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ABSTRACT: Unintentional self-doping in semiconductors through
shallow defects is detrimental to optoelectronic device performance.
It adversely aﬀects junction properties and it introduces electronic
noise. This is especially acute for solution-processed semiconductors,
including hybrid perovskites, which are usually high in defects due to
rapid crystallization. Here, we uncover extremely low self-doping concentrations in single crystals of the two-dimensional perovskites
(C6H5C2H4NH3)2PbI4·(CH3NH3PbI3)n−1 (n = 1, 2, and 3), over three
orders of magnitude lower than those of typical three-dimensional
hybrid perovskites, by analyzing their conductivity behavior. We propose that crystallization of hybrid perovskites containing large
organic cations suppresses defect formation and thus favors a low self-doping level. To exemplify the beneﬁts of this eﬀect, we
demonstrate extraordinarily high light-detectivity (1013 Jones) in (C6H5C2H4NH3)2PbI4·(CH3NH3PbI3)n−1 photoconductors due to
the reduced electronic noise, which makes them particularly attractive for the detection of weak light signals. Furthermore, the low
self-doping concentration reduces the equilibrium charge carrier concentration in (C6H5C2H4NH3)2PbI4·(CH3NH3PbI3)n−1,
advantageous in the design of p−i−n heterojunction solar cells by optimizing band alignment and promoting carrier depletion in the
intrinsic perovskite layer, thereby enhancing charge extraction.
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heterojunction device structure for perovskite solar cells,
unintentional self-doping in the intrinsic perovskite layer has a
profound impact on the band alignment and device working mechanism.5,6 For example, a perovskite layer with a low
equilibrium carrier concentration can be fully depleted in the
heterojunction, thus beneﬁting photocarrier extraction.5,7 In the
ﬁeld of photodetectors, which has seen a rapid upsurge in the use
of hybrid perovskites as light-sensitive materials, unintentional
doping increases electronic noise, which renders devices
ineﬀective for detecting weak signals.1,8,9 Therefore, a plausible

he development of semiconductor technologies is intertwined with advancements in controlling semiconductor
purity and doping, which are prerequisites for controlling the
charge carrier density, Fermi level, density of in-gap states, and
electronic noise.1,2 Therefore, it is imperative to avoid unintentional doping that is caused by impurities and intrinsic defect
states in order to achieve speciﬁc functionality, optimize device
performance, and improve reproducibility. In solution-processed
compound semiconductors, abundant intrinsic point defects
including interstitials and vacancies with shallow energy levels are
the main source of unintentional self-dopants. A typical example
is hybrid perovskites, which are leading the pack of solutionprocessed semiconductors for optoelectronic devices, especially
photovoltaics.2−4 Speciﬁcally, in the commonly used p−i−n
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To characterize the crystal structure, we ﬁrst carried out
X-ray diﬀraction (XRD) directly on the exfoliated crystal surface
(Figure 1a). According to previous reports on the crystal
structures of PEA2PbI4·(MAPbI3)n−1 (n = 1, 2), the diﬀraction
patterns of n = 1 and 2 samples can be indexed as shown in
Figure 1a. The indexing conﬁrms an in-plane orientation of
the PbI6 sheets along the exfoliated surface, as illustrated in
Figure 1b. Powder XRD patterns of n = 1 and 2 samples are
presented in Figure S2 and match with the calculated patterns
from their reported single crystal structures.11 Additionally, the
lattice distance of the ﬁrst diﬀraction peak in all three patterns
were calculated to be 1.651, 2.281, and 2.812 nm for n = 1, 2, 3
samples, respectively, showing a stepwise increase of approximately 0.6 nm. This increment corresponds to the thickness of a
single PbI6 sheet, thus demonstrating the correct assignment of
the structure for the n = 3 sample (Figure 1b).
The photoluminescence (PL) and absorption spectra of
PEA2PbI4·(MAPbI3)n−1 (n = 1, 2, 3) single crystals are presented
in Figure 1c, showing a continuous bandgap decrement from
2.4 eV for n = 1, to 2.2 eV for n = 2, and further 2.0 eV for n = 3.
