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ABSTRACT: Two-dimensional (2D) metalloporphyrin-based MOF Light
thin films possessing abundant 7—7 interactions are promising materials

for photoelectronic devices, but no reports on fabrication of
photodetectors are available so far. Herein, a series of 2D MOF
Zn,[TCPP(M)] (named ZnTCPP(M); TCPP = §,10,15,20-tetrakis(4-
carboxyphenyl)porphyrin; M = Zn, Mn, Fe, and H,) films with [001]

orientation are fabricated on SiO,/Si substrates by the liquid-phase
epitaxial (LPE) layer-by-layer (Ibl) approach and further assembled to

photodetectors. The obtained ZnTCPP(M)-based photodetectors b "ozod\
exhibit an excellent photoresponse due to abundant 7—7 stacking
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between the MOF layers. Moreover, the metalloporphyrinic groups in

ZnTCPP(M) have a significant i nfluence on mo dulating th e ph otoresponse of th e ph otodetectors, am ong wh ich th e prepared
ZnTCPP(Zn) film-based device exhibits the best photodetection performance with a high on/off ratio of 2.3 X 10% responsivity (R,,
up to 10.3 A W), short rise/fall times (0.09/0.07 s), and a large detectivity (D*) of 8.1 X 10"* Jones. Density functional theory
(DFT) calculations reveal that the perturbation of the ring 7-electron system and the introduction of low-lying states as well as the
large delocalization of the metalloporphyrinic group will adjust the photodetection performance of ZnTCPP(M) films. These results
will provide a new understanding of the modulation of 2D metalloporphyrinic MOFs toward photodetection performance and

perspective for the fabrication of photoelectronic devices.
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INTRODUCTION

Photodetectors have recently attracted increasing attention for
their wide range of applications in military detection,
environmental monitoring, gas sensing, optical communica-
tion, biological sensors, chemical analysis, etc.' ¢ So far, two-
dimensional (2D) inorganic semiconductor materials are the
most commonly investigated materials for fabricating photo-
detectors because of their unique physicochemical properties,
strong electron confinement, and abundant active sites.”” '
However, most inorganic semiconductor photodetectors have
inherent deficiencies, including photocorrosion, complicated
preparation methods, high cost, and low utilization efficiency
to light, which limit their further development and
application."’ Much progress has been made with inorganic
photodetectors, but their comprehensive abilities including
responsivity (R;), detectivity (D*), response time, and
fabrication technology still need to be further improved for
the practical applications. Therefore, searching more promising
candidate materials to further improve the photodetection
performance, cut the cost, and simplify the manufacturing
methods is of great significance. As a kind of crystalline
network material, metal—organic frameworks (MOFs),"”™"" a
type of organic—inorganic hybrid that consists of metal ions
(or cluster) linked to organic ligands, have been proposed as a

possible alternative in various optical/electric fields including
nonlinear optics,'® ' photo/electrocatalysis,”>>° and so
on.”’7*° Among them, the 2D MOFs’'"** possess stacked
layer structures and exhibit unique photo/electronic proper-
ties, which enable 2D MOFs to be used as advanced
photoelectronic materials.*”**

As a special subclass of MOFs, porphyrin-based MOFs*™%
have been successfully applied to fabricate photoelectronic
devices due to their highly delocalized 7-electron system and
good electron transfer as well as excellent light harvesting.**~*’
Moreover, the porphyrin structure can be easily tailored by
metal substitution at the core to modify the properties and
functionalities,””*""** which will provide an effective approach
to tuning the photoresponse in MOF-based photodetectors.
Nevertheless, it is worth noting that tuning metalloporphyrinic
ligands to optimize the photodetection performance of
porphyrin-based MOFs has not been reported.
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Scheme 1. Schematic Illustration of the Structure and Preparation Process of ZnTCPP(M) SURMOFs”
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“(a) Preparation process of ZnTCPP(M) films on functionalized substrates, (b) preparation equipment, and (c, d) 2D structure for ZnTCPP(M)

films.

