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ion–Jacobson hybrid layered
double perovskites to 1D perovskites for ultraviolet
to visible photodetection†

Arnab Mandal,a Shresth Gupta,a Supriti Dutta,b Swapan K. Pati b

and Sayan Bhattacharyya *a

New perovskite phases having diverse optoelectronic properties are the need of the hour. We present five

variations of R2AgM(III)X8, where R = NH3C4H8NH3 (4N4) or NH3C6H12NH3 (6N6); M(III) = Bi3+ or Sb3+; and

X = Br− or I−, by tuning the composition of (4N4)2AgBiBr8, a structurally rich hybrid layered double

perovskite (HLDP). (4N4)2AgBiBr8, (4N4)2AgSbBr8, and (6N6)2AgBiBr8 crystallize as Dion–Jacobson (DJ)

HLDPs, whereas 1D (6N6)SbBr5, (4N4)–BiI and (4N4)–SbI have trans-connected chains by corner-shared

octahedra. Ag+ stays out of the 1D lattice either when SbBr6
3− distortion is high or if Ag+ needs to

octahedrally coordinate with I−. Band structure calculations show a direct bandgap for all the bromide

phases except (6N6)2AgBiBr8. (4N4)2AgBiBr8 with lower octahedral tilt shows a maximum UV responsivity

of 18.8 ± 0.2 A W−1 and external quantum efficiency (EQE) of 6360 ± 58%, at 2.5 V. When self-powered

(0 V), (4N4)–SbI has the best responsivity of 11.7 ± 0.2 mA W−1 under 485 nm visible light, with fast

photoresponse #100 ms.
Introduction

In the search for next-generation photoabsorbers for optoelec-
tronics and photovoltaics, halide perovskites have garnered
maximum interest, owing to the unwavering discovery of new
phases with varying dimensionalities.1,2 Slowly but steadily, the
shi in focus has been towards lead-free systems having
improved moisture and thermodynamic stabilities, but with an
out-of-the-common lead-perovskite-like defect tolerance.3 In
this context, double perovskites with a general formula A2M(I)
M(III)X6 [Pb

2+ replaced by the combination of monovalent, M(I),
and trivalent, M(III), cations, A = methyl ammonium (MA+),
formamidinium (FA+) and/or Cs+, and X = Cl−, Br− or I−] are
more benign having better stability. More than 100 double
perovskites having an assorted combination of A, M(I), M(III)
and X were predicted to be thermodynamically stable in terms
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of their structural tolerance and octahedral factor.4,5 Among
them, Cs2AgBiBr6 has established itself as a benchmark lead-
free double perovskite due to its similar 3D structure to Pb-
containing systems, along with high carrier mobility and life-
time, low effective carrier mass, and thermodynamic stability.6,7

Nevertheless, because of the contributions of Ag+ and Bi3+

orbitals at the band edge position, Cs2AgBiBr6 has an indirect
bandgap which limits its optoelectronic applications.4

An indirect to direct bandgap transition can be made
possible by the dimensional reduction of 3D double perovskites
to generate HLDPs.8 The 2D modication is achieved by intro-
ducing bulky monoammonium or diammonium cations
between inorganic layers, especially for a single-layered inor-
ganic framework (n = 1), where a direct bandgap results from
the contribution of single metal orbitals to the valence band
maxima (VBM; Bi p-orbital) and conduction band minima
(CBM; Ag d-orbital) of double perovskites.9 To date, about 40
HLDPs have been synthesized with various compositions of M(I)
and M(III), and among them, (BA)4AgBiBr8 and (BA)2CsAgBiBr7
(BA = butyl ammonium cation) are the rst reported HLDP
structures with n = 1 and 2, having direct and indirect bandg-
aps, respectively.9 Most of them exist in the Ruddlesden–Popper
(RP) phase and a few adopt the DJ structure. RP and DJ phases
have the generalized formulae A0

2An�1MnX3nþ1 and A′′An−1Mn-
X3n+1, respectively, where A′ is monovalent and A′′ is a bivalent
bulky organic spacer cation, A is a smaller monovalent cati-
on, M is a divalent metal or a combination of monovalent and
trivalent metals, n is the number of inorganic layers and X is the
halide. Accompanied by strong hydrogen bonding between the
© 2023 The Author(s). Published by the Royal Society of Chemistry
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inorganic layers and diammonium spacer,10 although DJ-
HLDPs have the advantages of a more stable structure and
better charge transport over RP-HLDPs, containing an insu-
lating van der Waals gap, very few reports of DJ-HLDPs are
available. Among the few examples, (BDA)2AgBiBr8 (BDA = 1,4
diammonium butane) and (C8H22N2)2AgMBr8 (M = In3+, Sb3+

and Bi3+) having direct bandgaps were synthesized by the
incorporation of a single layer of C4H14N2 and C8H22N2,
between the monolayers of inorganic frameworks (n = 1),
respectively.8,11 Nonetheless, a wide variety of DJ-HLDPs with an
advantageous direct bandgap can be achieved by varying metal
centers, halide composition and spacer chain lengths, an
approach which is not so prevalent in the literature.12,13 While
RP-HLDPs are known as photoabsorbers in only very few
reports,13–16 DJ-HLDPs remain unexplored as photodetectors.

We have prepared a series of DJ-HLDPs [R2M(I)M(III)Br8;
where R = NH3C4H8NH3 (4N4 = BDA) or NH3C6H12NH3 (6N6);
M(I) = Ag+; M(III) = Bi3+ or Sb3+] by the acid precipitation
method under ambient conditions, and the structures were
elucidated by single crystal X-ray diffraction (SCXRD). The
bromide HLDP crystals adapt the DJ-layered structure except
when Ag+ is expelled from the 1D lattice of (6N6)SbBr5, which is
formed by the simultaneous replacement of the 4N4 spacer and
Bi3+ cation with the 6N6 and Sb3+ species. Moreover, when Br−

is replaced by I−, the iodide containing 1D lattices of (4N4)–BiI
and (4N4)–SbI are obtained, which are also bere of Ag+. In the
1D structures, M(III)X6

3− (X = Br−, I−) octahedra are connected
through corner shared halide ions without any chance of
a larger Ag+ (rAg+ = 1.15 Å) being accommodated in the octa-
hedra alongside Bi3+ (rBi3+ = 1.03 Å) and Sb3+ (rSb3+ = 0.76 Å). All
the HLDPs show excellent thermal stability and optical density
in the UV region. The band structure calculations, corroborated
by the experimental results, demonstrate the actual bandgap
(direct or indirect) of the HLDP and 1D perovskites, with the
promise of their optoelectronic applications.
Fig. 1 Crystal structures along the a- and c-axes, with the bond length
(6N6)2AgBiBr8, and (d) (6N6)SbBr5. All bond lengths are in Å.