The bandgap evolution resembles those of other 2D lead iodide
perovskites since the electronic states of Pb and I dominate the
band edge states.10,12
Simple in-plane devices based on the 2D perovskite single
crystals were fabricated by thermally evaporating a pair of 60 nmthick gold electrodes on freshly exfoliated crystals with a smooth
surface (Figure 2a) through a metal shadow mask. The device
structure is illustrated in the inset of Figure 2b. All the devices
exhibit Ohmic conduction behavior with strikingly low dark
currents on the level of 10−13 A (see Figure 2b). In contrast,
devices of MAPbI3 and MAPbBr3 single crystals using the same

way to reduce unintentional doping in hybrid perovskites is
highly demanded for further advancement of their optoelectronic
devices.
In the present work, we investigate self-doping in the single
crystals of two-dimensional (2D) hybrid perovskites PEA2PbI4·
(MAPbI3)n−1 (PEA, phenethylammonium; MA, methylammonium; n = 1, 2, 3), which are essentially a periodic assembly of
quantum-conﬁned 2D hybrid perovskite sheets dielectrically
separated by a spacer layer of PEA cations. We uncover extremely
low self-doping concentrations in the 2D perovskite crystals,
over three orders of magnitude lower than those of typical 3D
perovskites (MAPbI3 and MAPbBr3), by examining their sheet
conductivity behavior. We propose that the decrease in the
self-doping level with the reduced crystal dimensionality is a
consequence of a defect-suppressing crystallization process that
is mediated by the large organic cation PEA. As a result of the low
equilibrium carrier concentration, electronic noise in preliminary
PEA2PbI4·(MAPbI3)n−1 (n = 1, 2, 3) single crystal-based
photoconductors markedly diminishes, giving rise to extraordinarily high light detectivity (1013 Jones). Furthermore, we predict
this ﬁnding will lead to advancements in designing and optimizing perovskite solar cells, as optimized band alignment and
increased charge extraction are expected.
Single crystals of PEA2PbI4·(MAPbI3)n−1 (n = 1, 2, 3) were
grown by cooling a saturated hydroiodic acid solution of precursors containing lead oxide, methylammonium iodide, and
phenethylamine from above 80 °C to room temperature
(see Experimental Methods for details), as reported before.10
As-grown crystals show lamellar topography and increased
darkening in color with higher n, as shown by the photographic images of the crystals in Figure S1 and Figure 1a inset.

Figure 1. (a) XRD patterns by lock-in coupled θ−2θ scan of the freshly cleaved single crystals of PEA2PbI4·(MAPbI3)n−1 (n = 1, 2, 3). The optical images
of the freshly cleaved crystals are shown in the inset. (b) Schematic illustrations of the layered structure and the corresponding orientation of 2D
perovskite crystals, showing that the thickness of a single perovskite sheet is approximately 0.6 nm. (c) PL spectra and the absorption spectra that were
extracted by diﬀuse reﬂectance measurement of layered perovskite crystal powders.
B
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Figure 2. (a) SEM image of the freshly exfoliated 2D perovskite single crystal surface, showing a smooth surface. The image was captured at the edge of
the crystal for better contrast. (b) Dark I−V curves of PEA2PbI4·(MAPbI3)n−1 (n = 1, 2, 3) single crystal devices with the device structure illustrated in
the inset. (c) Measured sheet resistivity of PEA2PbI4·(MAPbI3)n−1 (n = 1, 2, 3), MAPbI3, and MAPbBr3 in the dark using the four-point probe method as
illustrated in the inset. The thickness, d, of the crystal is <10 μm for 2D perovskites, and 200 μm for 3D perovskites. (d) Schematic illustration of the
conﬁned charge carrier transport on the top of the 2D perovskite crystals.

device structure show ﬁve-orders-of-magnitude-larger dark
currents (Figure S3). In order to precisely determine the resistivity, we carried out four-point probe measurement. Details of
the measurement can be found in the Experimental Methods.
The measured sheet resistivity, Rsheet, of the ﬁve crystals,
PEA2PbI4·(MAPbI3)n−1 (n = 1, 2, 3), MAPbBr3, MAPbI3, are
plotted in Figure 2c. It is worth mentioning that the calculation in
both cases, 2D and 3D perovskites, is based on an equation
Rsheet = π/ln 2·V/I, where V is the measured bias drop between
the two inner probes and I is the injected current of the outer
electrodes.13 This equation is derived for a model based on the
assumption of inﬁnite 2D sheets. The model is applicable to both
types of perovskites considering that carrier transport in 2D
perovskites is restricted to the surface (see the out-of-plane
resistivity measurement in Figure S4), as illustrated in Figure 2d,
while the 3D perovskite single crystals for the measurement were
polished down to 200 μm, resulting in a correction factor close
to unity within this model due to a probe distance of 1 mm.13
We want to note here that all the conductivity measurements
in this work were carried out by measuring the stable current/
voltage output to avoid the possible contribution of ionic conduction to the measured conductivity. Thus, we can conclude a
dramatic electrical conductivity diﬀerence between the 3D and
2D perovskites.