For photodetector device applications, the MOF materials in
the form of thin films are usually required. Homogeneous 2D
MOF thin films with strong adhesion and grown parallel to the
substrate surface have been considered as good candidates for
optical device agplications. Recently, MOF thin films (named
SURMOFs)**~ prepared by a liquid-phase epitaxial (LPE)
layer-by-layer (Ibl) method have exhibited numerous advan-
tages including controlled growth orientation, homogeneous
surface, tunable thickness and compactness, etc., and greatly
promote the applications of MOF materials in photoelectronic
devices, which will offer an opportunity for fabricating MOEF-
based photodetector devices. For example, recently, a few cases
of porphyrin-based MOF thin films have emerged to study the
photodetection properties by loading Cgo, controlling the
growth orientation and adjusting the thickness.*”*” However,
tuning metalloporphyrinic ligands in such an MOF thin film to
study the photodetection performance has not been reported.

Herein, we reported a series of oriented 2D metal-
loporphyrinic SURMOF ZnTCPP(M) (TCPP = $,10,15,20-
tetrakis(4-carboxyphenyl)porphyrin; M = Zn, Mn, Fe, and H,)
films used as photodetectors and focused on regulating the
photodetection response. The ZnTCPP(M) films*® were
fabricated using the LPE Ibl spray method on the function-
alized substrates by sequential exposure to zinc acetate and
porphyrinic ligand (TCPP(M)) ethanol solutions (Scheme
1a,b). In the obtained structures, the 2D layer consisting of Zn
paddle-wheel (PW) units linked by porphyrinic linkers was
arranged in parallel dislocation and stacked parallel to the
substrate (Scheme 1c,d and Figures S1 and S2). The MOF
layers grown in a certain direction parallel to the substrate
could offer a flat surface and greatly facilitated the separation of
electron—hole pairs by enhancing the 7—7 interaction between
MOF layers, which was well suited for construction of
photodetectors. The obtained ZnTCPP(M) (M = Zn, Mn,
and Fe) photodetector displayed an excellent performance
compared to the ZnTCPP(H,) film, showing that the type of
metalloporphyrinic ligand had a significant influence on the
photodetection. Notably, the ZnTCPP(Zn) film possessed a
very large D* of 8.1 X 10" Jones and a high R, of 10.3 AW™!
at a bias of § V. Density functional theory (DFT) calculations
revealed that the tunable photodetection response of ZnT CPP-
(M) (M = Zn, Mn, Fe, and H,) films was mainly attributed to

the perturbation of the ring 7-electron system and introduction
of low-lying states as well as the large delocalization of the
porphyrinic group after coordination with metal ions.

RESULTS AND DISCUSSION
Metalloporphyrinic ligands (TCPP(M); M = Zn, Mn, and Fe)

were synthesized based on previous reports,’”*’ and the
synthetic details are shown in Scheme S1 in the Supporting
Information. The missing IR absorption band at 3316 cm™
(Figure S3) and the decreased Q band in the UV-—vis
absorption spectrum (Figure S4) relative to the TCPP
monomer confirmed that the TCPP ligands have been
metalated in the process.'”***' To prepare the ZnTCPP(M)
thin films, the hydroxyl-functionalized SiO,/Si substrate was
exposed to the ethanolic solution of zinc(Il) acetate and
TCPP(M) ligands by using a spray method. The sample was
rinsed with pure ethanol to remove the redundant reactants
between each step. ZnTCPP(M) thin films were obtained
successfully after 20 repeated cycles. In Figure la, the XRD
analysis results of ZnTCPP(M) thin films were revealed. The
diffraction peaks at about 11.3° and 17° matched well with the
(002) and (003) planes of simulated XRD, respectively, which
demonstrated the successful growth of a series of ZnTPCPP-
(M) thin films with preferential growth along the [001]
orientation. In the structure of ZnTCPP(M) thin films, the 2D
layers consisting of paddle-wheel Zn,(COO), metal nodes
linked by porphyrinic linkers were stacked parallel to the
substrate in an AB packing fashion through 7—7 interaction.
The IR spectra recorded for these ZnTCPP(M) films (Figure
1b) revealed obvious absorption bands of the TCPP ligands in
the region from 1418 to 1677 cm™, arising from the carboxyl
and pyrrole stretching vibrations, respectively.

