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Abstract

Two-dimensional <100>-oriented Dion-Jacobson or Ruddl|esden-Popper
perovskites have been widely recognized as promising candidates for
optoelectronic applications. However, the large interlayer spacing
significantly hinders the carrier transport. <110>-oriented 2D perovskites
naturally exhibit reduced interlayer spacings, but the tilting of metal
halide octahedra is typically serious and leads to poor charge transport.
Herein, a <110>-oriented 2D perovskite EPZPbBr, (EPZ=1-ethylpiperazine)
with minimized tilting is designed through A-site stereo-hindrance
engineering. The piperazine functional group enters the space enclosed by
the three [PbBr.]* octahedra, pushing Pb-Br-Pb closer to a straight line
(maximum Pb-Br-Pb angle “180° ), suppressing the tilting as well as
electron—-phonon coupling. Meanwhile, the ethyl group is located between
layers and contributes an extremely reduced effective interlayer distance
(2.22 A), further facilitating the carrier transport. As a result, EPZPbBr,
simultaneously demonstrates high « z product (1.8%10° cm?> V') and large
resistivity (2.17x10"° Q cm). The assembled X-ray detector achieves low
dark current of 1.02x107 A cm? and high sensitivity of 1240 ¢ C Gy cm?
under the same bias voltage. The realized specific detectivity (ratio of
sensitivity to noise current density, 1.23x10° uC Gy cm™ A% is the
highest among all reported perovskite X-ray detectors.

1. Introduction

Two—-dimensional (2D) perovskites have been widely recognized as
promising candidates for photoelectric applications, such as solar cell,
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photodetection, LED and laser, due to their tremendous structural
versatility and good moisture stability. "™ Present researches
predominantly focus on 2D perovskites oriented along the <100> direction,
described using the general formula A,BX, (Ruddlesden-Popper type, RP for
short, where A denotes a monovalent organic cation) or AMX, (Dion-Jacobson
type, DJ for short, where A denotes a divalent organic cation).® ©
However, the wide quantum barrier significantly impacts the carrier
transport, and the device performance still lags far behind 3D
perovskites. " Efforts have been made to reduce the distance of the

inter layer spacing of RP or DJ perovskites to facilitate the interlayer
carrier transport, but it remains difficult to achieve an interlayer
distance below 3 A due to their intrinsic structure. ! " The normally
over looked <110>-oriented 2D perovskite has been assembled with wavelike
mutual insertion of organic and inorganic layers (Figure 1a). "% The

over lapping arrangement of stacked layers naturally reduces the interlayer
spacing. Unfortunately, the tilting of metal halide octahedra in <110>-
oriented 2D perovskites is typically serious and inevitably deteriorates
the charge transport, and the underlying mechanism of the tilting is still
unclear.

Moreover, lead halide perovskites have demonstrated excellent potential
for highly sensitive X-ray detection due to their high X-ray attenuation
coefficients, low trap density and large mobility-lifetime product. "* "™ 3D
perovskites have exhibited high sensitivity of >30000 uxC Gy' cm? which
is orders of magnitude higher than commercial detectors. ' The detection
limit has also been decreased to below 10 nGy s for 2D perovskites, which
is already 3 orders lower than the typical dose rate in medical imaging. '
201 Nevertheless, high sensitivity and low detection limit somehow
contradict with each other in a single material. For example, 3D
perovskites suffer from high dark current and high detection limit, while
2D perovskites exhibit poor charge transport and low sensitivity. ?" %2
Above mentioned <110>-oriented 2D perovskites could, in principle, break
the trade-off between sensitivity and detection limit due to their
intrinsically short interlayer distance. ™ In reality, however, very rare
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successful case has been observed. It is thus significant but highly
challenging to explore more <110>-oriented 2D perovskites with minimized
tilting effect, to boost the practical detection performance of perovskite
X-ray detectors.

