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Two-dimensional (2D) organic—inorganic hybrid materials have attracted widespread attention for
photodetection. Moreover, such materials with broadband photoluminescence and strong photocurrent
response are still rare. Here, we report two new semiconducting 2D organic—inorganic hybrid materials,
namely {Pb',Ig[Pb"(TETA)}, (1Pb) and {Pb"sIg[Pb"(TETA)}, (2Pb), where TETA = triethylenetetramine, with
broadband yellow-green emission. Both compounds are soluble in DMF and yield high surface coverage
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films through spin coating. Strikingly, the photocurrent responses of such thin films show ca. 600 and
700 nA cm™? difference between light and Igar for 1Pb and 2Pb, respectively. To the best of our
knowledge, 1Pb and 2Pb showed among the highest current obtained in 2D lead iodide hybrid materials

under a low voltage (0.7 V). Moreover, 1Pb and 2Pb are stable under heat, moisture and light, which

rsc.li/frontiers-materials

In recent years, methyl ammonium lead halide materials have
become a new path in the photovoltaic field due to their simple
manufacturing processes," high absorption coefficient>* and
long charge carrier diffusion lengths.*” The interest around these
compounds is driven by their fast advancement of the energy
conversion efficiency (PCE). Since Miyasaka manufactured the
initial device in 2009, its efficiency was 3.8%, and the PCE of
organic-inorganic solar cells have been increased to 25.5% in
such a short period of time,® surpassing the most advanced
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may provide realistic applications for light detection.

copper indium gallium diselenide (CIGS) solar cells, and
approaching single crystal silicon solar cells.” However, under
environmental conditions (moisture, oxygen and UV radiation),
their stability is still poor and remains a principal drawback for
further commercial use.>"°

In order to address the long-term stability issue for real-
world applications, two-dimensional (2D) hybrid materials have
become the best candidates due to their superior stability and
wider structural diversity."""" In addition, 2D organic-inorganic
hybrid materials also present exciting optical and unique
optoelectronic properties, such as widely tunable bandgap energy,
extremely large exciton binding energy, layered characteristic and
long decay times."*™'® All these features make those kind of hybrid
materials very promising in optoelectronic devices. In particular,
2D lead halide hybrid compounds have been paid extensive
attention not only due to their rich structural chemistry (by using
different organic cations, a large number of 2D halo-plumbate
anions have been investigated such as [PbX,]*”, [PbsXo]’™,
[PbsXy4]* ", and [Pb,Xy5]*7)"*> but also because of their inter-
esting stability and photophysical properties. In this context,
Dou et al. synthesized stable 2D hybrid perovskite quantum
wells (4Tm),Pbl, and (BTm),Pbl, using hydrophobic organic
semiconducting ligands (4Tm and BTm: thiophene derivatives).
Those two compounds showed high stability under harsh
conditions (heat and moisture).”* The employment of larger
organic cations with strong m-n interactions within a 2D
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structure will greatly enhance the stability of these
compounds.”® Moreover, due to the strong van der Waals
interactions between the layers, Li et al. showed that 2D Dion
Jacobson lead iodide hybrid perovskite (PA),(MA);Pb,l;; and
(PDA)(MA);Pbyl;3 (PA = propylamine and PDA = 1,3-
propanediamine) exhibited ultrahigh stability for 4000 h under
40-70% relative humidity and for 168 h damp heat at 85 °C.>°
Other than that, 2D lead halide hybrid compounds were reported
to have excellent luminescence properties; for example, Liu
et al.”” prepared two 2D organic-inorganic lead bromide hybrid
materials (C,H;gN,)PbBr, and (CoH,,N,)PbBr,, exhibiting broad-
band emission with a long-life time emission of ~1 ms; Luo et al.
also successfully designed a new 2D lead bromide hybrid, (y-meth-
oxy propyl amine),PbBr,, which exhibits bright bluish white light
emission with high Color Rendering Index and PLQE of 6.85%;®
and [DMEDAJPbCl, (DMEDA = N,N-dimethylethylenediamine),
(C¢H5C,H,NH;),PbCl,, [DMPDAJPbCl, (DMPDA = N,N-dimethyl-
1,3-diaminopropane), [(CH3),N],Pb;Cl;, and (C,HoNH;3)2PbCl,
have also been reported as luminescent materials.>*"?