The presence of the metalloporphyrin in ZnTCPP(M) thin
films could be confirmed by the UV—vis absorbance spectra
(Figure 1c). The UV—vis absorbance spectra of ZnTCPP(M)
(M = Zn, Mn, and Fe) clearly showed the strong S band
ascribed to 7—z* transition of the porphyrin at 400—480 nm
and two Q bands corresponding to the electron transfer
between the metal and nitrogen atoms on the porphyrin ring
center, manifesting the formation of a D, symmetry. In
contrast, four Q band peaks were observed in the ZnTCPP-
(H,) thin film due to the D,, symmetry from free-base
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Figure 1. (a) XRD patterns, (b) IR spectrum, (c) UV—vis absorption
spectrum, and (d) N 1s XPS spectra of ZnTCPP(M) films; (e)
surface and (f) cross-sectional SEM images of the ZnTCPP(Zn) film.

porphyrin. The UV—vis absorbance spectrum studies con-
firmed that the ZnTCPP(M) (M = Zn, Mn, and Fe) films
consisted of porphyrin ligands coordinated with metal ions in
the porphyrin centers. In addition, the red-shift of the S band
occurs in ZnTCPP (M = Zn, Mn, and Fe) films compared with
the ZnTCPP(H,) thin film after chelating metal ions within
the porphyrinic core, suggesting that the introduction of metal
ions resulted in the strong electronic interaction. Moreover,
the elemental compositions and valences of Zn'TCPP(M) films
were also analyzed by X-ray photoelectron spectroscopy (XPS)
and revealed the presence of C, N, O, Zn, and M (M = Zn,
Mn, and Fe) elements (Figures SS—S9). The binding energies
located at 1022.1 and 1045.2 €V correspond to Zn(II) 2p;,,
and 2p, ,, respectively.”>** In the N Is spectra of ZnTCPP-
(M) (M = Zn, Mn, and Fe) thin films, a primary peak at about
3989 eV was assigned to metal-coordinated nitrogen in
porphyrin (Figure 1d). Two N peaks were found for the
ZnTCPP(H,) thin film at 400.1 and 398.1 eV, corresponding
to the 3pyrrolic nitrogen (—NH—) and iminic nitrogen (—C=
N—),”**% respectively, indicating that the porphyrinic core
was metallized in ZnTCPP(M) (M = Zn, Mn, and Fe) films
and the porphyrinic core was unmetallized for the ZnTCPP-
(H,) film. Scanning electron microscopy (SEM) images in
Figure le and Figures S10—S12 revealed that the surface of
ZnTCPP(M) (M = Zn, Mn, Fe, and H,) films was well
defined, continuous, and uniform. The cross-sectional SEM
image in Figure 1d confirmed that the thickness of the
ZnTCPP(Zn) film with 20 cycles was about 220 nm. The
AFM image in Figure S13 exhibited rather flat surfaces for the
ZnTCPP(Zn) film. Such bimetallic MOF films with a

continuous surface would provide good candidates for
optimizing the photodetection performance.

The ZnTCPP(M) thin films with 20 cycles grown on a
SiO,/Si substrate were used to fabricate the photodetectors.
The device consists of an average 220 nm-thick MOF layer
with an effective area of 0.01 cm” and two silver electrode
contacts as illustrated in Figure 2a. The photoresponse of the
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Figure 2. (a) Schematic diagram of ZnTCPP(M)-based photo-
detectors; (b) I—t curve, (c) responsivities, and (d) on/off ratio of the
ZnTCPP(M)-based photodetector; (e) rise/fall time curve and (f)
time-resolved photocurrent stability test of light and dark current for
the ZnTCPP(Zn) photodetector.