Electrical conductivity is an important and complex property
of semiconductors, which contains information on the free
carrier concentration and carrier mobilities.14 The latter is further
determined by the carrier scattering frequency during transport
and electron/hole eﬀective masses. Their relation is expressed as
σ = nte2τ/m*, where σ is the conductivity, nt is the carrier density,
μ is the electron/hole mobility, e is the elementary charge, τ is the
carrier relaxation time, and m* is electron/hole eﬀective masses.
Therefore, a diﬀerence in the conductivity can be attributed to
diﬀerences in nt, τ, and m*. An over three-orders-of-magnitude
diﬀerence in conductivity signiﬁes a substantial variation of these
three parameters when the dimension of the hybrid perovskites is

reduced from 3D to 2D. Since these three factors are also
correlated with other important properties of a semiconductor,
such as defect densities and band structures, a closer examination
of how their interplay contributes to the conductivity evolution
from 3D to 2D perovskites is warranted.
Electron/hole eﬀective masses are an intrinsic property of
semiconductors, which are solely determined by the band
structure. Therefore, we calculated the band structures of
PEA2PbI4·(MAPbI3)n−1 (Figure 3a) in accordance to their single
crystal structures (Figure 3b) using the density functional theory
(DFT). Calculation details can be found in Experimental Methods.
As shown in Figure 3a, the calculated bandgaps are 2.31 eV
(n = 1), 2.17 eV (n = 2), and 1.95 eV (n = 3), respectively,
without considering spin−orbit coupling (SOC), in good
agreement with experimental values deduced from the
absorption spectra. Similar to MAPbI3, the valence band maximum (VBM) of 2D hybrid perovskites consists of both Pb-6s and
I-5p states, and conduction band minimum (CBM) is mainly
composed of Pb-6p state (see the projected density of states in
Figure S5). Once SOC eﬀects were included in the band
calculations, the bandgaps are considerably reduced to 1.43 eV
(n = 1), 1.20 (n = 2), and 0.91 eV (n = 3) due to band splitting;
however, band curvatures are almost unchanged and so are the
eﬀective masses. This calculation is consistent with previous
reports.12 The extracted values of electron/hole eﬀective mass
(m*e/h) along Γ−F direction are 0.278/0.604, 0.198/0.391, and
0.214/0.232 for n = 1, 2, 3, respectively. Although the charge
carrier transport is limited in the 2D perovskite layer, the balanced
hole and electron eﬀective masses of 2D perovskites are comparable
to those of 3D MAPbI3 (see Figure S5 and Table S1), which was
also pointed out in recent studies.12 These ﬁndings suggest that
eﬀective masses can be ruled out as a major contribution to the
conductivity diﬀerence between 2D and 3D perovskites.
The second factor to be investigated is the relaxation time τ,
which is deﬁned by the average free time-of-ﬂight of a carrier
between two scattering events. Among various scattering sources,
C
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Figure 3. (a) Calculated band structures of PEA2PbI4·(MAPbI3)n−1 (n = 1, 2, 3) at GGA/PBE level without and with account of SOC.
(b) Corresponding crystal structures for the band structure calculation in panel (a). (c) Temperature-dependent conductivity (normalized) of MAPbI3
and PEA2PbI4 single crystals.

