting Information) shows In
3d XPS peaks at 452.8 and 445.3 eV, demonstrating the valence of
In cation in In-TCPP is +3. The analysis of the infrared reflection
absorption spectroscopy (IRRAS) data for the In-TCPP SURMOF
(Figure S6, Supporting Information) is fully consistent with a co-
ordination of four carboxylates to the In-oxo chains.

The surface (Figure 2a) and cross-sectional scanning electron
microscopy (SEM) images (Figure 2b) demonstrate that the In-
TCPP SURMOFs prepared by LPE 1bl process are homogeneous,
compact, and continuous. By varying the number of deposi-
tion cycles, In-TCPP SURMOFs with thicknesses (as determined
from cross-sectional SEM images, Figure 2b and Figure S7, Sup-
porting Information) of ~60, ~130, ~170, and ~240 nm were
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fabricated, using 5, 10, 15, and 20 cycles, respectively. Atomic
force microscopy (AFM) images and the corresponding rough-
ness analysis (Figure 2c) reveal rather flat surfaces of the MOF
thin films with a mean roughness of ~5 nm. The contact an-
gle measurements (Figure S8, Supporting Information) reveal a
pronounced hydrophobic character of the MOF thin film, a ben-
eficial property with regard to device fabrication. In contrast, the
SEM images of powdery In-TCPP thin films (Figure S9, Support-
ing Information) show a rough and noncompact surface.

The performances of In-TCPP SURMOF-based photodetec-
tors were studied by using a commercial semiconductor analy-
sis system using the two-probe method as illustrated in Figure
3a. The effective area of the photodetector amounts to 0.01 cm?.
Silver with low work function is used as electrode contact. To eval-
uate the device performance, the responsivity (R,) is determined
in the wavelength regime of 365-600 nm (Figure 3b). These data
reveal that the optimum responsivity of In-TCPP SURMOF is at
420 nm, which is consistent with the UV-vis absorption band
and the wavelength-dependent photocurrent (Figure S10, Sup-
porting Information). Figure 3c reveals that In-TCPP SURMOF-
based photodetector had much higher on/off ratio (6.8 x 10°)
than the powdery thin film under violet light. The on/off ratio
showed a strong dependence on the thickness of In-TCPP thin
film. The photoresponsivity increased with increasing the thick-
ness due to its decrease of electric resistance. For semiconduc-
tors, the resistance is inversely proportional to thickness of thin

© 2021 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 3. a) Schematic diagram of In-TCPP SURMOF-based photodetector; b) responsivities versus light absorption of In-TCPP SURMOF at different
wavelengths pulses irradiation; c) the on/off ratio of mix-oriented In-TCPP thin film and In-TCPP SURMOF with different thickness; d) time-resolved
photocurrent as a function of illumination wavelength at 10 V bias voltage; €) light intensity dependent I-V curves of In-TCPP SURMOF; and f) the
rise/fall times curve for In-TCPP SURMOF illuminated with 420 nm light at 10 V bias voltage.

film,[* which is consistent with our test (Table S3, Supporting
Information). To a certain extent, In-TCPP SURMOF with higher
thickness displays lower dark current (Figure S11, Supporting In-
formation), which suggests that photogenerated electrons from
porphyrinic groups are easier to be conducted and monitored.
Furthermore, the on/off ratio of In-TCPP SURMOF with 20 cy-
cles slightly lower than that of In-TCPP SURMOF with 15 cycles
(Table S4 and Figure S12, Supporting Information). In our ex-
periments, the highest sensitivity for violet light (420 nm) was ob-
served for an In-TCPP SURMOF with a thickness of 170 nm (15
cycles), and accordingly films with this thickness were used for
the realization of a photodetector. As shown in Figure 3d and Fig-
ure S13 (Supporting Information), this In-TCPP SURMOF de-
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vice exhibited a stable and reversible on/off photocurrent when ir-
radiated with periodic light pulses. Under 1 mW cm™2 of 420 nm
irradiation, the responsivity (R;) and detectivity (D*) of this pho-
todetector are calculated to be 30.8 A W' and 7.28 x 10'* Jones at
a bias of 10 V, respectively. The -V test result (Figure 3e) displays
the response current of the detector increases with the rising ir-
radiation intensity. The resulting In-TCPP SURMOF-based pho-
todetector is operated in photoconductive mode. Figure 3f shows
In-TCPP SURMOF-based photodetector has a short rise/fall time
with the value of 0.07/0.04 s, which is shorter than that of most
reported organic and MOFs-based photodetectors.**] This can be
attributed that the In-oxo chains provide a fast transport path for
the carrier transport and reduce the recombination possibility