On the other hand, despite a few literature reports based on
2D lead halide hybrid photodetectors (particularly for 2D lead
iodide hybrids), those works showed very interesting and
promising results. For example, a 2D bilayered lead iodide
hybrid compound reported by Zhang et al. exhibited broadband
photoresponsive properties with high photoresponsivity.*?
Another important work reported by Huang et al. showed a
photodetector with tunable photoresponse by the precise control
of the n number of 2D (BA),(MA),,_1Pb, I3, (7 = 1, 2, 3) hybrid

(@)
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materials.>* Nevertheless, how to realize stable 2D lead iodide
hybrid compounds broadband photoluminescence together with
strong photo-response is still a huge challenge and very rarely
reported.

In light of this discussion, we report two new 2D lead iodide
organic-inorganic hybrid materials, namely {Pb",I,[Pb"(TE-
TA)]},, (1Pb) and {Pb";I4[Pb"(TETA)]},, (2Pb), which possessed
excellent semiconductor properties and broadband yellow-
green light emission. In addition to the high solubility and
film processable nature, 1Pb and 2Pb showed significant
stability against moisture, light and temperature, which made
1Pb and 2Pb suitable for light detection applications.

1Pb and 2Pb were synthesized through the hydrothermal
technique, in which different stoichiometric amounts of
Pb(NO3),, triethylenetetramine (TETA) and KI in a concentrated
hydroiodic acid (HI) were added, and the mixture was kept for
24 h at 130 °C for 1Pb, and at 150 °C for 48 h for 2Pb
(see “Materials and sample preparation” in the ESIf for more
details). Structural analyses disclosed that 1Pb crystallized in a
monoclinic system with a centrosymmetric space group of P2,/c
at 298 K (Table S1, ESIt). The asymmetric unit comprises one
organic triethylenetetramine (TETA), three lead(n) ions and six
iodine anions (Fig. 1a).

As shown in Fig. 1b and c, the topography of 1Pb can be
described as a 2D structure, in which there are two crystal-
lographically independent Pb(II) atoms, which exhibited two
different coordination environments: [Pbls] octahedra for both
Pb1 and Pb2, while [PbN,I,] octahedron for Pb3. Thus, for Pb1l

(@

Fig. 1 Asymmetric units of 1Pb (a) and 2Pb (d). Crystal structure of the compounds of 1Pb (b) and 2Pb (e). Zoom of 1Pb layer (c) and 2Pb layer (f).
Hydrogen atoms are omitted for clarifications. The colors are used to indicate the following: Lead: dark green, iodine: violet, carbon: black and nitrogen:

blue.
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and Pb2, each lead atom was connected with six iodine atoms
to form Pblg octahedra, in that Pbl and Pb2 were linked
together by two bridge I atoms. The Pb-I distances varied
between 3.0447 (13) A and 3.3673 (12) A, while the I,-Pb-Iq
(“eq” refers to equatorial) bond angles ranged from 80.41 (3)°
to 105.96 (3)°, and the I,.—Pb-I,, (“ax’ refers to axial) bond
angles varied between 162.51 (3)° and 177.28 (4)°, indicating
that the octahedra were distorted. The Pb3 atom was bonded to
four N atoms and shared two iodine atoms with [Pb,Is] units to
form [PbN,L,] octahedron, in which the Pb-I bond lengths
varied between 3.5192 (13) A and 3.662 (16) A; the Pb-N
distance ranged from 2.4470 (15) A to 2.628 (17) A and the
N-Pb-N angle ranged from 68.6 (6)° to 122.4 (6)° (Table S2,
ESI{). Hence, a 2D {Pb",I{[Pb"(TETA)]}, network was
formed by sharing two iodine atoms between the [Pb,Is]*~
and [Pb(TETA)]*" units.