ionized impurities and phonons are usually the major scatters.14
Furthermore, in the context of hybrid perovskite single crystals
that are absent of intentional doping, and at room temperature
where we carried out the resistivity measurements, acoustic
phonon scattering was found to play the major role in limiting
carrier mobilities.15−17 Here, the scattering by longitudinal
acoustic phonons was estimated by the deformation potential
theory.16,17 As shown in Table S1, for both 2D and 3D hybrid
perovskites, the deformation potential, D, of electrons is larger
than that of holes. Interestingly, the deformation potentials
increase with increasing n, conﬁrming that lowering the dimension of a hybrid system lowers the deformation energy.18 Besides,
the deformation potentials of both 3D and 2D perovskites are
within the same order of magnitude, suggesting their comparable
electron-acoustic phonon scattering strength according to the
relation τ ∝ 1/m*D2.19
The above considerations on m* and τ set comparable
upper limits to the charge carrier mobilities of MAPbI3 and
(PEA)2PbI4·(MAPbI3)n−1 (n = 1, 2, 3). Indeed, carrier mobilities
in 2D perovskite thin ﬁlms have been experimentally measured in
thin ﬁlm transistors and found to be comparable to those
reported in MAPbI3 thin ﬁlms.20,21 More recently, photophysical
studies by Herz’s group demonstrated that the eﬀective charge
carrier mobility of 2D perovskites was comparable (within
the same order of magnitude) to that of 3D perovskites.22,23
Therefore, we infer that the last factor, the free carrier concentration nt, should be the main cause for the signiﬁcant conductivity diﬀerence between 3D lead halide perovskites and
PEA2PbI4·(MAPbI3)n−1. The sources of free carriers under thermal equilibrium can be one of two types: intrinsic carriers from
thermal excitation of electrons from VBM to CBM, and extrinsic
carriers by thermal excitation of electrons from (to) extrinsic

donors (acceptors). The generation of the latter requires less
energy, i.e., lower temperatures, as the energy levels of dopants lie
within the bandgap. In the context of hybrid perovskite single
crystals, the major doping role is played by unintentionally
introduced shallow defect states.2,4 In order to ascertain the
carrier sources in the single crystals under discussion, we ﬁrst
carried out a calculation on the temperature dependence of
conductivity in semiconductors while assuming several sets
of parameters including the dopant concentration Nd, the dopant
activation energy Ea, and the bandgap Eg.24 As shown in
Figure S6, the ln σ − 1/T (T is temperature) curve of a semiconductor shows two distinct regimes: an intrinsic regime at high
temperatures where intrinsic carriers dominate conduction and
an extrinsic regime at low temperatures where extrinsic carriers
dominate conduction. We should note here that the precise calculation of the free carrier concentration contributed by dopants at
low temperatures is more complicated than what we show in the
Supporting Information, but a reasonable trend of the conductivity
evolution with the temperature is oﬀered by this approximation.24
From the high-temperature intrinsic regime, a linear ﬁtting can be
used to extract the bandgap according to ni ∝ e−Eg/2kT (ni is the
intrinsic carrier density, k is Boltzmann constant). In the lowtemperature extrinsic regime, a factor of T−3/2 that is contributed
by the electron−phonon scattering eﬀect on the carrier mobility
becomes distinct, especially for a semiconductor with a small
dopant activation energy (<0.1 eV). For a semiconductor with
a small activation energy of the dopants, as the temperature
decreases, its conductivity slowly increases at ﬁrst due to the
reduced electron−phonon scattering strength, and then gradually decrease as a result of ne ∝ e−Ea/2kT (ne is the extrinsic
carrier density), corresponding to a process of dopant freezing.
For a semiconductor with dopants possessing relatively larger
D
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with other experimental facts. One of them is the evolution of
their conductivity with the crystal storage time (in ambient
condition, 60% relative humidity). As shown in Figure 4a, the
conductivity of PEA2PbI4 exhibits an approaching two-orders-ofmagnitude increase during the ﬁrst 10 days of storage and
subsequently decreases to an even lower value than the initial
after 30 days. This conductivity evolution can be related to the
perovskite degradation process. XRD measurement conﬁrms the
formation of PbI2 and PEA-related byproducts during storage
(Figure S7). Both scanning electronic microscopy (SEM) and
optical microscopy further reveal that the decomposition causes
the smooth exfoliated crystal surface to degrade into a porous
structure (Figures S8 and 4b). The decomposition should introduce considerable defects at the fracture boundaries. The shallow
ones can act as dopants to contribute excess free carriers and
increase conductivity.4 However, as the decomposition extent
deepens, insulating byproducts would block the conductive
channels, resulting in the eventual conductivity drop. The whole
process is illustrated in the inset of Figure 4a.