developed ZnTCPP(M) photodetectors was measured by a
commercial semiconductor analysis system using the two-
probe method. As shown in Figure 2b, all ZnTCPP(M)
photodetectors exhibited a stable and reversible on/off
photocurrent when irradiated with periodic light pulses. The
maximum photocurrent responses were about 103, 83, 65, and
46 pA for ZnTCPP(Zn), ZnTCPP(Mn), ZnTCPP(Fe), and
ZnTCPP(H,) photodetectors, respectively, demonstrating that
the photocurrent behavior could be optimized by coordinating
different metal ions within the porphyrinic center. Among
them, the ZnTCPP(Zn) photodetector exhibited the strongest
photoresponse. The R, values of ZnTCPP(M) photodetectors
were determined to be 10.3, 8.3, 6.5, and 4.6 A W™! (Figure
2¢) according to R, = L,/(P X S) (I, P, and S are the
photocurrent, incident power density, and effective device area,
respectively) and showed the following order: R, (ZnTCPP-
(Zn)) > R, (ZnTCPP(Mn)) > R, (ZnTCPP(Fe)) > R,
(ZnTCPP(H,)). The I-V characteristics of the ZnTCPP(Zn)
photodetector as a function of light intensity at 420 nm
(Figure S14) displayed that the response current of the
detector increases with rising irradiation intensity, indicating
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the operation of the active MOF layer as a photoconductor.
Figure 2d reveals that the ZnTCPP(Zn) photodetector had a
much higher on/off ratio (2.3 X 10*) than the ZnTCPP(M)
(M = Mn, Fe, and H,) photodetectors. In addition, the
ZnTCPP(Zn) photodetector possessed short rise/fall times of
0.09/0.07 s and maintained high cycle stability (Figure 2ef).
To evaluate the performance of the photodetector, the D* was
also estimated, a measure of normalized signal-to-noise
performance.“’57 The estimated D* of the ZnTCPP(Zn)
photodetector was calculated to be 8.1 X 10" Jones at a bias of
5 V and was comparable or better than those of many reported
photodetectors fabricated from an inorganic component,
organic compounds, and reported MOFs (Table S1). The
excellent performance of ZnTCPP(Zn) photodetectors could
be mainly attributed to the increasing electron transfer caused
by 7—x interactions between the adjacent 2D MOF layers. In
addition, we investigated the influence of wavelength on the
photoresponse in the range of 400—600 nm (Figures S15 and
S16). The observed change in photoresponse strongly
depended on photon wavelength and revealed that the
optimum photoresponse of the ZnTCPP(Zn) photodetector
was at 420 nm. Notably, the metalloporphyrinic ligands had a
significant influence on enhancing the photoresponse of the
ZnTCPP(M) film system, which should be connected with the
differences in their electronic structures. The porphyrinic
molecule changed to D, symmetry from D,;, symmetry after
chelating metal ions into the porphyrinic core, which could
alter its optical properties by perturbing the ring 7-electron
system.