© 2021 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 4. Band structure of a) In-TCPP MOF and b) In-oxo-based chain model, and c) representation of the primitive Brillouin zone with the calculated
path '-S—»>R—>Z—->I'->X;,—T. Calculations with Crystal17 at the PBE-D3(B))/POB-TZVP level of theory. Structural models used in the calculations are

represented in Figures S15-S16 (Supporting Information).

of the photoinduced charge carries, resulting in a fast photore-
sponse in the In-TCPP SURMOF.

To understand the mechanism for the efficacy of photoexcited
charge carrier conduction in In-TCPP SURMOF system, density
functional theory (DFT) calculations were carried out (details see
the Supporting Information) using the structural unit cell as the
calculation model. The electronic bands of In-TCPP are displayed
in Figure 4a and reveal the presence of a direct bandgap with
1.89 eV. While this value agrees well with that determined from
the Tauc plot of the experimental data, it must be noted that (i)
the very flat nature of both conduction and valence bands do not
allow a clear assignment of the bandgap character, and (ii) the
used gradient-corrected (PBE) density functional generally un-
derestimates optical gaps, as reflected in the hybrid functional
(HSEO6) calculations shown in Figure S14 (Supporting Informa-
tion). However, it does not account for exciton binding energies
which may be appreciable for MOF materials owing to their low
dielectric constant.l"]

As demonstrated by the integrated density of states (IDOS)
(Figure S17, Supporting Information), the frontier bands are
both dominated by the porphyrinic units. Given the fact that both
bands are extremely flat, there is negligible conjugation between
neighboring molecules. Therefore, band transport is not possi-
ble, and the charge transport is deduced to be due to hopping
transport along the porphyrin rows. Note, that charge transport
should be rather efficient along the porphyrin chains because
of the high degree of order compared with other forms of con-
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densed porphyrins. Of course, in a photodetector material, in ad-
dition to high cross sections for photon absorption, charge sep-
aration is required. Obviously, the band structure for the perfect
In-TCPP as shown in Figure 4 does not provide a mechanism
for exciton dissociation. However, the In-oxo chains are expected
to exhibit defects (e.g., O-vacancies), resulting in donor and ac-
ceptor states. As the defect density is too low, it is impossible to
see them directly in the UV-vis experiments. However, the rather
large exciton diffusion length along the highly ordered porphyrin
chains is expected to result in a large probability that photogener-
ated excitons reach a defect for charge separation, thus explaining
the large detectivities observed in our experiments.

2. Conclusions

In summary, this work first reports a proof-of-concept photode-
tector assembled from an In-oxo chain-based metal-porphyrin
framework thin film. By using a layer-by-layer strategy, mono-
lithic, highly homogeneous In-TCPP SURMOFs with their [021]-
orientation perpendicular to the substrate were grown on func-
tionalized substrates, with In-oxo chains running parallel to the
substrate. These oxidic, rigid chains assemble the chromophoric
linkers into highly ordered 1D arrays of porphyrins. The param-
eters used to fabricate photodetectors from this material were
optimized, yielding a porphyrin-based In-TCPP SURMOF with
record detectivity (D*) of 7.28 x 10 Jones and short rise/fall

© 2021 The Authors. Advanced Science published by Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

times (0.07/0.04 s), thus outperforming other porphyrinic and
chromophoric systems in the visible regime.

DFT calculations demonstrate that the frontier orbitals of this
highly anisotropic arrangement are localized in these columnar
arrangements of porphyrins and suggest that the hopping trans-
port along these highly ordered rows provided the basis for the
high photodetection performance. Our findings not only pro-
vide a new type of oriented MOF thin film material well-suited
for the fabrication of highly sensitive photodetectors in the visi-
ble regime but also open up an attractive route to use inorganic
metal-oxo chains as lead structure to yield highly ordered 1D ar-
rays of organic ligands for advanced optoelectronic applications.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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