Two-dimensional perovskite thin ﬁlms are expected to show a
higher conductivity due to their increased defect densities compared to single crystals. As shown in Figure 4c, the spin-coated
thin ﬁlm of PEA2PbI4 with a (002) crystallographic orientation
(see Figure S9, the same as its single crystal) exhibits two orders
of magnitude larger dark current (on the level of 10−11 A) than
single crystals. In the cases of PEA2PbI4·(MAPbI3)n−1 (n = 2, 3)
thin ﬁlms, the situation is quite diﬀerent since phase separation
happens in the ﬁlm deposition process. As clearly shown in
Figure S10, XRD and PL spectroscopy conﬁrm the formation of
dominant PEA2PbI4 and MAPbI3 phases.26 Phase separation is
possibly a result of the large solubility diﬀerence between PEAI
and MAI. Consequently, these two ﬁlms show even larger dark
currents on the level of 10−8 A, which is the conductivity behavior
of MAPbI3 thin ﬁlms (Figure S11).
Shallow defects have been known to cause I−V hysteresis in
hybrid perovskite-based optoelectronic devices.27−29 In sharp
contrast to the serious hysteresis observed in MAPbI3 and
MAPbBr3 single crystal devices, all the fresh devices based on 2D
perovskite single crystals showed no hysteresis (Figure S12).
However, hysteresis emerges in the decomposed 2D perovskite
devices (Figure S12), which is in agreement with the aboveproposed decomposition-induced defect enriching mechanism.
From the same consideration, PEA2PbI4 thin ﬁlm-based device
also shows slight hysteresis, whereas devices of PEA2PbI4·
(MAPbI3)n−1 (n = 2, 3) thin ﬁlms show large hysteresis (Figure S12).
It is worth mentioning that under all circumstances, n = 1, 2D

activation energies (≥0.1 eV), only a steep conductivity decrease
process is observed because the exponential dependence of dopant
freezing process on temperature dominates over the power law
dependence of the electron−phonon scattering strength. Another
noticeable characteristic of the temperature-dependent conductivity is that the onset temperature of the intrinsic regime for a
semiconductor with a bandgap larger than 1.5 eV is usually much
higher than room temperature. This characteristic suggests that in
both the 3D and 2D perovskites the dominant carriers at room
temperature probably originate extrinsically from dopants.
To verify the extrinsic nature of the carriers in the perovskites
under study, we measured temperature-dependent conductivity
of PEA2PbI4 and MAPbI3 single crystals. As shown in Figure 3c,
the conductivity of PEA2PbI4 varies slightly with the temperature
decreasing from 300 K down to 100 K, exhibiting an initially
slight increase followed by a gradual decrease process. These
characteristics demonstrate the extrinsic nature of the dominant
carriers in PEA2PbI4 under room temperature and further suggest their small dopant activation energy. In contrast, MAPbI3
exhibits much steeper conductivity reduction with the temperature decreasing. By simply ﬁtting the linear regimes in the plot of
ln(σ*T3/2) − 1/T (Figure S6), the extracted slope can be used to
estimate the dopant activation energy according to ln(σ*T3/2) ∝
−Ea/2k*1/T. As shown in Figure S6, Ea extracted for MAPbI3
has a relatively broad distribution from approximately 0.26 eV
down to 0.04 eV, while for PEA2PbI4 only a small value of 0.03 eV
exists. Indeed, a supportive conclusion that the dominant shallow
defects in MAPbI3 single crystals distributing broadly within
0.25 eV relative to band edges was also obtained through
temperature-dependent space-charge limited current analysis.25
As we have conﬁrmed the extrinsic nature of the charge carriers
in the perovskites under study, we can conclude the gap of intrinsic dopant concentrations as the major cause of the signiﬁcant
conductivity diﬀerence between the 3D and 2D perovskites.
Furthermore, since a considerably smaller proportion of the
dopants in the 3D perovskites compared to those of the 2D
perovskites can be ionized at room temperature due to the much
larger dopant activation energies in the 3D perovskites, more
than three orders of magnitude diﬀerence in their dopant concentration is expected so as to realize the conductivity diﬀerence of over three orders of magnitude (see the calculated
temperature-dependent conductivity curves of two semiconductors with the same bandgap and the same dopant concentration
but signiﬁcantly diﬀerent dopant activation energy in Figure S6).
Our conclusion on the critical role of self-dopant concentration in the conductivity of the 2D perovskites is corroborated

Figure 4. (a) Conductivity evolution of PEA2PbI4 single crystals stored in ambient conditions. The inset illustration describes the mechanism of this
conductivity evolution (the crystal is shown in orange while the black part at the fracture boundaries represents insulating decomposition products).