Using different stoichiometric amounts from 1Pb, yellow
crystals of 2Pb were synthesized. Single-crystal X-ray diffraction
studies revealed that 2Pb crystallized in a monoclinic system at
room temperature with the space group of C2/c. As shown in
Fig. 1d, the asymmetric unit of 2Pb contains four lead(u) ions,
eight iodine atoms, and one TETA. Three lead(II) (Pb1, Pb2 and
Pb3) ions adopted a geometry of six-coordinated relative regular
octahedron (Pb-I: 3.0070 (14) A—3.3768 (14) A and I-Pb-I: 85.62
(3)°—178.11 (4)°). The Pb-I bond lengths are closer to the sum
of the ionic radii of iodide and lead(n) (ri = 2.2 + 1.03 = 3.23 A)
rather than to that of their covalent radii (re = 1.39 + 1.48 = 2.87 A),
proving that these bonds are ionic in nature. However, the Pb4 ion
was coordinated with four nitrogen atoms of the bent TETA (Pb-
N: 2.505 (15)-2.596 (19) A), and two iodine atoms to form [PbN,I,]
octahedron (Fig. 1e and f). The coordination modes of 2Pb are
quite similar to that of 1Pb. However, the difference between 1Pb
and 2Pb was that the Pb-I distance and I-Pb-I angle in the 2Pb
complex were slightly broader than those in 1Pb, indicating that
2Pb was a bit distorted from 1Pb. As shown with 1Pb, the
[Pb(TETA)* units in 2Pb shared two iodine atoms with [Pbslg]*~
units to connect them into a 2D network.

TETA showed a regular configuration with normal values of
C-C and C-N bond lengths varying from 1.41 (3) A to 1.55 (3) A,
whereas C-C-C, C-N-C and C-C-N angles ranged between
107.7 (19)° and 117.2 (17)° (see Tables S2 and S3, ESIt).
Moreover, 1Pb and 2Pb exhibited several intermolecular
hydrogen bonding interactions between the cationic and
[Pb,I]>~ or [PbsIg]>~ anions of the type N-H---I and C-H- - I
listed in Tables S4 and S5 in ESI.{ The XRD powder spectra of
1Pb and 2Pb are given in Fig. S1, ESL.7 It can be seen that PXRD
patterns of these two materials matched perfectly well with the
simulated results from the single crystal structure, which
indicated the high purity of 1Pb and 2Pb powder samples.

To analyse and obtain additional information about inter-
molecular interactions within the crystal structure of 1Pb and
2Pb, molecular Hirshfeld surface (MHS) calculations were
performed using the crystal explorer 3.1 program. The blue,
red and white areas in the MHS represent the largest, shortest
and equal to van der Waals separations, respectively (Fig. S2,
ESIt). It can be seen from Fig. S3a and c in ESIt that 2D finger
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Fig. 2 (a, b) Topographical SEM images of the thin film made from 1Pb.
(c) Cross-sectional SEM image of the thin film made from 1Pb. (d, e)
Topographical SEM images of the thin film made from 2Pb. (f) Cross-
sectional SEM image of thin film made from 2Pb. (g) XRD patterns of the
thin film made from 1Pb. (h) XRD patterns of the thin film made from 2Pb.

print maps of 1Pb and 2Pb provide quantitative contribution of
the intermolecular interaction. Two remarkable spikes
presented the most abundant interaction of 1Pb and 2Pb,
which were from H- - -I and Pb- - ‘I, consistent with the red area
in the MHS. It was very clear that hydrogen bonds played an
important role in crystal stabilization. These results are also
confirmed by single crystal analysis (Tables S4 and S5, ESIY).
Other intercontacts present less to MHS were also calculated,
such as H---H and I.- I (Fig. S3b and d, ESIY).

Significantly, 1Pb and 2Pb are highly soluble in dimethyl-
formamide (DMF), and 1 ml DMF can dissolve 0.2 g of each
compound (1Pb or 2Pb). Using the one step spin coating
technique, we dissolved 20 mg of 1Pb and 2Pb single crystals
in 1 ml DMF, and then cooled at ambient temperature
(More details can be found in the ESIt). Smooth, high coverage,
less pin hole films of 1Pb and 2Pb readily formed (Fig. 2). 1Pb and
2Pb had small grain sizes of 750 nm and 900 nm, respectively
((Fig. 2a and b) and Fig. 2d and e). As shown in Fig. 2c and f, the
cross-section images reveal that 1Pb and 2Pb have grain thick-
nesses of 3 um and 3.1 pm, respectively. XRD patterns of 1Pb and
2Pb films match very well with the simulated ones, which
indicated their high purity (Fig. 2g and h).