© 2023 The Author(s). Published by the Royal Society of Chemistry
The structural dimensionality and octahedral distortions of
the DJ-HLDPs and 1D perovskites have a direct correspondence
with photodetection parameters. The out-of-plane photodetec-
tors with (4N4)2AgBiBr8, having an ordered 2D lattice, show
a maximum responsivity of 18.8 ± 0.2 A W−1 at 2.5 V under UV
(370 nm) illumination, which overshadows all the known HLDP
and most of the double perovskite photodetectors. On the other
hand, the 1D phases of (4N4)–BiI and (4N4)–SbI possess a much
greater absorption width as compared to the bromide HLDPs
which results in better photodetection ability under self-
powered conditions (0 V) both in the UV and visible ranges.
Results and discussion
Crystal structures of the DJ-HLDPs and 1D perovskites

The structure of a double perovskite evolves into a DJ-HLDP by
introducing a diammonium cation in between the inorganic
layers, and the transformation from a DJ-HLDP into a 1D
perovskite is governed by multiple factors such as introducing
a bulkier spacer and octahedral tilting to prevent the entry of
a larger cation (Fig. S1†). Fig. 1 presents the crystal structures of
the 2D and 1D perovskites, elucidated from the SCXRD data
using Mo Ka radiation. Fig. 1a and b show the structures of
(4N4)2AgBiBr8 (reproduced)8 and (4N4)2AgSbBr8 along with the
corresponding bond lengths and bond angles. Both these DJ-
HLDPs consist of the P�1 space group of the triclinic system
(Table 1). The inorganic layers of the yellow-colored DJ-HLDP
crystals consist of the alternating corner-shared octahedra of
AgBr6

5− and BiBr6
3−/SbBr6

3− for (4N4)2AgBiBr8 and (4N4)2-
AgSbBr8, respectively. The inorganic layers are separated by
a single layer of the 4N4 spacer, conrming the formation of the
h100i oriented DJ perovskites (Table 1). Relatively uniformM–Br
bond distances are observed in BiBr6

3− (2.84–2.85 Å) and
SbBr6

3− (2.78–2.79 Å) octahedra (Fig. 1a and b). A signicant
deviation of the Ag–Br distances especially contraction of the
s and angles for (a) (4N4)2AgBiBr8 (reproduced), (b) (4N4)2AgSbBr8, (c)
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http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3sc01919e


Table 1 Crystal data and structure refined data for (4N4)2AgBiBr8 (reproduced), (4N4)2AgSbBr8, (6N6)2AgBiBr8 and (6N6)SbBr5

DJ-HLDP 1D perovskite

Empirical formula (4N4)2AgBiBr8 (4N4)2AgSbBr8 (6N6)2AgBiBr8 (6N6)SbBr5
Crystal system Triclinic Triclinic Triclinic Orthorhombic
Space group P�1 P�1 P�1 P212121
Unit cell dimensions
a (Å) 8.1078(2) 8.0594(3) 7.9577(3) 8.1018(3)
a (°) 101.157(2) 101.514(2) 72.473(5) 90
b (Å) 8.2497(2) 8.1066(2) 8.2842(4) 8.1066(2)
b (°) 92.086(2) 91.816(3) 82.030(4) 90
c (Å) 9.6870(2) 9.6165(3) 11.9964(7) 14.4748(3)
g (°) 90.386(2) 90.723(2) 90.3960(10) 90
Volume (Å3) 635.20(3) 615.22(3) 746.42(7) 1570.79(7)
Z 1 1 2 4
Density (calc.) (g cm−3) 2.97 2.83 2.65 2.70
F(000) 514 482 546.0 1176
q Range for data collection (°) 2.144–27.074° 2.510–27.019° 2.580–27.005° 2.072–27.019
Index ranges −10 # h # 10 −10 # h # 10 −10 # h # 10 −10 # h # 10

−10 # k # 10 −10 # k # 10 −10 # k # 10 −16 # k # 16
−12 # l # 12 −12 # l # 12 −15 # l # 15 −18 # l # 18

Reections collected 22 089 16 431 24 375 16 537
Independent reections 2723 [Rint = 0.1670] 2604 [Rint = 0.1846] 3142 [Rint = 0.1349] 3233 [Rint = 0.0976]
Completeness (%) 97 96.4 96.2 94
Renement method Full-matrix least-squares on F2

Final R indices Robs = 0.0698 Robs = 0.0628 Robs = 0.0877 Robs = 0.0582
[I > 2s(I)] wRobs = 0.1984 wRobs = 0.1529 wRobs = 0.2209 wRobs = 0.1217
Largest diff. peak and hole (e Å−3) 7.24 and −5.75 2.71 and −2.63 8.9 and −2.8 1.3 and −1.7
GOF 1.042 1.058 1.161 1.037
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axial Ag–Br bond is observed in AgBr6
5− in both (4N4)2AgBiBr8

(Ag–Br = 2.61–3.07 Å) and (4N4)2AgSbBr8 (Ag–Br= 2.61–3.05 Å),
that results in octahedral tilting and distortion. The greater
:Bi–Br–Ag of 157.4° in (4N4)2AgBiBr8 provides a lower degree
of octahedral tilting, and lower strain, as compared to:Sb–Br–
Ag of 155.1° in (4N4)2AgSbBr8. The degree of octahedral
distortion can be elucidated from the elongation factors (loct
and s2) according to eqn (1) and (2):10

loct ¼ 1=6
X6

n¼1

�
dn � d0

d0

�2
(1)

s2 ¼ 1=11
X12
n¼0

ðqn � 90�Þ2 (2)

where dn stands for the six M–Br bond lengths, d0 is the average
M–Br bond length and qn is each :Br–M–Br bond angle (M =

Ag+, Bi3+ and Sb3+). Due to the greater elongation factors (loct
and s2), AgBr6

5− undergoes more distortion than SbBr6
3− or

BiBr6
3− (Table S1†). Again, SbBr6

3− is more distorted than
BiBr6

3−, implying increased octahedral distortion in
(4N4)2AgSbBr8.

