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Organic–inorganic layered perovskites are quantum hybrid 
materials possessing the physical properties of both organic 
semiconductors and inorganic semiconducting quantum 

wells1. Ruddlesden–Popper perovskites (RPPs)2 are archetypical 
examples of this class of layered materials; they have the general for-
mula (RNH3)2(CH3NH3)n−1PbnX3n+1, where R is an alkyl or aromatic 
group and X is the halide. Researchers in the last two decades have 
studied the RPP perovskites and its higher homologues to under-
stand how their physical properties scale with the thickness of the 
quantum well; that is n =  4 crystal has a thicker quantum well than 
n =  1 (refs 3–9). In particular, quasi-two-dimensional perovskites 
containing mixed phases with different bandgaps have been synthe-
sized, and excitonic energy transfer among these phases has led to 
improvement in optoelectronic performance10,11.

A potentially rich area to explore is the molecular analogue 
of graphene in these layered RPP crystals when they are scaled 
to molecular thickness or single unit cell (that is, single quantum 
well) dimensions12,13. Unlike the structurally rigid inorganic semi-
conductor quantum well, hybrid two-dimensional (2D) perovskite 
is maintained by a combination of ionic and hydrogen bonds, ren-
dering it molecularly soft and easy to delaminate (Supplementary 
Fig. 1). In principle, reducing 2D perovskites to the thickness of 
a single quantum well should further lower their deformation 
energy, thereby making them good candidates for strain engineer-
ing. At the mono-unit cell level, surface relaxation of the organic 
cations may lead to cooperative lattice distortion, resulting in var-
ied electronic structure14. With the aim of investigating whether 
the properties of 2D perovskites are unique at the molecularly 
thin limit, we synthesized centimetre-sized crystals grown by a 

temperatu re-programmed crystallization method15, from which 
large-sized monolayer perovskite (defined here as mono-unit 
cell thickness) sheet can be exfoliated. Without employing the 
ultrahigh-pressure methods used by researchers to induce lattice 
compression16–18, we discover that laser-induced surface relaxation 
can be used to modulate the energy landscapes in molecularly thin 
RPP perovskites in a highly reversible way, leading to reversible 
excitonic states. By studying the photoresponsivity of the single-
crystal perovskites as a function of thickness, we further discover 
tunnelling of carriers or excitons across the hybrid interlayers, 
leading to efficient photocurrent generation.

Structural and optical properties of RPP single crystals
To study the fundamental properties of 2D RPP monolayers across 
the homologous series, we synthesized large-sized crystals of  
(CH3(CH2)3NH3)2(CH3NH3)n−1PbnI3n+1 (n =  1, 2, 3, 4) using a tem-
perature-programmed crystallization method (Fig. 1a–d). The 
phase purity of the as-grown large-sized RPP (n =  1–4) crystals was 
confirmed by X-ray diffraction (XRD) (Supplementary Fig. 2 and 
Supplementary Tables 1 and 2)2 and optical absorption studies to 
be single phase (Fig. 2a). The centimetre-sized RPP single crystals 
can be exfoliated to yield monolayer flakes with lateral dimensions 
between 20 and 100 μ m, as shown in Fig. 1i–l and Supplementary 
Fig. 3. The corresponding height profiles obtained by atomic force 
microscopy (AFM) indicate that the thicknesses of the monolayers 
with varying n values agree reasonably well with the c-axis lattice con-
stants (Fig. 1e–h) of mono-unit cell 2D RPPs. The optical properties 
of both bulk and monolayer flakes were investigated by photolumi-
nescence and optical absorption measurements. As shown in Fig. 2a,  
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from n =  1 to 4 homologues, the photoluminescence of both  
bulk and monolayer flakes is found to shift progressively towards 
longer wavelengths in accordance with their decreasing bandgap. 
It is also obvious that the photoluminescence peaks of the exfoli-
ated molecularly thin flakes are much sharper than those for bulk 
crystals. The narrow-linewidth photoluminescence peaks of the 
monolayer RPP flakes with small Stokes shifts (Fig. 2b–e) compared 
to bulk crystals attest to their highly crystalline quality, because 
the presence of defects will increase the Stokes shift due to non- 
radiative recombination.