(b) SEM image of 2D perovskite single crystal surface after decomposition, showing porous morphology. (c) I−V curve of n = 1 2D perovskite thin ﬁlm
using the device structure of Figure 2a. The inset is the corresponding SEM image of the thin ﬁlm.
E
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the current Letter. Indeed, Herz’s group also deduced the
reduction of defect densities in PEA2PbI4·(MAPbI3)n−1 (n ≥ 1)
compared to MAPbI3 from the observation of improved carrier
eﬀective mobility in PEA2PbI4·(MAPbI3)n−1.22
A direct consequence of the low dark current in PEA2PbI4·
(MAPbI3)n−1 is that electronic noise such as Nyquist noise and
shot noise can be reduced accordingly.8 Noise is unwanted
random disturbance of a useful information signal in an electronic communication system. An important example is a photodetector in which the electronic noise level directly determines its
light detectivity, namely, the ability of resolving weak light signals.
As a demonstration, we carried out preliminary characterization of
the PEA2PbI4·(MAPbI3)n−1 crystals for photodetection.
We ﬁrst measure the photoresponse of PEA2PbI4·(MAPbI3)n−1 (n = 1, 2, 3) using the simple device structure as illustrated
in Figure 2a. Impressive photocurrent on/oﬀ ratios exceeding
104 (white light, 0.1 mW cm−2) are measured in 2D hybrid
perovskites, in comparison with merely ∼30 for both MAPbI3
and MAPbBr3 (Figure 5a). Despite smaller photocurrents in the
2D perovskites, their larger on−oﬀ current ratios should be
advantageous for high-detectivity photodetection. The photoresponsivity spectra of the 2D perovskites are shown in Figure 5b,
which match their corresponding absorption spectra. Incident
light intensity (Plight)-dependent photocurrent (Iphoto) of the
devices at the wavelength of 500 nm are presented in Figure 5c.
All the Iphoto−Plight curves show a power law relation: Iphoto ∝
Plight0.85 at low light intensity; and Iphoto ∝ Plight0.52 at higher
intensity. The dependence of photocurrent on incident light
intensity is determined by carrier recombination mechanisms in
the device.33 The decrease of α at high Plight in the relation of
Iphoto ∝ Plightα suggests the emergence of many-body recombination, possibly exciton−exciton interaction.34 In addition,
limited charge transport across perovskite layers hinders the
collection of charge carriers that are generated deep in the crystal,
thus contributing to the decrease of α as well. According to the

perovskite has shown the least hysteresis in all cases, which
supports the theory of mobile MA-dominant hysteresis
characteristic.27 The correspondence of the hysteresis behavior
and the conductivity variation clearly supports that shallow
defects in hybrid perovskites play as unintentional self-dopants,
and that the gap in the shallow defect density of 3D and 2D
perovskites leads to their conductivity disparity.
As a summary of the above-presented results, a positive
correlation between the defect density and the conductivity is
clear. Here it is worth to note that although we cannot distinguish
the diﬀerent defect species and characterize their densities yet,
it is still reasonable to assume that an increase in the overall defect
density will enrich the shallow defects, i.e., potential dopants, to
contribute free carriers. Therefore, the observed sharp contrast
between the conductivities of 2D and 3D perovskites can be
probably traced to a defect-suppressing crystallization mechanism of 2D perovskites. Speciﬁcally, according to previous defect
formation energy calculation in MAPbI3, both the shallow donor
defect, interstitial MA+, and the shallow acceptor defect, MA+
vacancy, were shown to be two of the dominant dopants with
small formation energies, possibly a result of the weak interaction between MA+ and the Pb−I framework.2,30,31 We propose
that these defects, originating from the organic cations, can
be eﬀectively suppressed in PEA2PbI4·(MAPbI3)n−1 due to the
larger steric hindrance and molecular mass of PEA compared
with MA. Furthermore, the formation of iodide-related defects
can be also aﬀected due to its hydrogen bonding with the organic
cation. Another plausible and more interesting explanation lies in
the organic−inorganic self-assembly nature of hybrid perovskite
crystallization process, which can be eﬀectively controlled by
choosing organic cations.32 Introducing large organic cations in
the hybrid perovskite system may lead to the growth of higherquality crystals and reduction of overall defect densities. To verify
this hypothesis, an in-depth study of characterizing the densities
of various defect species is required, which is beyond the scope of

Figure 5. (a) Dark (dashed line) and illuminated (solid line, approximately 0.1 mW cm−2 white microscope light) I−V curves of PEA2PbI4·(MAPbI3)n−1
(n = 1, 2, 3), MAPbI3, and MAPbBr3. (b) Wavelength-dependent photoresponsivity spectra of PEA2PbI4·(MAPbI3)n−1 (n = 1, 2, 3) at a ﬁxed
illumination intensity of 0.1 mW cm−2 and a bias of 5 V. (c) Illumination intensity-dependent photocurrent curves of the three single crystal devices at an
illumination wavelength of 500 nm and a bias of 5 V, and (d) their corresponding photoresponsivity and EQE.