With a 6-C spacer, the DJ-HLDP structure of (6N6)2AgBiBr8
has a similar P�1 space group, with alternating corner-shared
AgBr6

5− and BiBr6
3− in the inorganic layers, separated by

a single 6N6molecule (Fig. 1c and Table 1). Upon increasing the
spacer chain length from 4N4 to 6N6, the :Bi–Br–Ag decreases
to 153.8° and the octahedral tilting increases. However, for the
Sb counterpart, Ag+ cannot be incorporated into the (6N6)SbBr5
lattice due to the already existing substantial distortion in
9772 | Chem. Sci., 2023, 14, 9770–9779
SbBr6
3− with large elongation factors and increased axial and

equatorial bond length variations (Fig. 1d and Tables 1 and
S1†). If Ag+ could have been inserted alongside Sb3+, the AgBr6

5−

moiety would have undergone further distortion, and the lattice
would have been unfavorably contorted. In the absence of Ag+,
the corner-shared SbBr6

3− octahedra form a 1D structure having
a lower degree of octahedral tilting with :Sb–Br–Sb of 162.2°
and lower lattice strain. Unlike the 2D HLDPs, (6N6)SbBr5
crystallizes in the orthorhombic system with space group
P212121. With a single corner shared SbBr6

3− entity and having
a different space group, (6N6)SbBr5 is less strained than the
HLDP structures containing two different octahedra, AgBr6

5−

and BiBr6
3− or SbBr6

3−. The powder XRD (PXRD) patterns of all
the above perovskites match the simulated results obtained
from the SCXRD data (Fig. S2†). In the PXRD patterns, some less
intense reections are additionally observed at 2q > 20°, since
the powders obtained by grinding the single crystals expose
a few extra planes to the incident X-ray beam.
Physicochemical characterization

The elemental mapping with high-angle annular dark eld
scanning TEM (HAADF-STEM) clearly shows the elemental
stoichiometry, the presence of Ag+ in the DJ-HLDP structures
and its absence in the 1D perovskite system of (6N6)SbBr5 and
iodides of HLDPs (Fig. S3 and Table S2†). The iodides do not
contain Ag+ due to the formation of 1D structures as a result of
the tendency of Bi3+ and Sb3+ to form low-dimensional non-
perovskite phases and the reluctance of Ag+ to form octahe-
dral coordination with I−.17,18 As a result, the iodide analogues
© 2023 The Author(s). Published by the Royal Society of Chemistry
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of (4N4)2AgBiBr8 and (4N4)2AgSbBr8 are termed (4N4)–BiI and
(4N4)–SbI, respectively. The iodides form 1D crystal structures
with formula A′′BI5 (A

′′= diammonium cation, B= Bi3+ or Sb3+),
consisting of the corner shared BI6

3− octahedra in a particular
direction forming trans-connected 1D chains,19,20 similar to
(6N6)SbBr5 (Fig. 1d). In fact, inductively coupled plasma-mass
spectrometry (ICP-MS) analysis of the supernatant in the reac-
tion media synergistically shows the non-inclusion of silver in
the solid products of the 1D perovskite. When Ag+ is not
included in the (6N6)SbBr5 lattice, the supernatant contains
a higher stoichiometric amount of 2.1 at% silver than 0.2 at%
when Ag + could be inserted in the (4N4)AgBiBr8 lattice. The X-
ray photoelectron spectral (XPS) survey scan of the bromide
systems likewise shows the absence of a Ag 3d signal in (6N6)
SbBr5 (Fig. S4†). To verify the thermal stability of these perov-
skites under ambient conditions, thermogravimetric analysis
(TGA) was carried out (Fig. S5†). (4N4)2AgBiBr8 decomposes
above 300 °C and is more stable than (4N4)2AgSbBr8, which
decomposes at 230 °C. On the other hand, (6N6)2AgBiBr8 is
more stable than (6N6)SbBr5, most likely due to the lower
BiBr6

3− octahedral distortion in DJ-HLDP than the distortion of
SbBr6

3− in the 1D perovskite.
The more halide vacancies and octahedral distortion, the

larger the fraction of lower oxidation states of the cations. The
XPS data from the Bi 4f level of (4N4)2AgBiBr8 indicate 6% lower
oxidation states of Bi(3−x)+ alongside Bi3+, because of the halide
vacancies (Fig. S6 and Table S3†). Since AgBr6

5− undergoes
more octahedral distortion, the Ag 3d level exhibits 7.6% lower
oxidation states of Ag(1−x)+. Also, the deconvoluted peaks of
the N 1s level show a small fraction of the non-protonated
amine and a more than 9 times higher fraction of its pro-
nated counterpart at a higher binding energy of 401.9 eV (Fig.
S6d and Table S3†). (4N4)2AgSbBr8 exhibits similar XPS results
but because of a larger octahedral distortion and higher halide
vacancy (Table S1†), the fraction of lower oxidation states is
more, 7.4% for both Sb(3−x)+ and Ag(1−x)+ (Fig. S7 and Table S3†).
On the other hand, an analysis of the Bi 4f and Ag 3d levels of
(6N6)2AgBiBr8 shows the presence of 13.4 and 14.1% lower
oxidation states from the undercoordinated Bi and Ag, respec-
tively, as a result of high octahedral tilting and ion migration
(Fig. S8 and Table S4†).21 However, the fraction of Sb(3−x)+ is only
4.8% in (6N6)SbBr5 because of a lower octahedral tilting in the
presence of a single metal (Sb).22
Fig. 2 Absorption and PL spectra of (a) (4N4)2AgBiBr8 and (4N4)2AgSbBr