Reversible order–disorder transition in RPP monolayers
The exfoliated flakes were found to be much more reactive than 
the bulk crystals and decomposed rapidly under laser irradiation 
in air (Supplementary Fig. 4). An effective way to prevent photo-
induced degradation is to encapsulate the exfoliated flake with a 
hexagonal boron nitride (hBN) layer (this is impermeable to almost 
all gases and is optically transparent19,20; Fig. 3a,b). All the photolu-
minescence studies described hereafter were subsequently carried 
out with the exfoliated perovskite flake protected by the hBN flake. 
Beginning from the initial state where the photoluminescence peaks 
were sharp and originate from single excitonic state, a longer time 
exposure to the laser used for photoluminescence study was found 
to induce a redshift and broaden the photoluminescence. Figure 3c 
presents a representative photoluminescence spectral evolution for 
the n =  2 RPP monolayer, in which the initially sharp photolumi-
nescence peak (stage I) broadens progressively with laser irradiation 

time (stage II), and eventually becomes less broad (stage III) when 
it reached a final redshifted state. Similar spectral evolution can 
be observed for other n value members, although the extent of the 
redshift window reduces as n increases (Fig. 3h). Interestingly, the 
entire photoluminescence evolution can be reversed if the sample is 
subjected to a higher power laser annealing under vacuum, where it 
goes from stage III back to stage I (Fig. 3d). The photoluminescence 
redshift and its reversal can be thermally activated over tens of cycles 
by performing laser annealing (Fig. 3e), indicating that any defects 
that are created are dynamic in nature and can be annealed out. We 
propose that the reversible spectral evolution is due to a dynamic 
equilibrium involving structural reorientation of the organic chains 
in the easily deformed 2D perovskite flakes, in which the hBN 
protection layer plays the important role of confining the organic 
cations and preventing their escape, thereby increasing their prob-
ability of returning to the lattice following a laser annealing pro-
cess. Figure 3f presents a photoluminescence colour map under a 
continuous-wave laser excitation power of 5.21 μ W (532 nm), where 
the reversible spectral shift can be seen for two cycles, suggesting 
that the relaxation and derelaxation process are in dynamic equilib-
rium. The order–disorder transition process we observe here may 
be analogous to the crystal regrowth process in bulk 3D perovskite 
crystal following post-annealing, except that the regrowth process is 
limited to the surface here.

Thermal fluctuations caused by laser annealing increase the ori-
entation disorder of the surface organic cations in the molecular 
thin flakes, so it is likely that trap states are created21. Bound excitons 
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Fig. 1 | Large-sized monolayers (n = 1, 2, 3, 4 series) mechanically exfoliated from bulk (CH3(CH2)3NH3)2(CH3NH3)n−1PbnI3n+1 single crystals. a–d, 
Photographs of centimetre-sized RPP single crystals with n from 1 to 4. e–h, Schematic showing a side view of the monolayer series (n varies from 1 to 4) 
along with their c-axis lattice constants. Different colours represent different elements: red, Pb; violet, I; blue, C; pink, N; white, H. i–l, AFM images and 
corresponding height profiles along the dotted line in the images of the monolayer (1L) RPP series (n =  1 to 4). Scale bars, 4 μ m (i–l).
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can be formed when free excitons become localized at these traps. 
Due to the high oscillator strengths of the bound exciton22, strong 
photoluminescence can be obtained, as opposed to the quenched 
photoluminescence intensity seen in decomposed crystal. A temper-
ature-dependent photoluminescence study was performed to inter-
rogate the change in the relative intensity of the band-edge exciton 
peak and the redshifted peak in the photoluminescence spectrum. 
For the sake of subsequent discussion, we define the state with the 
redshifted photoluminescence as the ‘relaxed’ state, to denote the 
situation where the monolayer perovskite has been restructured by 
laser annealing, versus the ‘derelaxed’ state where the photolumi-
nescence arises from the near band-edge exciton (original position). 
It is noticed that the intensities of both derelaxed- and relaxed-state 
photoluminescence peaks increase sharply when the temperature is 
lowered, but the ratio Irelax/Iderelax increases much more sharply with 
decreasing temperature (Fig. 3g). This agrees well with the relaxed 
state being assigned to bound excitons, which are more efficient 
emitters than free excitons at low temperatures; the thermaliza-
tion of bound exciton to free exciton at higher temperature reduces 
luminescence intensity.

The surface relaxation effects are observed to be more pro-
nounced in monolayers than in thicker layers, as judged from the 
larger magnitude of photoluminescence redshifts in the former; this 
can be explained by the bulk dilution effects in thicker samples. For 
example a thickness dependence for the magnitude of the photolu-
minescence redshift is observed for n =  1–4 RPP (Fig. 3h), where 
the n =  4 monolayer RPP flake shows the smallest redshift among 
the homologues studied due to its thickest inorganic quantum well. 
Supplementary Fig. 5a-d shows the photoluminescence of n =  2 RPP 
flakes of different layer thicknesses ranging from monolayer to qua-
druple-layer, indicating that the redshift window becomes increas-
ingly smaller when the thickness of the crystal increases. A similar 
trend of decreasing redshift window with increased layer thickness 
is also displayed by n =  3 and n =  4 RPP flakes (Supplementary  
Figs. 5e–g and Fig. 6).