Based on the Kubelka-Munk function,®® (F(R) = o/S = (1 — R)*/
(2R), where R is the reflectance, « is the absorption coefficient,
S is the scattering coefficient), the diffuse reflectance spectrum
was converted to an absorbance spectrum to understand the
semiconducting performance of 1Pb and 2Pb. As shown in
Fig. 3a, the optical band edges of 1Pb and 2Pb were determined
to be 2.28 eV and 2.02 eV, respectively. These results are
consistent with their colors, and are very similar to other lead
iodide hybrid compounds.***” Based on the intercepts of the
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Fig. 3 (a) Absorption spectra for the powder 1Pb and 2Pb. (b) Absorption
spectra for thin film 1Pb and 2Pb. (c) DFT calculations predicted the band
structure for 2Pb with SOC effect included. (d) Simulated orbital resolved
partial density of states (PDOS) for 2Pb.

curves of (F(RN)iw)""™ (n = 2 or n = 1) versus the energy according
to the 7,, equation, bandgap energies were estimated to be
2.31 eV (indirect) and 2.20 eV (direct) for 1Pb and 1.86 eV
(indirect) and 2.08 eV (direct), respectively, for 2Pb (Fig. S4,
ESIt). These bandgap values could be considered within the
range of a typical semiconductor compound and can be used as
the absorber for tandem solar cells when these two materials are
coupled with silicon.*® Interestingly, optical absorption spectra
were performed on films of 1Pb and 2Pb, respectively, and both
are similar for those of powder samples (Fig. 3b).

To get an insight into the electronic properties of these two
compounds, DFT calculations of 1Pb and 2Pb were performed.
After including spin orbital coupling (SOC) effects, GGA-PBE
functional predicts that the valence band maximum (VBM) and
conduction band minimum (CBM) are both located at the same
k points (I" for 1Pb and C for 2Pb), indicating that 1Pb and 2Pb
are semiconductors with direct bandgaps (Fig. 3c and Fig. S5a,
ESIt). In addition, the predicted energy bandgaps are 2.12 eV
and 1.94 eV for 1Pb and 2Pb, respectively, which are close to
experimental results. Without SOC effect, the larger bandgaps
of 2.72 eV for 1Pb and 2.24 eV for 2Pb will be predicted (Fig. S5b
and Sé6a, ESIf). Based on the partial density of states, we will
further analyze the orbital nature for electronic states around
VBM and CBM. The top of valence bands was mainly contributed
by hybridized I-5p and Pb-6s orbitals, while the bottom of
conduction bands had dominant Pb/I-5p orbital characters for
both two compounds (Fig. 3d, Fig. S5 (c-f) and S6 (b-d), ESIY).
These results clearly indicated that optical excitations within 1Pb
and 2Pb are mainly determined by the hybridized Pb and I
orbitals from the inorganic framework.

The photoluminescence properties of 1Pb and 2Pb lead
iodide hybrid compounds were studied at room temperature
using steady state and time-resolved emission spectroscopy.
Upon excitation of 450 nm, both compounds exhibited two
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Fig. 4 (a) PL emission spectrum at room temperature for 1Pb and 2Pb.
(b) CIE chromaticity coordinates for 1Pb and 2Pb. (c) Time-resolved decay
curve for 645 nm emission at room temperature for 1Pb. (d) Time-resolved
decay curve for 645 nm emission at room temperature for 2Pb.

band emissions, which generally matched very well with the
two slopes from the absorption spectra. Indeed, 1Pb and 2Pb
display two broadband emissions with the highest bands at
519 nm for 1Pb and 550 nm for 2Pb, and another two weak
emissions present in the range of 600-720 nm can be
tentatively assigned to lead halide-centered transitions within
the inorganic group, as suggested by band structure calculations,
and observed recently in other reported iodoplumbate organic-
inorganic based hybrid materials (Fig. 4a).>**" Thus, the broad
photoluminescence mainly originated from the inorganic
component. We should note that similar emission bands
between 1Pb and 2Pb indicate the same radiative recombination
route. In addition, the combination of the two emission bands
gave rise to the CIE 1931 chromaticity coordinates of (0.39, 0.56)
for 1Pb with CCT of 3780 K and of (0.43, 0.53) for 2Pb with CCT
of 3825 K. Both compounds exhibited yellow green emission
(Fig. 4b). Moreover, the PLQY of 1Pb and 2Pb was measured to
be 1% and 1.12%, respectively, which were comparable to those
of previous reported 2D hybrid lead materials, such as 0.5% for
(N-MEDA)PbI, and ~1% for (C¢HsC,H,NH;),PbCl,.*>*?