© 2023 The Author(s). Published by the Royal Society of Chemistry
Optical properties. The absorption spectra of the DJ-HLDPs
show sharp absorption edges below 500 nm and the absorp-
tion edges are red-shied from Sb3+ to Bi3+perovskites (Fig. 2a).
The direct and indirect bandgap values were extracted using the
Kubelka–Munk eqn (3):8

F(R) = a = (1 − R)2/2R (3)

where R is the reectance and a is the absorption coefficient. The
red shi of this rich UV absorption is due to the lower bandgap
for (4N4)2AgBiBr8 than for (4N4)2AgSbBr8 (Fig. S9 and Table S5†).
Despite the dissimilar structures of (6N6)2AgBiBr8 2D-HLDP and
(6N6)SbBr5 1D-perovskite, the absorption edges do not change
much, that results in similar bandgaps (Fig. 2b). The PL emission
spectra of (4N4)2AgBiBr8, (4N4)2AgSbBr8, (6N6)2AgBiBr8 and
(6N6)SbBr5 exhibit band-edge emission with lower Stokes shi
and FWHM (Table S5†). The PL wavelength shis follow the
absorption trends. The emission band of (6N6)2AgBiBr8 has
a broader shoulder than (6N6)SbBr5, due to the presence of mid-
gap states in the former. The iodide perovskites demonstrate
absorption over a wide visible range, where the absorption edge
of (4N4)–SbI is red-shied more than that of (4N4)–BiI (Fig. 2c),
unlike the bromide DJ-HLDPs. The iodide perovskite crystals
have a bright distinct appearance, in comparison to the yellow-
colored crystals of the bromide systems. The experimental
bandgap of (4N4)–SbI is lower than that of (4N4)–BiI (Fig. S9†).
The PL band of (4N4)–SbI is more red-shied than (4N4)–BiI and
shows a broader emission band.

The absorption spectra of the perovskite lms show similar
trends to the single crystals, although the PL spectra of the lms
are relatively weaker with a low signal-to-noise ratio (Fig. S10†).
The cross-sectional microscopic view of the lms reveals the
presence of pinholes and grain boundaries as non-radiative
recombination centers, which lowers the emission intensity
(Fig. S11†). Among the bromide HLDP lms, (4N4)2AgBiBr8
shows a relatively intense emission band because of its better lm
quality. The absorption coefficient values were estimated from
the absorption and thickness of the perovskite lms, which varies
between 0.7 and 0.9 mm (Fig. S11†). Since, the iodide perovskites
have better optical density, their absorption coefficient values are
higher than their bromide counterparts (Table S6†). Among the
bromide HLDPs, (4N4)AgBiBr8 exhibits the highest absorption
coefficient of 8.3× 103 cm−1 at 400 nm (near UV region), whereas
8, (b) (6N6)2AgBiBr8 and (6N6)SbBr5, and (c) (4N4)–BiI, and (4N4)–SbI.

Chem. Sci., 2023, 14, 9770–9779 | 9773
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(4N4)–SbI shows the overall highest absorption coefficient of 1.5
× 104 cm−1 at 470 nm (visible region).

Band structure calculations. First-principles calculations
have been performed to explore the band structure of the
HLDPs. The band structures without the inclusion of spin–orbit
coupling (SOC) show an indirect bandgap for all the structures
except 1D (6N6)SbBr5 (Fig. S12†). For (4N4)2AgBiBr8, the valence
band maximum (VBM) and conduction band minimum (CBM)
are located at the Z and X points, respectively. Similar positions
of the VBM and CBM are also observed for (4N4)2AgSbBr8, but
for (6N6)2AgBiBr8, the VBM and CBM are at G and X points,
respectively. On the other hand, (6N6)SbBr5 has the VBM and
CBM both located at the G point and therefore shows a direct
bandgap of 2.41 eV. However, aer considering SOC, the band
structures of (4N4)2AgBiBr8 and (4N4)2AgSbBr8 show direct
bandgaps of 1.98 and 2.32 eV, respectively, where both the VBM
and CBM are located at point Z (Fig. 3a and b). Aer applying
SOC in (6N6)2AgBiBr8 the bandgap nature remains indirect but
VBM and CBM positions are changed in comparison to the
band without SOC. The indirect bandgap is reduced to 2.11 eV
with the VBM and CBM located at G and R points, respectively
Fig. 3 Electronic band structures for (a) (4N4)2AgBiBr8, (b) (4N4)2AgSb
formed with SOC and the green lines represent the Fermi energy level.

Fig. 4 Potential-biased photodetector performance. (a) Schematic of the
light and 370 nm UV light for (b and c) (4N4)2AgBiBr8, and (d and e) (4N4)
and UV radiation for (4N4)2AgBiBr8 and (4N4)2AgSbBr8. Responsivity–
(6N6)2AgBiBr8 and (h) (6N6)SbBr5.

9774 | Chem. Sci., 2023, 14, 9770–9779
(Fig. 3c). In the presence of SOC, (6N6)SbBr5 also exhibits
a direct bandgap of 2.24 eV, where both the VBM & CBM are
located at the G point (Fig. 3d). All the SOC calculations were
performed with the PBE functional, which underestimates the
bandgap due to the self-interaction error of a many-electron
system. The hybrid exchange–correlation functional i.e.,
HSE06 or GW gives the exact bandgap like the experimental
one, but these are computationally very expensive and beyond
the scope of this work. However, the conclusion derived from
the Perdew–Burke–Ernzerhof (PBE) level of calculations is
qualitatively correct to estimate the band nature with and
without SOC.9,11 Interestingly, we found that for all three
HLDPs, a unique intermediate band emerges above the Fermi
level, which results in bandgap reduction aer applying SOC.
Notably, SOC has a signicant impact on the bandgap of
compounds containing heavy metals (Fig. 3 and S12†) because
of the larger mass and signicant p-character of the metal in the
conduction band.8