Herein, we identify a <110>-oriented 2D perovskite EPZPbBr, (EPZ=1-
ethylpiperazine) with minimal tilting through A-site stereo-hindrance
engineering. The piperazine functional group is effective in regulating the
Pb-Br-Pb bond angles close to a straight line. The high Pb-Br-Pb angle for
EPZPbBr, reflects the smallest tilting of the inorganic framework as well
as enhanced lattice rigidity, and consequently the suppressed electron-
phonon coupling. Meanwhile, the ethyl group is located between layers and
contributes an extremely reduced effective interlayer distance (2.22 A),
which is much smaller than the <100>-oriented 2D RP or DJ perovskites,
further facilitating the carrier transport. As a result, high « z product
(1.8%10% cm? V') and large resistivity (2.17x10 Q om) are
simultaneously achieved in EPZPbBr,. The assembled X-ray detector exhibits
a low dark current of 1.02x107 A cm? and a high sensitivity of 1240 uC
Gy cm? under the same bias voltage. The realized specific detectivity
(ratio of sensitivity to noise current density, 1.23x10® uC Gy cm™ A%
is the highest among all reported perovskite X-ray detectors. The proposed
materials can be generally used in the fields of photoelectric detection,
solar cells, electroluminescence, and so forth.

2. Result and discussion
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Figure 1 (a) The crystal structures of EPZPbBr,. The interval between the
two yellow lines is the interlayer distance. Crystal structures of (b)
BDAPbBr, and (c) PEA,PbBr,. Pb-Br-Pb bond angles of (d) EPZPbBr, (e)
2AMSPbBr, and (f) EDBEPbBr,. (g) Average equatorial Pb-Br-Pb angles and
inter layer distances of typical 2D perovskites. (h) Load-force-dependent
indentation depth curves of EPZPbBr,, BDAPbBr, and PEA,PbBr, single
crystals.

To illustrate the origin of specific crystal structures, the interlayer
spacing and octahedral tilting of <110>-oriented 2D perovskite were
investigated, along with other typical 2D perovskites for comparison. With
the same formula of DJ 2D perovskite, the <110>-oriented EPZPbBr,
perovskite possesses single organic layer between two adjacent inorganic
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layers. The N-H---Br hydrogen bond between organic cation and [PbBr]
octahedron makes it more rigid than that of RP 2D perovskite with van der
Waals gap. Moreover, in the <110>-oriented structure, due to the stronger
N-H---Br hydrogen bond, inorganic layer pulls the organic layer closer,
forming a wavy overlapping stacking structure and thus minimizing the
equivalent interlayer distance. Figure 1a—c¢c depict the comparison of

inter layer distance between <110>-oriented 2D perovskite, RP-2D perovskite,
and DJ-2D perovskite. The widely studied PEA,PbBr, RP perovskite and
BDAPbBr, DJ perovskite was chose as typical ones for comparison with <110>-
oriented EPZPbBr, perovskite. The interchain Br-Br distance of <110>-
oriented EPZPbBr, perovskite is 2.22 A, which is merely a fifth that of the
we | [-known PEA,PbBr, RP 2D perovskite (9.64 A), and even shorter than the
emerging BDAPbBr, (3.1 A) and DGAPbI, (3.5 A)™ DJ 2D perovskites. The
small interlayer spacing is beneficial for carrier transport.

Tilting of [PbBrg] octahedra is another vital factor that affects the
carrier transport property due to electron—-phonon coupling. Tilting refers
to the deviation of the metal-halide-metal angle from 180° between
adjacent octahedra. For <110>-oriented 2D perovskites, organic A-site
always insert into the octahedra-enclosed “half-pocket” cavity.
Consequently, the volume occupied by the organic ligands within the “half-
pocket” cavity is crucial for maintaining undistorted octahedral geometry
(i.e., Pb-Br-Pb bond angles close to a straight line) (Table S1). Figure
1d-f present the comparison of the structural tilting of <110>-oriented 2D
perovskites. Similar to EPZPbBr, both 2AMSPbBr, (2AMS= 2-