To better understand the observed photoresponse in
ZnTCPP(M) films, theoretical calculations were performed
based on DFT. The charge distributions of the valence band
maximum (VBM) and the conductive band minimum (CBM)
for ZnTCPP(M) (M = H,, Zn, Mn, and Fe) are evaluated and
shown in Figure 3a—d and Figure S17. For ZnTCPP(H,) with
free-base porphyrin, the charge distributions of VBM and
CBM were distributed in the aromatic branches of the
porphyrins without separation. Meanwhile, for ZnTCPP(M)
(M = Zn, Mn, and Fe) analogues, the charge distributions of
VBM and CBM were separated by the central porphyrin cores,
indicating that the introduction of metal ions enhanced the
delocalization of porphyrins and facilitated the generation of
photoelectrons, which was beneficial for improving the
photoresponse. In addition, the substitution of the metal in
the porphyrin core could perturb the ring 7-electron system
and introduce several low-lying states including metal—ligand
charge transfer (d — #, MLCT) and ligand—metal charge
transfer (# — d, LMCT) to modify the photoresponse. The
electronic density of states (DOS) for ZnTCPP(M) models is
shown in Figure 3e. A left shift for the metalated derivative
compared with free-based porphyrin was clearly observed,
indicating the occurrence of accelerated charge transfer after
chelating metal ions. Moreover, the degree of the left shift of
the DOS in the case of ZnTCPP(Zn) was higher than that
found for the other materials, which may be the reason for its
highest photoresponse. Figure 3f shows the calculated UV—vis
absorption results of Zn'TCPP(M) models. Compared with the
ZnTCPP(H,) model, the absorption band of the ZnTCPP(M)
(M = Zn, Mn, and Fe) model showed a slight red-shift,
indicating the electron interaction after metal chelation. In
general, the theoretical calculations demonstrated that the
enhanced photoresponse of ZnTCPP(M) (M = Zn, Mn, and
Fe) films was mainly attributed to the perturbation of the ring
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Figure 3. DFT calculations: partial charge density map of (a, c) the
valence band and (b, d) conduction band for ZnTCPP(H,) and
ZnTCPP(Zn) models (isovalue = 0.013; a, b: ZnTCPP(H,); ¢, d:
ZnTCPP(Zn)); (e) total density of states (TDOS) and (f) calculated
UV-—vis absorption spectrum for ZnTCPP(M) models.

m-electron system and introduction of several low-lying states
as well as the large delocalization of the metalloporphyrin.

CONCLUSIONS

In conclusion, we have reported a series of 2D metal-
loporphyrin-based MOF ZnTCPP(M) (M = Zn, Mn, Fe, and
H,) films used as photodetectors by the LPE Ibl spray
approach. The obtained ZnTCPP(M) thin films were highly
homogeneous and possessed preferred [001] growth orienta-
tion, which was well suited for construction of photodetectors.
The photoresponse performance of ZnTCPP(M) photo-
detectors compared well with conventional photodetectors
and could be modulated by changing the type of metal-
loporphyrinic group. As a result, the ZnTCPP(Zn) film on the
SiO,/Si substrate exhibited the best photodetection perform-
ance. DFT calculations revealed that the enhanced photo-
detection response of ZnTCPP(M) (M = Zn, Mn, and Fe)
films was mainly ascribed to the perturbation of the ring 7-
electron system, the introduction of low-lying states, and the
large delocalization of the metalloporphyrinic group. The
presented oriented assembly of 2D metalloporphyrinic MOF
films not only offered new candidate photodetector materials
but also further provided a promising strategy for designing
and optimizing the photoelectronic devices via metal
regulation.
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EXPERIMEN TAL SECTION

Materials and Instrumentation. All of reagents and solvents
were purchased from commercial sources and used without further
purification. The powder X-ray diffraction (PXRD) analysis was
performed on a MiniFlex2 X-ray diffractometer in the 26 range of 5—
20°. Infrared reflection absorption spectroscopy data were recorded
using a Bruker Vertex 70 FTIR spectrometer with 2 cm™ resolution
at an angle of incidence of 80° relative to the surface normal. Scanning
electron microscopy (SEM) images and AFM images of the
morphology of ZnTCPP(M) films were measured by a JSM6700
and Bruker Dimension ICON, respectively. The X-ray photoelectron
spectroscopy (XPS) spectra for the samples were recorded by using
an ESCALAB250Xi. The UV—vis spectra for the samples were
measured by a Lambda 368. Electrical measurements were performed
using a Keithley 4200 semiconductor analysis system.

Procedures for Ligand Synthesis. Ligands of the metalated
analogues (TCPP(M), M = Zn, Mn, and Fe) of §,10,15,20-tetrakis(4-
carboxyphenyl)porphyrin (TCPPSHI)) were synthesized based on
previous reports (Scheme S1). 14

5,10,15,20-Tetrakis(4-methoxycarbonylphenyl)porphyrin
(TPPCOOMe). A solution of pyrrole (6.0 g, 0.086 mol) and methyl p-
formylbenzoate (12 g, 0.086 mol) in 100 mL of propionic acid was
heated to reflux for 12 h in darkness. After the reaction mixture was
cooled to room temperature, solids were collected under reduced
pressure and then dried.