Photodetection under the applied potential bias. The out-of-
plane photodetectors consist of the DJ-HLDP lms spin-coated
on top of compact TiO2, the electron transport layer (ETL),
Br8, (c) (6N6)2AgBiBr8 and (d) (6N6)SbBr5. The calculations were per-

photodetector device. Responsivity–potential plots under 1 sun visible

2AgSbBr8. (f) Bar plots of the highest responsivity and EQE under visible
potential plots under 1 sun visible light and 370 nm UV light for (g)

© 2023 The Author(s). Published by the Royal Society of Chemistry
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deposited on the uorine-doped tin oxide (FTO) coated glass
substrate (Fig. 4a). These lms demonstrate similar XRD
reections to the crystals, where the smaller number of XRD
peaks resembles an ordered 2D topology (Fig. S13†). With
a device structure of FTO/TiO2/perovskite/Au,23 the devices can
operate both in the UV (370 nm) and visible (1 sun) regions,
because of an appreciable optical density over the wide spectral
range (Fig. 2a and 4). The Fermi energy levels indicate the p-type
nature of the perovskites and a suitable alignment of the energy
levels of the HLDP photoactive layers favors efficient carrier
transport to the electrodes (Fig. S14†). The current density
versus voltage (J–V) plots of (4N4)2AgBiBr8 and (4N4)2AgSbBr8
devices indicate a higher photocurrent under UV (370 nm)
radiation (Fig. S15†). The current densities increase with the
intensity of visible light (46–170 mW cm−2) and UV radiation
(27–63 mW cm−2) (Fig. S16†). The responsivity increases with
the applied bias due to the increasing difference of current
density under light and dark (JL–JD) conditions as well as with
the lowering of light intensity in both the spectral ranges
(Fig. 4b–e). Aer an initial increase in responsivity up to the
threshold potential, the sharp increase in JD above the
threshold decreases the responsivity. In addition, at higher
applied potentials, the plausible ion migration effect under
illumination cannot increase the photocurrent any further
which in turn affects the device performance. The photo-
detection ability of (4N4)2AgBiBr8 devices appears to be the best
under all conditions due to a lower direct bandgap, minimized
octahedral distortions, and a higher absorption width. In the
presence of 27 mW cm−2 UV light, the maximum responsivities
are 18.8 ± 0.2 A W−1 and 8.6 ± 0.2 A W−1 for (4N4)2AgBiBr8 and
(4N4)2AgSbBr8 devices under 2.5 and 2 V applied bias, respec-
tively (Table S7†). The EQE follows a similar trend, and the
maximum EQE is found to be 6360 ± 58% at 2.5 V for (4N4)2-
AgBiBr8 and 2880 ± 58% at 2 V for (4N4)2AgSbBr8, under illu-
mination of 370 nm, 27 mW cm−2 (Fig. 4f, S17a, b and Table
S7†). (4N4)2AgBiBr8 also displays the highest detectivity of 1.1
(±0.02) × 109 Jones at 1.5 V in comparison to 8 (±0.02) × 108

Jones at 1.5 V for the (4N4)2AgSbBr8 devices (Fig. S17c†). Due to
the sharp increase in JD with the applied potential bias, detec-
tivity starts to decrease gradually beyond 1.5 V. The chro-
noamperometry plots of the (4N4)2AgBiBr8 photodetector at
different potentials, from 0.05 to 1.5 V, illustrate a potential
dependent gradual increase in both JD and JL under visible light,
resulting in an increase of JL–JD and thereby generating higher
responsivity at larger potentials (Fig. S17d and e†).

The (6N6)2AgBiBr8 photodetectors similarly display a higher
photocurrent under UV radiation (370 nm) than under visible
light illumination and an increase in JL with increasing applied
potential (Fig. S15c†). On the other hand, the (6N6)SbBr5 1D
perovskite records a lower photocurrent than (6N6)2AgBiBr8
(Fig. S15d†). The J–V plots of (6N6)2AgBiBr8 and (6N6)SbBr5
photodetectors exhibit a slight increase in JL with increasing
visible light intensity from 66 to 132 mW cm−2 followed by
a decrease in JL at 170 mW cm−2 (Fig. S18a and b†). The chro-
noamperometry plots of (6N6)2AgBiBr8 devices also show an
increment of the (JL–JD) difference at higher applied potentials
(Fig. S18c and d†). At 370 nm illumination and 27 mW cm−2
© 2023 The Author(s). Published by the Royal Society of Chemistry
light intensity, the maximum responsivities are 16.1 ± 0.2 and
4.1 ± 0.1 A W−1 for (6N6)2AgBiBr8 and (6N6)SbBr5 devices at 1.5
and 2.5 V, respectively (Fig. 4g, h and Table S7†). Due to the
sharp increase of JD beyond the threshold potential, the
responsivity decreases, a trend also followed by the detectivity
and EQE (Fig. 4g, h, S18e, and f†). While the highest detectivity
is obtained at 1 V, (6N6)2AgBiBr8 has better photodetection
parameters than (6N6)SbBr5. Under potential bias, (4N4)2-
AgBiBr8 demonstrates the best photodetection and (6N6)2-
AgBiBr8 shows a maximum detectivity of 1.9 (±0.1) × 109 Jones
at 2 V due to its lower JD (Fig. S19 and Table S8†). (4N4)–BiI and
(4N4)–SbI show better photocurrent in the visible region under
485 nm illumination due to their absorption in the visible
spectral region (Fig. S10†), but under UV radiation, their pho-
todetection parameters are overshadowed by those of their
bromide counterparts. In the case of 485 nm illumination, the
responsivity, detectivity and EQE of (4N4)–BiI are 1.6 (±0.1) A
W−1, 1.3 (±0.1) × 109 Jones and 405 (±5) %, while those of
(4N4)–SbI are 6.1 (±0.1) A W−1, 1.3 (±0.1) × 109 Jones and 1560
(±15) %, respectively (Fig. S20†). The visible range photo-
absorption by the iodide lms allows them to maintain the
photodetection parameters throughout the visible spectrum
with an absorption edge at 550–580 nm (Fig. S21†). The
performance of 4N4–Sb–I remains always better than that of
4N4–BiI, and the highest parameters are obtained at 485 nm. In
contrast, the UV absorption of the HLDP lms restricts the
optical measurements only to 370 nm (Fig. S10a†).