To obtain direct visual evidence of structural relaxation, we used 
a Q-plus non-contact atomic force microscope (nc-AFM) to probe 

the relaxation of the organic chains when the exfoliated perovskite 
flake was subjected to thermal stress, simulating the thermal 
annealing effects by laser irradiation. nc-AFM directly interrogates 
the n-butyl ammonium organic chains and tracks their in-plane and 
out-of-plane relaxation when thermally stressed. In situ exfoliation 
was performed in ultrahigh vacuum to observe the as-exfoliated  
structure of the surface. High-resolution topography nc-AFM 
images reveal that the as-exfoliated perovskite surface initially con-
sists of a highly ordered periodic square lattice with a low density 
of vacancies and defects (< 1 ×  1011 cm−2). The unit cell has lattice 
constants of 8.73 Å ×  8.88 Å, as indicated in Fig. 4a, which is slightly 
contracted by 7.9–9.5% with respect to the bulk values determined 
by XRD. On annealing to 45 °C, we observed that vacancies start 
to appear (Fig. 4b and Supplementary Fig. 7). More importantly, 
by prolonging the annealing time or increasing the temperature, 
we obtained direct visual evidence of the reorientation of the sur-
face organic cations, in which a new zigzag assembly (relaxed state, 
Fig. 4c,d) emerged and coexisted with the square lattice (derelaxed 
state). As shown in Fig. 4e, the zigzag assembly shows a vertical dis-
placement of about + 20 pm height (profile 1) relative to the square 
lattice height (profile 2) in the out-of-plane view, and coverage of 
their domains increases on annealing at higher temperature. The 
zigzag and square lattice assembly are also interconvertible by using 
the tip to apply pressure on the surface (Supplementary Fig. 8). By 
changing the frequency shift (df) setpoint and consequently the 
tip–sample separation, we can induce a conversion from the square 
lattice to zigzag lattice and vice versa due to tip-induced out-of-
plane tilting of the surface chains. This observation is indicative of 
the molecular softness of the surface organic cations and its easily 
deformable nature.

The reorientations of these organic chains as well as the genera-
tion of vacancies affect the optical properties and translate into the 
redshifts of photoluminescence observed in this work. As shown 
in Fig. 4f, by using in situ valence band spectroscopy, we observed 
that these relaxations increased the intensity of the density of states 
(DOS) near the Fermi level; this indicates that trap states may be 
created, which can suppress the rate of recombination by trapping 
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Fig. 2 | Optical characterization of bulk and monolayer (single unit cell) RPP flakes. a, Photoluminescence of exfoliated monolayer (bottom) versus bulk 
crystals (top) for RPP of n =  1 to 4 homologues. b–e, Comparison of the difference in absorption maxima and photoluminescence (Stokes shift) for n =  3 
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one particular type of charge carrier, increasing the photogain. Hole 
traps existing in a 3D perovskite film top surface have been reported 
to contribute to a high gain in these devices23.

Insights into the changes in the DOS of the perovskite mono-
layer as a result of surface relaxation and the formation of organic 
cation vacancies can be obtained by performing first-principles 
calculations with density functional theory (DFT), utilizing the 
Vienna ab initio simulation package (VASP)24. Due to the size of 
the unit cells, we only performed calculations for n =  1 and 2. The 
bandgaps are underestimated in these calculations but the trend is 
instructive. Mirroring the trend seen in experiments, the simulation 
results show that the presence of organic cation vacancies causes the 
valence band-edge to move towards the Fermi level, and narrows 
the gap. The creation of a second organic cation vacancy will further 
reduce the bandgap (Supplementary Fig. 9). It should be pointed 
out that in our experiments, confinement by the hBN layer on the 
perovskites prevents misplaced organic cations from desorbing, and 
these defects can be thermally cured.