5,10,15,20-Tetrakis(4-methoxycarbonylphenyl)porphyrin(M)
(TPPCOOMe(M)) and 5,10,15,20-Tetrakis(4-
methoxycarbonylphenyl)porphyrinato(Mn). The mixture of solution
of TPPCOOMe (0.854 g, 1.0 mmol) and MnCl,-6H,0 (3.1 g, 12.8
mmol) in 100 mL of DMF was heated to reflux for 8 h. One hundred
fifty milliliters of H,O was added after the mixture was cooled to
room temperature. The resultant precipitate was filtered, washed two
times with 50 mL of H,O, and then dried to obtain a quantitative dark
red powder. Synthetic routes for TPPCOOMe(Zn) and
TPPCOOMe(Fe) are the same as that for TPPCOOMe(Mn).

5,10,15,20-Tetrakis(4-carboxyphenyl)porphyrinato(M) (TCPP-
(M)). The obtained TPPCOOMe(M) (0.75 g) was stirred in the
mixed solvent of THF (25 mL) and MeOH (25 mL). Then, a
solution of KOH (2.63 g, 46.95 mmol) in H,O (25 mL) was added.
This mixture was refluxed for 12 h. After cooling to room
temperature, THF and MeOH were evaporated. Additional water
was added to the resulting water phase until the solid was fully
dissolved. Then, the homogeneous solution was acidified with 1 M
HCI until no further precipitate was detected. The red solid was
collected by filtration, washed with water, and dried.

Preparation of OH-Functionalized SiO,/Si Substrates. The
Si0,/Si substrates were treated with a mixture of 2 mmol of KOH
aqueous solution and 30% H,0, with a volume ratio of 3:1
(KOH:H,0,) at 80 °C for 30 min and then cleaned several times
with deionized water and ethanol.

Fabrication of ZnTCPP(M) Films. The ZnTCPP(M) films were
fabricated by the spray method. The reaction solutions include
zinc(IT) acetate (Zn(OAc), 1.0 mM) and TCPPP(M) (0.05 mM)
ethanolic solutions. The spray times for Zn(OAc), and TCPP(M)
solution were 15 and 2§ s, respectively, and the waiting time was 30 s
between steps. Each step was washed with ethanol to remove residual
reactants. A total of 20 growth cycles were used for in situ LPE Ibl
ZnTCPP(M) films in this work.

Fabrication of the ZnTCPP(M)-Based Photodetector. Silver
paste was used as the electrode material to form an ohmic contact
with the MOF thin film. The surface of the ZnTCPP(M) thin film
grown on the SiO,/Si substrate was covered with copper interdigital
electrode grids. Then, the samples were patterned with Ag electrodes
by using a shadow mask technique under Ag vapors in a thermal
evaporation chamber. The effective irradiation area was 0.01 cm?

Calculation of the Photodetector Parameters. The respon-
sivity (R;) of photodetectors was determined through the relation:

I

R, = —=
AT PxS (1)

where I, P, and S are the photocurrent, incident power density, and
effective device area, respectively. The detectivity (D*) was calculated
according to the following formula:

p* = VSR,
Vel (2)

In this equation, Iy, is the dark current at zero voltage and e is the
charge of the electron.

DFT Calculations. The optimization for ZnTCPP(M) (M = Zn,
Mn, Fe, and H,) was performed on the CP2K software package by the
DFT method. The exchange-correlation functional was approximated
by the generalized gradient approximation of the Perdew—Burke—
Ernzerhof (PBE) functional. The core electrons and valence electrons
were described by the Goedecker—Teter—Hutter (GTH) pseudopo-
tentials and DZVP-MOLOPT-SR-GTH (double-zeta basis sets),
respectively. The kinetic energy cutoff planewave expansion was set to
600 Ry and the first Brillouin zone was estimated by the I"-point. The
excited states and UV—vis spectra were calculated by the TDDFT
method.
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