The highest photodetection parameters obtained in this
work are much greater than those of reported HLDP photode-
tectors (Table S9†)14–16 and layered DJ perovskites (Table
S10†)24–30 and comparable with those of devices based on double
perovskites (Cs2AgBiBr6; Table S11†).31–35 The best performance
of (4N4)2AgBiBr8 photodetectors can be explained by their low
trap state density (n) and high carrier mobility (mh) in compar-
ison to the (6N6)SbBr5 devices. The n and mh are obtained from
the VTFL data of the J–V plot under dark conditions (Fig. S22a†)
and the slope of the J–V2 plot (Fig. S22b†), respectively.36 The n
and mh of (4N4)2AgBiBr8 devices are measured to be 1.64 × 1016

and 1.52 (±0.021) × 10−2 cm2 V−1 s−1 which are respectively
much lower and higher than those of (6N6)SbBr5, having n =

1.91 × 1016 and mh = 7.71 (±0.025) × 10−3 cm2 V−1 s−1.
Self-powered photodetection. In the absence of any applied

potential bias (self-powered conditions), JL increases by
increasing the light intensities both with visible (46–170 mW
cm−2) and 370 nm UV light (18–63 mW cm−2) (Fig. 5). Although
the JL of (4N4)2AgBiBr8 obtained in the visible range is higher
than that obtained with UV light, the photocurrent stability is
maintained only under UV light, even at higher light intensities
(Fig. 5a). At 170 mW cm−2 visible light intensity, (4N4)2AgBiBr8
is likely to degrade (Fig. 5b). (4N4)2AgBiBr8 also exhibits greater
JL values than (4N4)2AgSbBr8 under both visible and UV light
(Fig. 5c and d), similar to that under the potential biased
conditions (Fig. 4). In the self-powered mode, all the devices
display the same JD values (near zero) and demonstrate fast
photoresponse, which is evident from the low rise time (RT) and
fall time (FT) extracted from the chronoamperometry plots
under zero bias (Fig. 5a, c and Table S12†). The higher JL of
Chem. Sci., 2023, 14, 9770–9779 | 9775
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Fig. 5 Self-powered photodetector performance. Chronoamperometry plots at different light intensities, for (4N4)2AgBiBr8 under (a) 370 nmUV
and (b) 1 sun visible light, (4N4)2AgSbBr8 under (c) 370 nm UV and (d) 1 sun visible light, (e) (6N6)2AgBiBr8 and (f) (6N6)SbBr5, under UV light, and
(g) (4N4)–BiI and (h) (4N4)–SbI in the presence of visible light.
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(4N4)2AgBiBr8 can be explained by the lower charge transfer
resistance (RCT), obtained from the Nyquist plots at 0 V under
UV light (Fig. S23a†). For both the devices, RCT decreases
gradually by increasing the UV light intensity, because of an
increase in the corresponding photocurrent (Fig. S23a and b†).
With a stepwise increase in potential, a corresponding increase
in the (JL–JD) difference as well as the responsivity is obvious
(Fig. S24†). Among the DJ-HLDP structures, (4N4)2AgBiBr8
achieves maximum responsivities of 0.67 and 0.36 mA W−1

under 370 nm and visible light illumination, respectively. The
responsivity and detectivity of the self-powered devices remain
unchanged with varying light intensities (Fig. S25† and Table
S13†). With the 6-C spacer, the UV light-assisted self-powered
photocurrent and responsivity are higher for (6N6)2AgBiBr8
photodetectors than for (6N6)SbBr5 (Fig. 5e, f and S26a and b†).
These observations are manifested by a lower RCT for (6N6)2-
AgBiBr8 photodetectors (Fig. S23c and d†). The responsivity and
detectivity of these self-powered devices do not show any major
variation when increasing the light intensity (Fig. S26†).
Considering the juxtaposed relations of R f D f Jph f 1/IL,
where Jph is the photocurrent density and IL is the light inten-
sity, R and D remain nearly constant with increasing IL.

Even though (4N4)2AgBiBr8 has the best photodetection
parameters among the bromide perovskites (Fig. S27 and Tables
S14 and S15†), the iodide perovskites perform the best in the
self-powered mode, shiing the photodetection range from UV
to the visible range. The photodetectors of (4N4)–SbI exhibit
higher photocurrent under self-powered conditions than the
(4N4)–BiI devices (Fig. 5g and h). In the case of the iodide
perovskites, the photoresponse of (4N4)–SbI is higher under
visible light with different intensities (46 to 170 mW cm−2),
because of the larger absorption width in the visible region
(Fig. 2c). (4N4)–SbI records a wavelength-dependent
9776 | Chem. Sci., 2023, 14, 9770–9779
photoresponse, depending on its absorption range with
a maximum responsivity of 11.7 mA W−1 under 485 nm illu-
mination (Fig. S28a, b and Table S16†). In spite of (4N4)–SbI
having a modest JL at 485 nm, the responsivity is higher since IL
is much lower at 485 nm (4.7 mW cm−2) than at 370 nm (10.3
mW cm−2). In the visible range, (4N4)–SbI shows better
performance than the champion (4N4)2AgBiBr8 (Fig. S28c;
Table S16†). Both (4N4)–BiI and (4N4)–SbI show remarkable
stability in terms of their photocurrent for 18 min under
continuous high-intensity illumination of 170 mW cm−2 (Fig.
S29†), unlike MAPbI3 or CsPbI3.37,38
Conclusions

In summary, starting from (4N4)2AgBiBr8, a series of stable lead-
free DJ-HLDP phases were prepared by varying the metal sites
(Bi3+ or Sb3+) and diammonium spacer cations (4N4 and 6N6).
All the h001i oriented thermally stable HLDP crystals exist in 2D
structures having alternating corner-shared AgBr6