Photodetectors based on monolayer and bulk RPP flakes
In terms of photocurrent conversion efficiency, molecularly thin 2D 
perovskites in principle allow a more effective extraction of carriers 
and better electrostatic control compared to bulk crystal. In addi-
tion, the presence of any vacancies or surface deformation will exert 
a strong effect on the electronic properties of such molecularly thin 
layers. Shallow trap states can contribute to photogain in a photode-
tector, for example by trapping the holes and allowing the electrons 
to circulate longer. In the dynamically disordered energy landscape 
induced by laser annealing, another effect that can be convoluted 
with the presence of trap states is the self-doping effect due to the 
generation of organic cation vacancies. To investigate this, we fab-
ricated a photodetector made from monolayer and bilayer flakes of 
2D perovskites (n =  4) by dry transfer; these were electrically con-
tacted by bottom gold contacts formed by electron-beam lithogra-
phy on thermally grown silicon dioxide. The source–drain channel 
was 1 μ m long, and the device was capped by hBN (Fig. 5a and  
Fig. 5b, inset). The photocurrents in these devices are highly robust 
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and increase linearly with laser power. The relaxed and derelaxed 
states can be reversibly and precisely controlled in one device by 
laser annealing and substrate cooling processes. Simultaneous pho-
toluminescence measurement was used to distinguish derelaxed 
state (~650 nm photoluminescence) from relaxed state (~675 nm 
photoluminescence) of the n =  4 perovskite photodetector. As 
shown in Fig. 5b, the current–voltage (ISD–VSD) curves of relaxed 
and derelaxed states were collected at 77 K under 1.71 μ W and 
0.28 μ W laser power, respectively. From the I–V curves, the photo-
current from the relaxed state is approximately three times higher 
than that of the derelaxed state at the same power. Importantly, the 
incident photocurrent efficiency (IPCE) spectra of the relaxed state 
in Fig. 5c shows a second photocurrent peak at 653 nm, which is 
redshifted from the initial band-edge exciton at 640 nm, thereby 
indicating that the relaxed state is absorptive in nature, through 
which photocurrents can be generated with high efficiency. In  
Fig. 5c, the photoluminescence peaks are plotted together with 
the IPCE spectra, showing the excitonic redshift that parallels the  
redshifted photocurrent peak.

The I–V curves of the monolayer (relaxed state), bulk and bilayer 
(relaxed state) n =  4 perovskite photodetectors under focused laser 
illumination are presented in Fig. 5d,e and Supplementary Fig. 10h. 
All I–V curves show ohmic conduction under illumination and dis-
play ultralow dark current (10−13 A). The absorbance of monolayer 
and bulk flakes on quartz substrates was derived from transmittance 
measurements, from which the internal quantum efficiency (IQE) 
can be calculated (Supplementary Fig. 10a-g). Monolayer n =  4 RPP 
was determined to absorb 8% light at 532 nm. When fabricated into 
a photodetector and excited with a laser, the current reached 610 nA 
at a laser excitation power of 346 μ W when the source–drain volt-
age was 3 V (Fig. 5d), which is more than five orders of magnitude 
higher than the dark current. Because of the extremely low dark 
current, which is key to the reliability of the photodetector, our 2D 