F
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acid (HI) solution (57% w/w in water) at ∼90 °C. The solution
was then slowly cooled to room temperature at a rate of 1 °C/h.
The ratios are 1.72/0/3.45 mmol, 6/18/1 mmol, and 10/24/1
mmol for n = 1, 2, 3, respectively, in 30 mL of HI solution. It is
worth noting that larger n-members (n > 3) of this 2D perovskite
family can be also grown but in a mixture form, which should be
caused by a large solubility diﬀerence between PEA and MA in
the aqueous solution. MAPbI3 and MAPbBr3 single crystals were
grown as previously reported.46 As-grown crystals were rinsed
with diethyl ether and then dried under vacuum.
Device Fabrication. All the 2D perovskite single crystal-based
devices were fabricated by simply thermally evaporating 60 nmthick Au electrodes on the freshly exfoliated crystal surface with
speciﬁc metal masks (patterns and dimensions were illustrated in
the main text). The crystals were attached onto glass substrates
with double-side tape and then exfoliated by using the tip of a
blade to pry the crystal edge. For 3D perovskite devices, gold
electrodes were directly deposited on the fresh crystals. For fourpoint probe measurement, the 3D perovskite single crystals were
polished down to 200 μm using a M-Prep 6 manual polisher
(Allied High Tech Products, Inc., USA) with silicon carbide
papers (600 grit to 60 grit). Two-dimensional perovskite thin
ﬁlms were deposited by simply spin-coating 0.5 M stoichiometric
solution in DMF on glass substrates. The thin ﬁlm devices were
also fabricated by thermally evaporating Au electrodes on the
surface.
Characterization. XRD was carried out with a Bruker D8
Advance using a Cu Kα1 (λ = 1.5406 Å) source, a step size of
0.02°, and a speed of 0.5 s/step. The absorption spectra were
captured by measuring the diﬀuse reﬂectance spectra of crystal
powders using a Cary 5000 (Agilent Technologies). The sample
for diﬀuse reﬂectance measurement was prepared by mixing the
crystal powders with freshly dried KBr powders in a weight ratio
of 1:100. The PL spectra were collected using an Aramis Raman
Spectroscopy (Horiba Scientiﬁc, USA) with a 473 nm laser.
Time-resolved PL spectra were captured with a high-resolution
streak camera (Hamamatsu C10910). SEM images were captured with a Quanta-600 (FEI). Optical microscopy images were
acquired with an Olympus BX61 microscope. I−V measurements were carried out in a CPS-196 cryogenic probe station
(TPS Inc., Taiwan) with a Keithley 4200 equipped with remote
preampliﬁers. To measure the extremely low dark current, a large
delay factor and ﬁlter factor were used to ensure stabilization and
low noise of measured current. For photoresponsivity measurement, a xenon light source (350−700 nm) was used. The intensity was controlled through varying the power of the lamp and
neutral density ﬁlters, and was calibrated with a power meter.
For temperature-dependent measurement, the temperature was
controlled through a Lake Shore 336 temperature controller with
liquid nitrogen.