5− and
BiBr6

3− or SbBr6
3− octahedra in the inorganic layer, separated

by a single layer of the organic diammonium spacer. While
(4N4)2AgBiBr8, (4N4)2AgSbBr8 and (6N6)2AgBiBr8 crystallize as
DJ-HLDPs, (6N6)SbBr5 exists as a 1D perovskite without any Ag+

in the crystal lattice. The iodide containing (4N4)–BiI and
(4N4)–SbI also form 1D perovskites, with zig-zag chains con-
sisting of corner-shared octahedra. The yellow-colored bromide
crystals show sharp absorption edges below 500 nm with lower
bandgaps for (4N4)2AgBiBr8 than for (4N4)2AgSbBr8 and the
bandgap increases slightly by increasing the spacer chain
length from 4N4 to 6N6. Band structure calculations show that
the DJ-HLDPs exhibit direct bandgaps aer considering the
SOC effect, unlike the Cs2AgBiBr6 double perovskite. Among the
bromide systems, the (4N4)2AgBiBr8 photodetectors
© 2023 The Author(s). Published by the Royal Society of Chemistry
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demonstrate the highest UV photodetection parameters in both
potential-biased and self-powered modes due to its larger
absorption edges and a smaller insulating spacer (4N4) in
between the inorganic layers, resulting in the lowest RCT and n
and the highest mh. Since the spectral responses of the bromide
HLDPs are conned within the UV region, the photoresponse is
tuned towards the visible region by changing the halide
composition from bromide to iodide. In the case of the iodide
systems, (4N4)–BiI and (4N4)–SbI, the spectral onset appears at
580 nm and the highest photodetection at 485 nm. In self-
powered mode, (4N4)–SbI has a maximum responsivity of 11.7
± 0.2 mA W−1 under 485 nm illumination, greater than that of
(4N4)2AgBiBr8 champion devices at 370 nm (0.67 ± 0.01 mA
W−1), with a fast photoresponse below 100 ms.
Experimental section
Chemicals and materials

Hydrobromic acid (HBr, 48 wt% in H2O, Sigma Aldrich),
bismuth bromide (BiBr3, Sigma Aldrich), silver bromide (AgBr,
Sigma Aldrich), antimony trioxide (Sb2O3, SRL), 1,4 dia-
minobutane (NH2C4H8NH2, Sigma Aldrich), 1,6 diaminohexane
(NH2C6H12NH2, Sigma Aldrich), hydroiodic acid (HI, 57 wt% in
H2O, Sigma Aldrich), silver iodide (AgI, Sigma Aldrich), and
hexane (Merck) were used without further purication.
Synthesis of (NH3C4H8NH3)2AgBiBr8 [(4N4)2AgBiBr8]

0.5 mM each of BiBr3 and AgBr powders were dissolved in 2 ml
concentrated HBr solution under vigorous stirring at 60 °C for
15 min followed by the addition of 1 mM 1,4 diaminobutane
(4N4) to the acidic solution.8 The mixture was stirred at 100 °C
for 30 min to form a colorless transparent solution. Aer slow
cooling, yellow (4N4)2AgBiBr8 crystals were obtained. The
product was ltered using a Whatman lter along with multiple
washings with hexane.
Synthesis of (NH3C4H8NH3)2AgSbBr8 ((4N4)2AgSbBr8)

(4N4)2AgSbBr8 crystals were synthesized by a similar acid
precipitation method except that 0.25 mM Sb2O3 and 0.5 mM
AgBr were dissolved in HBr solution.
Synthesis of (NH3C6H12NH3)2AgBiBr8 [(6N6)2AgBiBr8]

(6N6)2AgBiBr8 crystals were synthesized by dissolving 0.5 mM
each of BiBr3 and AgBr powders in 2 ml HBr solution followed
by the addition of 1 mM of 6N6. The resulting solution was
stirred at 100 °C for 30 min followed by slow cooling to form
yellow crystals.
Synthesis of (NH3C6H12NH3)2SbBr10 [(6N6)SbBr5]

(6N6)SbBr5 crystals were synthesized by a similar acid precipi-
tation method except that 0.25 mM Sb2O3 and 0.5 mM AgBr
were dissolved in HBr solution. Even aer adding 0.5 mM AgBr
along with 0.25 mM Sb2O3, Ag

+ was not incorporated into the
crystal structure.
© 2023 The Author(s). Published by the Royal Society of Chemistry
Synthesis of (4N4)–BiI and (4N4)–SbI

The iodide perovskites were prepared by dissolving the same mM
concentrations of Bi, Sb and Ag (not incorporated in the lattice)
precursors in HI solution followed by the addition of 1mMof 4N4
and stirring at 100 °C for 30 min to form an orange-colored clear
solution. Aer slow cooling of the resulting solutions, orange
(4N4)–BiI and deep red (4N4)–SbI crystals appeared.
Characterization

The SCXRD data were collected on a Rigaku (dual, Cu/Mo at zero
Eos) diffractometer using graphite monochromated Mo Ka
radiation (l = 0.71073 Å) at a temperature of 100 K with the help
of a cryojet. The SCXRD of (4N4)2AgBiBr8 was reproduced at 293
K. Using Olex2, the structures were solved with the ShelXT
structure solution program using intrinsic phasing and rened
with the ShelXL renement package using least squares mini-
mization. All non-hydrogen atoms were rened anisotropically.
Three-dimensional visualization of the crystal structures was
obtained using Vesta soware from the cif les generated from
the SCXRD results. PXRD measurements were carried out with
a Rigaku X-ray diffractometer (Cu Ka irradiation, l = 1.541 Å).
The TGA analysis was performed with a PerkinElmer TGA 4000
under N2 at 10 °C min−1 from 30 to 60 °C. The ICP-MS
measurements were carried out on a Thermo Scientic X-series
with Plasma Lab soware. The eld emission scanning elec-
tron microscope (FESEM) images were taken on a Carl Zeiss
SUPRA 55VP FESEM. The EDX spectra and mapping were
recorded on an Oxford Instruments X-Max system with the INCA
soware coupled to FESEM. UV-vis absorption spectra of the
solid powder samples were recorded with a Jasco V-670 spec-
trophotometer by preparing sample pellets and a BaSO4 bar as
a reference. PL emission spectra were measured with a Horiba
JobinYvon Fluorolog using a Xe lamp as the excitation source.
XPS measurements were performed by mounting the sample
pellets on carbon in a commercial photoelectron spectrometer
PHI 5000 Versa Probe III at CRF IIT (ISM) using an Ar ion beam
as the excitation source. The acquired peaks were tted using
Fityk soware, with the Voigt peaks having 80% Gaussian and
20% Lorentzian components to evaluate the valence states. All of
the data were corrected with respect to the C 1s spectra. For
calculating the energy levels of the bromide HLDPs, cyclic vol-
tammograms were recorded in dry acetonitrile and tetrabuty-
lammonium hexauorophosphate at a scan rate of 50 mV s−1