(aminoethyl) isothiourea) and EDBEPbBr, (2,2’ -

(ethylenedioxy)bis (ethylammonium)) also belong to the typical <110>-
oriented perovskites (Table S2, S3 and S4). 2AMS and EDBE are both chain
organic ligands, while EPZ assembles with a piperazine ring (Figure S1).
Through A-site stereo-hindrance engineering, the piperazine functional
group (79.8 A% is filled in the space (129.3 A) enclosed by the three
[PbBr;1* octahedra to achieve a spatial fit (Table S1), pushing Pb-Br-Pb
closer to a straight line (maximum Pb-Br-Pb angle “180° ). As shown in
Figure 1g, the minimum tilting EPZPbBr, with a high average Pb-Br-Pb angle
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was much more superior to other <110>-oriented perovskites. The stereo-
hindrance engineering also guarantees that the penetration depth of NH, in
the inorganic layer is only 1.0 A (Figure S2), smaller than that reported
previously for the DJ-type perovskite DGAPbI, (1.2 A)™ and also smaller
than all other <110>-oriented perovskites currently known.? %! The binding
energy of both Pb 4f and Br 3d of EPZPbBr, were higher than that of
2AMSPbBr, and EDBEPbBr, (Figure S3), indicating the decreased electron cloud
density due to stronger hydrogen bond.

To further validate the stereo-hindrance engineering of EPZ molecules,
we performed first-principles simulations to add -CH, groups on piperazine
ring or reduce the —CH,— group of piperazine ring of EPZ molecules in order
to modify the stereo-hindrance. The results indicate that regardless of
whether the -CH, groups are added or reduced, the resulting octahedral
structures exhibit pronounced tilting (Figure S4). This finding further
corroborates our previous hypothesis regarding the impact of the volume
occupied by organic ligands, i.e. stereo-hindrance effect, on octahedral
tilting. It also demonstrates that EPZ organic ligand offers the most
effective stereo-hindrance, resulting in the suppressed octahedral tilting
in <110>-oriented 2D perovskites. The smallest tilting facilitates the
carrier transport through suppressed electron—-phonon coupling.