DFT Calculation. Crystal structure optimizations and
electronic band calculations were performed using DFT implemented in the PWSCF code of the Quantum ESPRESSO
package.47 The exchange-correlation energy was approximated
using the generalized gradient approximation (GGA) proposed
by Perdew−Burke−Ernzerhof (PBE). Electron−ion interactions
were described by ultrasoft pseudopotentials including scalarrelativistic or full-relativistic eﬀects through explicitly treating
electrons for H (1s1), N, and C (2s2, 2p2), I (5s2, 5p2), and Pb
(5d10, 6s2, 6p2). Single-particle wave functions (charges) were
expanded on a plane-wave basis set up to a kinetic energy cutoﬀ
of 50 Ry (300 Ry) for all hybrid perovskites. Monkhorst−Pack
type K-meshes of 6 × 6 × 6 for the tetragonal-phase MAPbI3 and

Iphoto−Plight data, we can calculate the photoresponsivity
Rph (Rph = (Iphoto − Idark)/Plight) and the external quantum
eﬃciency (EQE = 1240Rph/λ, λ is wavelength in nanometer),
which are shown in Figure 5d. Due to the sublinear relation of
Iphoto−Plight, Rph keeps rising until the lowest-achievable Plight,
reaching over 0.15 A/W (corresponding to 37.5% EQE) for all
the three devices. Higher responsivity is expectable for even
weaker illumination according to the trend. We notice that the
responsivity is much lower than previously reported in-plane
photoconductors based on 3D perovskites.35,36 The photoresponsivity of a photoconductor is determined by the transit
time (τtransit) and the lifetime (τlife) of photocarriers following
G = τlife/τtransit (G is gain and equal to 100·EQE). As a result of
strong quantum and dielectric conﬁnement in PEA2PbI4·
(MAPbI3)n−1,37,38 photogenerated electron−hole pairs are
strongly bounded and have much shorter lifetimes, ∼150 ps
(Figure S13).18 The lifetimes of PEA2PbI4·(MAPbI3)n−1 are
more than three orders of magnitude shorter than those of 3D
methylammonium lead halides and should be the major factor of
restricting the photoresponsivity.
Two major types of electronic noise, shot noise, and Nyquist
noise, would be reduced as a result of the low dark current in the
2D perovskites.8 Shot noise in a photodetector is determined
by the dark current following an expression: in , s = 2eIdB ,
where Id is the dark current and B is the bandwidth. Nyquist
noise, or the so-called thermal noise, is determined by the
resistivity and can be expressed as in , t = 4kTB /R , where
R is resistivity. The total noise can be then calculated from
in = in , s 2 + in , t 2 . A low noise level is critical for a photodetector to resolve weak signals from noise and thus to gain
a high speciﬁc detectivity D*, which is calculated from
D* = AB R ph/in, where A is the device area. The calculated
D* reaches 1.1 × 1013, 7.2 × 1012, and 8.6 × 1012 Jones for n = 1,
2, 3, respectively. These values are comparable to the highest
reported so far for hybrid perovskite photoconductors.8,35
In summary, we revealed much lower unintentional selfdoping concentrations (over three orders of magnitude) with a
smaller activation energy in PEA2PbI4·(MAPbI3)n−1 compared to
3D methylammonium lead halide. These characteristics are
ascribed to a large organic cation-mediated defect-suppressing
crystallization mechanism. This crystallization mechanism will
beneﬁt the design and optimization of perovskite solar cells by
facilitating charge extraction and suppress hysteresis, which
stands for another advantage of 2D perovskites besides stability
in photovoltaic applications.39−45 Yet, phase separation in high-n
2D perovskite thin ﬁlm fabrication needs to be overcome for
practical applications. The low self-doping concentration in 2D
perovskites is also signiﬁcant in evoking emerging optoelectronic applications that require ultralow electronic noise. Based
on PEA2PbI4·(MAPbI3)n−1 single crystals, prototypical photoconductors with distinct speciﬁc detectivity were demonstrated,
suggesting their great potential for high-precision, low-power
optoelectronic devices.
Experimental Methods. Chemicals. Methylammonium
iodide were purchased from Dyesol (Australia). All the other
chemicals and solvents were purchased from Sigma-Aldrich and
met ACS reagent grade.
Synthesis. PEA2PbI4·(MAPbI3)n−1 (n = 1, 2, 3) single crystals
were grown using a previously reported cooling method. Brieﬂy,
precursors containing lead oxide, methylammonium iodide, and
phenethylamine with speciﬁc ratios were dissolved in hydriodic
G
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6 × 6 × 2 for PEA2PbI4·(MAPbI3)n−1 (n = 1, 2, 3). The crystal
structures were fully relaxed until the total force on each atom
was less than 0.01 eV/Å. The eﬀective masses for both electron
and hole were calculated by ﬁtting of the dispersion relation
⎡ ∂ 2E(k) ⎤−1
of m = ℏ⎣⎢ ∂k2 ⎦⎥ from electronic bands along the direction
Γ−F; and the deformation potential was estimated by the equation
of EI =
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