Using a fitting with a double-exponential function I(¢) =
A;exp(—t/ty) + A, exp(—t/t,), the decay life times of 1Pb and
2Pb have been calculated (Fig. 4c and d). Interestingly, the
average life time for 1Pb was 16.57 ns and for 2Pb was 10.57 ns,
which were longer than that of other reported 2D lead hybrid
compounds (Table S6, ESIT). The photoluminescence properties
for both compounds are summarized in Table 1.

Table 1 Summary of the photophysical properties of 1Pb and 2Pb

Compds Jex (NM) Jem (NM) CIE 7 (ns)
1Pb 450 518/645 (0.39, 0.56) 16.57
2Pb 450 550/645 (0.43, 0.53) 10.57

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2022
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The photoconductivity of 1Pb and 2Pb was studied using
film samples as the active layer under the illumination from a
350 W Xenon lamp irradiation at 0.7 V bias (more details can be
found in the ESIt). As shown in Fig. 5a and c, both materials
exhibited a strong photoresponse in that the photocurrent for
1Pb enhanced from 20 to 636 nm cm ™2, and increased for 2Pb
from 42 to 780 nm ¢cm . Those values are higher than that of
bismuth halide organic-inorganic materials and comparable to
that of lead-based hybrids. However, they were lower than
that of 3D MAPbI; and those of inorganic systems,®*%*4748
To the best of our knowledge, 1Pb and 2Pb had among the
highest current obtained in 2D lead iodide hybrid materials under
low voltages. We need to mention that the order of photocurrent
for these two compounds was well coherent with their optical
bandgaps, which signalized that a small bandgap may be better to
generate and separate a photoinduced electron/hole.*””*°

Fig. 5b and d show that these devices exhibited a broadband,
repeatable and periodical switching (on/off) of the light, which
means that 1Pb and 2Pb exhibited an obvious photocurrent
reproducibility and high stability. Moreover, the photorespon-
sivity (R) (it is an important figure of merit to represent the
sensitivity of the photodetector to the light signal) was calcu-
lated to be 7.04 pA W' and 8.57 pA W™ ! for 1Pb and 2Pb,
respectively.

Other important parameters of photodetector devices, such
as detectivity (D*) and external quantum efficiency (EQE), were
also determined. A comparative table between 1Pb and 2Pb
with other general materials are illustrated in Table S7 in the
ESI.¥ The responsivity, detectivity and external quantum effi-
ciency are obtained using the following equations:
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Fig. 5 (a, c) I-V plots for dark and light current of 1Pb (a) and 2Pb (c)

measured at 298 K. (b, d) /-t plots of several irradiation cycles of 1Pb (b)

and 2Pb (d).
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D* = RS¥/(2ely)’ )
EQE - 2 2408 .

where fjjgn is the photocurrent, Iy, is the dark current, P, is
the intensity of light, S is the area of the device, e is the
electronic charge and / is the wavelength of irradiation.

Moreover, we studied the stability of both 1Pb and 2Pb
towards moisture, light and heat. The as-prepared films of
1Pb and 2Pb were stored in the dark at 55% relative humidity
for 7 days. The XRD patterns of the film samples of 1Pb and 2Pb
remained almost the same as those of the freshly prepared
sample (see Fig. S1, ESIt) and showed no evidence of peak
related to material degradation. However, we noted a decrease
in the diffraction peak intensity of 1Pb and 2Pb within 7 days
(Fig. S7, ESIt). To explore the UV aging effect, we exposed 1Pb
and 2Pb films to UV light for 24 h at room temperature.
No obvious change has been observed for the XRD patterns
compared to the simulated ones (Fig. S7, ESIt). Moreover, to
evaluate the thermal stability of 1Pb and 2Pb, thermogravi-
metric analyses (TGA) were conducted from 30 °C to 600 °C
under nitrogen atmosphere (Fig. S8, ESIT). It can be seen from
the TGA curves that the two compounds are stable up to 225 °C.
Hence, 1Pb and 2Pb showed high stability towards moisture,
light and heat.

Conclusions

In summary, two new 2D organic-inorganic hybrid lead iodide
using a tetradentate ligand were successfully synthesized and
fully characterized. Both compounds exhibited an excellent
semiconductor property and showed broadband yellow-green
emission. Interestingly, 1Pb and 2Pb showed high stability and
exhibited a strong photocurrent response at 0.7 V. In addition,
1Pb and 2Pb were processed into high coverage films through
the one-spin coating method. Thus, this study showed two new
broadband 2D lead iodide hybrid materials with potential for
light detection applications.
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