We prepared high-quality EPZPbBr, single crystals with the
transmittance exceeding 85% through a slow cooling crystallization method
(Figure S5). BDAPbBr, and PEA,PbBr, single crystals were also synthesized
according to a solvent evaporation method. ¥ The fresh surfaces of the
three kinds of single crystals were measured by nanoindentation experiments
to reflect the crystal rigidity. Under a 5000 uN load, the load-
displacement depth curves corresponding to EPZPbBr,, BDAPbBr, and PEA,PbBr,
are shown in Figure 1h, reflecting the elastic and plastic deformations
occurring near the nanotip. Smaller indentation depths of EPZPbBr,,
compared with BDAPbBr, and PEA,PbBr,, corresponded to less elastic
deformation and hence greater hardness. '™ Also, EPZPbBr, possesses a higher
Young' s modulus (16.65 GPa) than BDAPbBr, (15.89 GPa) and PEA,PbBr, (9.73
GPa) (Figure S6), indicating a superior resistance to elastic deformation
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and thus a stronger crystal rigidity, which yields weaker electron—-phonon
coupling. To verify this point, temperature-dependent PL spectra of
EPZPbBr, were obtained, as shown in Figure S/. The deformation potential
(D), which is the shift in energy band per unit strain, has been widely
used to quantity the intensity of electron—phonon coupling since 1950. %
Procedure on the calculation of 0 based on the FWHM broadening of PL
spectra is illustrated in Figure S8 and discussed in Supplementary Note I.
The electron—phonon coupling strength of EPZPbBr, is lower than that of
BDAPbBr,. It turns out that the diminished tilting can effectively suppress
electron—-phonon coupling through enhancing the rigidity of the <110>-
oriented crystal.
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Figure 2 (a) Crystal and powder XRD patterns of EPZPbBr, where the inset
is a photograph of EPZPbBr, single crystal. (b) Absorption spectrum of
EPZPbBr,. The inset shows the corresponding Tauc plot. (c) Calculated
electronic band structure of EPZPbBr, from density functional theory
simulation. (d) Total and partial densities of states (DOS) spectra of
EPZPbBr, through calculation. (e) UV photoelectron spectroscopy of EPZPbBr,.
(f) Time-resolved PL spectra of EPZPbBr, and BDAPbBr, single crystals.
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The synthesized EPZPbBr, single crystal was colorless with regular
shape, reaching an impressive size of "8 mmx3 mmx0.5 mm (Figure 2a). The
X-ray diffraction (XRD) pattern of EPZPbBr, single crystal show good
orientation. The exposed natural cleavage plane tends to be defined as the
{001} group of crystallographic planes by single crystal structure
measurement to obtain cell parameters conveniently. It should be noted that
the (010), (020), (030)--- planes marked in the XRD pattern (Figure 2a) is
the planes cut out from 3D structure along <110> direction (Figure S2).
From the powder XRD pattern and single crystal structural analysis, the
crystal space group was identified as P2/¢, with cell parameters: a=10.5477
A, b=12.4246 A, ¢=16.4302(1) A, «@=90° , B3=96.733° , y=90° (see Table S2
for detailed crystal structure parameters). From the UV-Vis spectra of
EPZPbBr, single crystal (Figure 2b), the direct band gap was verified and
calculated to be 3.09 eV by the Tauc curve. The band structure was further
investigated by first-principles calculations, using a self-energy
corrected shell DFT-1/2 method. ®**2 The valence band maximum (VBM) and
conduction band minimum (CBM) of EPZPbBr, are both located at the Q-point
with the theoretical EPZPbBr, bandgap of 3.0 eV, consistent with the
experimental results (Figure 2c). The corresponding projected density of
states (PDOS) shows that the VBM is mainly derived from Br p states, with a
small contribution from Pb s state, while the CBM stems from the hybridized
Pb p and Br p states (Figure 2d). To determine the energy levels of
EPZPbBr,, ultraviolet photoelectron spectroscopy (UPS) was performed, with
results shown in Figure 2e. The value of work function and valence band
edge can be obtained from the tangent of the cutoff edge. Based on the
absorption spectrum and UPS spectrum, the energy level diagram indicates
that the CBM, VBM, and Fermi level are located at -3.52 eV, -6.61 eV, and -
4.84 eV (Figure S9), respectively, revealing an n-type doping. Notably, the
average carrier |ifetime of EPZPbBr, is longer than that of BDAPbBr,, as
shown in Figure 2f. The fast and slow components of decay time are usually
assigned to the non-radiation recombination of carriers by the surface
defects and recombination in the bulk, respectively.
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Figure 3 (a) Absorption coefficient of a few representative semiconductors
as a function of photon energy. (b) Attenuation efficiency against 50 keV
X-ray photons of a few representative semiconductors as a function of
thickness. (c) I-V curves of EPZPbBr, BDAPbBr, and EDBEPbBr, single
crystals. The inset is the device structure for I-V curve testing. (d) Dark
current drift of EPZPbBr,, BDAPbBr, and EDBEPbBr, single crystal devices.

(e) Voltage-dependent photoconductivity of EPZPbBr, and EDBEPbBr, device.

(f) I-T curves of EPZPbBr, BDAPbBr, and EDBEPbBr, under different X-ray
dose rates from 580 to 82.86 uGy s’

ctor

should have large average atomic number and high mass density to ensure the
sufficient absorption of X-ray photons. The average atomic number of
EPZPbBr, at 50 keV (which is the intensity climax of our X-ray source) is
26.77, higher than PEA,PbBr, (25.54) and BDAPbBr, (21.56). The effective
atomic number was calculated by the established software “AutoZeff” . [
As shown in Figure 3a, the X-ray absorption coefficients of EPZPbBr,,
PEA,PbBr,, BDAPbBr,, CdTe and Si at photon energies from 1 keV to 1 MeV were

calculated using the XCOM Photon Cross Sections Database. The absorption
coefficient of EPZPbBr, is comparable to BDA,PbBr, 2D DJ perovskite and much

superior than PEA,PbBr, 2D RP perovskite withing the whole photon energy
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range. The attenuation efficiency was depicted versus thickness curves of
above semiconductors toward 50 keV X-rays. A thickness of 1.2 mm is enough
to attenuate 80% of 50 keV X-rays, shorter than the well-known PEA,PbBr,
(1.6 mm).