under nitrogen at room temperature. A platinum disk was used
as the working electrode, platinum wire as the counter electrode
and silver wire (dipped in aqueous FeCl3 prior to use) as the
pseudo-reference electrode. The potential was externally cali-
brated aer each experiment, against the ferrocene/ferrocenium
couple. Ultraviolet photoelectron spectroscopy (UPS) measure-
ments were carried out with a PHI VersaProbe 4 Scanning XPS
microprobe, to calculate the Fermi energy level and energy band
positions of the bromide and iodide perovskites. The samples
were prepared in the form of pellets mounted on double-sided
Cu conducting tape. All the experiments were performed in
a vacuum and at in-ground bias in the presence of a 1 alpha
excitation source (photon energy = 21.2 eV).
Chem. Sci., 2023, 14, 9770–9779 | 9777
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Computational details

All the rst principles DFT computations were performed using
the Vienna ab initio simulation package (VASP).39,40 The ion–
electron interactions were described using the projected-
augmented wave.41 The PBE functional of the generalized
gradient approximation (GGA) was employed to consider the
exchange–correlation energy.42 The kinetic energy cut off was
set at 600 eV. We have calculated the band structure of the
materials without and with SOC. All calculation steps include an
energy convergence of 10−8 eV. For obtaining the optimized
ground-state structure, Hellman–Feynman forces43 were
converged with a limit of 0.005 eV Å−1.
Fabrication of photodetectors

For fabricating the out-of-plane photodetector devices, at rst,
FTO-coated glass substrates were etched with Zn powder and
concentrated HCl to create a desired pattern. During the
etching process, Zn powder was placed on the unmasked
portion of the FTO substrate followed by the dropwise addition
of concentrated HCl (38%). The FTO coating was etched out of
the glass substrate to expose the pattern, conrmed by
measuring the resistance with a multimeter. Aer patterning,
the FTO substrates were washed sequentially with soap and
pure water, ethanol and isopropanol by ultrasonication, 10 min
for each solvent. Subsequently, a thin ETL of compact TiO2 (c-
TiO2) was deposited on the patterned FTO by spin-coating an
ethanolic solution of titanium isopropoxide at 4000 rpm for 30
s, followed by high-temperature annealing at 550 °C for 1 h.
200 mg ml−1 perovskite precursor solution in DMF was spin-
coated on top of the ETL at 2000 rpm for 30 s followed by
heat treatment for 15 min at 80 °C inside a glovebox. The
deposited substrates were then transferred inside the thermal
evaporator unit for the deposition of a thin Au contact electrode
(∼200 nm) at the top of the perovskite layer by using a shadow
mask at a deposition rate of 2 Å s−1 and base pressure of 5 ×

10−6 Torr. The deposited Au lm thickness was estimated in situ
using a quartz crystal thickness monitor, such that the device
area was kept at 0.04 cm2. Photodetector measurements were
performed using a steady-state AM 1.5 G Solar Simulator Class
AAA Model PEC-L01 (Batsol) equipped with a Biologic Instru-
ments VSP-300 workstation. Since the light intensity is equiva-
lent to the area under the counts versus wavelength curves, the
visible light intensity varies from 46–170 mW cm−2 and that of
UV light from 18–63 mW cm−2, although power of the light is
the same in both cases. The photodetector performance was
evaluated using the R, D, and EQE parameters expressed as:

R ¼ Jph
�
Llight ¼ JL � JD

Llight

(4)

EQE =Rch/lq (5)

Detectivity (D) = R/(2qJD)
1/2 (6)

where JL and JD are current density under light and dark
conditions, Llight is the incident light intensity, and c, h, l and
9778 | Chem. Sci., 2023, 14, 9770–9779
q are the speed of light, Planck's constant, wavelength and
electron charge, respectively. The illumination from the solar
simulator was converted to particular wavelengths by using
bandpass lters with different wavelengths (370, 485, 545, 580
and 630 nm). The intensities of the visible and UV light were
measured by integrating the solar simulator with a standard Si
solar cell (ORIEL). The electrochemical impedance spectros-
copy measurements and estimation of contact resistance (RCO)
and RCT were performed on the BioLogic VSP-300 electro-
chemical workstation. Trap state density (n) and hole mobility
(m) of the perovskite lms were calculated by fabricating hole-
only devices, where a HTL layer of PEDOT-PSS was spin-coated
on the cleaned and patterned FTO substrates followed by the
perovskite layer on top of PEDOT-PSS. A thin layer of Au was
deposited at the top of the perovskite to complete the hole-
only device with the FTO/PEDOT-PSS/perovskite/Au congu-
ration. The density of trap states of the hole-only devices was
estimated using eqn (7) and m was calculated using Mott–
Gurney's eqn (8):

n ¼ 2VTFL330

eL2
(7)

J ¼ 9m330V
2

8L3
(8)

where VTFL is the trap ll limit voltage, 3 is the relative dielectric
constant of the perovskite, 30 is the vacuum permittivity, e is the
electron charge, L is the thickness of the perovskite layer, J is
current density and V is the applied voltage. VTFL indicates the
region where the ohmic region ends and space charge limited
region starts. The m values were calculated from the slope of the
J versus V2 curve of hole-only devices.
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