Carrier transport is another key factor influencing X-ray detection
performance. Principally, to achieve complete charge collection, the
thickness of the detector should be smaller than the Schubweg value « 7E£
where « is the carrier mobility, z is the carrier lifetime, and £ is the
external bias field. The Schubweg value is the distance across which the
carrier can be transported for a given electric field before annihilation.

I,utU d’
Utilizing the modified Hecht equation 1=#(1—exp[— D (I, is the
d y7240)

saturated photocurrent, o is the crystal thickness, and ¢ is the applied
bias) ®%!  the carrier mobility lifetime product (« z) of EPZPbBr, was
obtained as 1.8(=*0.02) x10° cm® V' (Figure 3e). This value is much higher
than that of BDAPbBr, (3.3(=%0.03) x10™cm* V') and other <110>-oriented
perovskite EDBEPbBr, (5.2(=%0.1) x10™* cm® V).

Previous study demonstrated that the Schottky contact between metal and
perovskite is beneficial for reducing the dark current in a photodetector.
Ag metal was selected as the electrodes and an Ag/BDAPbBr,/Ag device of
vertical structure was fabricated (Figure 3c). The resistivity at forward
bias was 2.17x10" Q cm for EPZPbBr,, larger than 7.22x10° Q cm for
BDAPbBr, (Figure 3¢) and 7.24x10° Q cm for EDBEPbBr,, indicating higher
barrier at contact as well as within the bulk crystals. High resistivity is
conducive to reducing the dark current of the device, thus increasing the
operation stability and facilitating the integration with the back-end
circuit.

The dark current drift was measured at a bias of 10 V for 1 h. The
calculated baseline drift of EPZPbBr, is 8.82x10° pA cm™ s V' (Figure
3d), which is much smaller than that of BDAPbBr, (8.05x 107 pA cm™ s V)

and EDBEPbBr, (4.98x107% pA cm™ s V') according toly, =(/,-,)/tsE, where



I, and /, are the starting current and the ending current, respectively, ¢
is the interval time, and s is the electrode area. Besides, the fluctuation
standard variances of EPZPbBr,, BDAPbBr, and EDBEPbBr, devices were 0. 04,
10.89 and 18.6 pA, respectively. Both the dark current drift and the
fluctuation of the EPZPbBr, device imply a better stability than BDAPbBr,
and EDBEPbBr,, due to the much higher resistivity of EPZPbBr, Based on the
large resistivity and high & z product, the EPZPbBr, device exhibits a
good X-ray response, with response magnitude and stability far superior to
that of BDAPbBr, and EDBEPbBr, (Figure 3f). Besides, the response of 2D
PEA,PbBr, RP perovskite to X-rays was also worse than that of 2D EPZPbBr,
<110>-oriented perovskite due to the large interchain Br-Br distance and
poor carrier transport (Figure S10).
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Figure 4 Illustration of the X-ray detector with (a) out-of-plane structure
and (b) in-plane structure exposing to X-rays. X-ray photocurrent density
and gain factor as a function of X-ray dose rate of (¢) out-of-plane
structure and (d) in-plane structure. Solid lines represent photocurrent
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density and dashed |ines represent gain factor. Calculated sensitivity as a
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function of electric field of (e) out-of-plane structure and (f) planar
structure. (g) Summary of the reported dark current and the ratio of
sensitivity to noise current for X-ray detectors. (h) Signal-to-noise ratio
(SNR) of the devices. The top edge of the filled region represents an SNR
of 3. (i) Photocurrent stability of EPZPbBr, detector exposed to X-rays
(3.874 mGy s) for 1 h.

To investigate the X-ray detection performance of EPZPbBr, perovskites,
photoconductive devices with both planar and vertical structures were
fabricated, respectively (Figure 4a and 4b). The devices were exposed to a
tungsten anode X-ray tube with the photon energy up to 50 keV. The
radiation dose rate was modulated by changing the current of the X-ray tube
or the distance between the X-ray source and the device. The dose rate was
careful ly calibrated by a Radcal ion chamber dosimeter. The generated
photocurrent by X-ray irritation as well as the gain factor of the out-of-
plane and in-plane directions are shown in Figure 4c and 4d, respectively.
With the increased dose rate, the photocurrent increased |inearly, which is
a common phenomenon in photodetectors. The photoconductive gain is
generated by the filling of charge carriers into the shallow trap of the
single crystals. As the photoexcited electrons can be easily trapped by the
shal low defects, the photoexcited holes traverse between the electrodes
multiple times during this trapping period. B The gain factors under
various dose rates can be calculated accordingly (see Supporting
Information Note II). The gain gradually decreased upon increasing the dose
rate, which is known as the dynamic-range enhancing gain compression. The
calculated gain factor of EPZPbBr, single crystal detector in out-of-plane
direction was 0.18-0.35 for the dose rates of 82.3-331.4 uGy s, higher
than that of Rb,Bi,I, X-ray detector (0.172-0.194 at 87.46-204.08 uGy s™),
MAPbBr, X-ray detectors (0.164 at 0.86 uGy s™') and Cs,AgBiBr, single
crystal X-ray detectors (0.14 at 60-138.7 Gy s'). [ * 37 For in-plane
direction, the gain factor of EPZPbBr, single crystal detector was > 0.2,
even at a low dose rate. The high gain factor brings large photocurrent and
thus high sensitivity, overcoming the limit of high ionization energy
caused by the wide bandgap.
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dose rate of 3.874 mGy s' under 10 V bias for 1 h (Figure 4i). The
photocurrent of EPZPbBr, detector remains stable after irradiation with the
accumulated dose of 1.38 Gy, while the photocurrent of BDAPbBr, detector
dropped to 52.6% of the initial value under the same condition (Figure
S11). Also, the standard deviation of EPZPbBr, detector (1.0x107%) is

smal ler than BDAPbBr, detector (1.29x107") and 1,000 times smaller than
the typical 3D MAPbBr, detector (Figure S12). The X-ray on-off test further
demonstrated the high operating stability of EPZPbBr, device for X-ray
detection (Figure S13).

3. Conclusion

In summary, we report a novel strategy of stereo-hindrance engineering
of A-site in <110>-oriented 2D perovskites, in order to effectively
minimize the tilting in the inorganic framework. The introduced piperazine
functional group helps to push the Pb-Br-Pb bonds closer to a straight line
(maximum Pb-Br-Pb angle “180° ), rendering suppressed octahedral tilting
and accordingly weaker electron-phonon coupling. Moreover, the extremely
reduced effective interlayer distance (2.22 A), which is smaller than
<100>-oriented 2D perovskites, further facilitates the carrier transport.
The rare combination of minimal tilting and small interlayer distance
renders EPZPbBr, a promising candidate for photodetection applications. As
an example, the EPZPbBr, X-ray detector achieves low dark current of 1.02x
10 A cm? and high sensitivity of 1240 uC Gy' cm? under the same bias
voltage. The realized specific detectivity (ratio of sensitivity to noise
current density, 1.23x10® uC Gy cm' A% is the highest among all
reported perovskite X-ray detectors. This work provides a stereo-hindrance
engineering insight to minimize tilting of 2D <110>-oriented perovskites,
which is also beneficial for other perovskite optoelectronic devices such
as light emitting diodes, lasers and photodetectors.
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