perovskite photodetectors exhibit good figures of merit based on the 
different thickness of the perovskite flakes. As shown in Fig. 5f, the 
calculated photodetectivities D* were to be 4.7 ×  1010 Jones for the 
monolayer, increasing to 1.1 ×  1012 Jones for bulk perovskite flakes 
excited by a focused laser beam. Under focused laser with 532 nm 
excitation (1 μ m2 spot area) illumination conditions we calculated 
the photoresponsivity values to be 11.3, 24.2 and 71.9 mA W−1 at an 
excitation laser power of 36 nW for the monolayer, bilayer and bulk 
perovskites, respectively. To gain further insight into the photomet-
rics of our perovskites, we performed measurements under defo-
cused laser illumination, which provides lower light power densities 
compared to a focused beam. Our bulk perovskite photodetector 
with flake thickness around 20 nm exhibits a 7.4 ×  104 A W−1 respon-
sivity with an ultrahigh photodetectivity of 1.2 ×  1015 under a defo-
cus laser illumination with a wavelength of 532 nm (see description 
of calculations in the Methods and Supplementary Fig. 10j). These 
metrics are better than for a non-gated, pristine monolayer transi-
tion-metal dichalcogenide photodetector structure in the absence 
of heterostructure-assisted charge separation25 or a ferroelectric 
polymer-induced internal electric field26. The increase in photocur-
rent for thicker flakes (Fig. 5e) compared to the monolayer affirms 
that photocurrent is limited by the density of sensitivity states, and 
that excitons are able to tunnel across the layers to be dissociated 
at electrodes. The IQE values for the monolayer and bilayer were 
calculated to be 34% and 44%, respectively (Fig. 5f and calcula-
tions in the Methods); such a high IQE value is indeed surprising 
in view of the large exciton binding energies of 2D RPP, which are 
commonly thought to discourage exciton dissociation. We attri-
bute the high photocurrent yield to the high photoconductive 
gain of the perovskite device due to the presence of shallow trap 
states as well as the self-doping effect induced by organic cation 
vacancies27. Carrier lifetime measurements carried out using time-
resolved photoluminescence confirmed that the carrier lifetime was 
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appearance of vacancies after a higher temperature annealing. Scale bars, 1 nm (b), 2 nm (c), 2 nm (d). e, Height measurements along the red (profile 1)  
and black (profile 2) dotted lines in d, where the zigzag lattice corrugations show about + 20 pm vertical displacement compared to the square lattice 
corrugations. f, In situ valence band spectroscopy tracking the changes in DOS near the valence band-edge.
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longer for the relaxed state compared to the derelaxed states, which 
supports the fact that carrier recombination is suppressed in the 
relaxed state, thus facilitating escape of carriers into the electrodes 
(Supplementary Fig. 11). The role of hBN as a protection layer is 
important. We observed that increased laser irradiation time or 
power of the unprotected perovskite sample will lead to a higher 
defect concentration and thus create more recombination centres 
(hence shorter carrier lifetime), but the situation is different in the 
case of hBN-protected flakes due to the ability of the defects to be 
repaired by further laser annealing, thus limiting the concentration 
of defects in the relaxed state. The photoconductive gain of the n =  4 
RPP crystal is calculated to be 1.7 ×  105 under defocused laser illu-
mination (calculations in the Methods), and such a high photogain 
value is comparable to that for a solution-processed 3D perovskites 
photodetector interfaced to a hole blocking layer23.

Outlook
In conclusion, molecularly thin perovskites display optical prop-
erties that are different from their bulk counterparts due to their 
easily deformable nature and surface relaxation effects. Confining 
the surface of ultrathin (< 6 nm thickness) RPP perovskites with 
hBN allows dynamic surface relaxation to be activated by thermal 
energy without introducing permanent defects. The RPP perovskite 
photodetector has extremely low dark current due to a highly resis-
tive state in the dark, while a highly conductive state is switched on 
under illumination with photocarriers or excitons that can tunnel 
across the interlayers, contributing to a high responsivity and detec-
tivity value. The ability to induce reversible excitonic transitions 

at a confined interface allows bandgap engineering of molecularly 
thin perovskites. One way to exploit the surface relaxation effect is 
through interface engineering of these 2D perovskites and other 2D 
materials, whereby strain-tuning of coupling at the interface can 
lead to advanced hybrid materials with novel properties.

Online content
Any methods, additional references, Nature Research reporting 
summaries, source data, statements of data availability and asso-
ciated accession codes are available at https://doi.org/10.1038/
s41563-018-0164-8.
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line, Corresponding photoluminescence. d, I–V characteristics of monolayer n =  4 RPP device tested in the relaxed state in the dark and under increasing 
power density. Inset, On–off photocurrent response of the monolayer n =  4 RPP device. e, I–V curves of the bulk device in the dark and under different 
illumination intensities. f, Comparison of detectivity D* and IQE performance of a photodetector device made from monolayer, bilayer and bulk RPP flakes.
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Methods
2D lead RPP single crystals with the chemical formula (CH3(CH2)3NH3)2 
(CH3NH3)n−1PbnI3n+1 were synthesized using three solid precursors—PbO, 
C4H9NH3I (BAI) and CH3NH3I (MAI)—via a temperature-programmed solution 
precipitation method.

Synthesis of C4H9NH3I. Butyl amine (10 ml, Aldrich, 99.5%) and 25 ml of iced 
methanol were added to a 250 ml round-bottom flask chilled at 0 °C. The mixture 
was then stirred for 5 min. Concentrated HI (10 ml, Aldrich, 57 wt% in water) 
was subsequently added dropwise to the cold mixture using a syringe needle. 
The mixture was allowed to stir at room temperature for an additional 2 h, then 
the solvent was removed with a rotary evaporator at 70 °C. The crude white 
solid product was washed with 3 ×  30 ml of diethyl ether by stirring for 90 min, 
followed by decanting of the solvent. The washed product was then recrystallized 
using a chloroform/diethyl ether mixed solvent. After filtration, the snow-white 
powder crystal was dried in vacuum at 70 °C before storage in a glove box for 
subsequent use.

The reaction stoichiometry was carefully controlled to obtain pure iodide RPP 
crystals, especially for higher-n members.

(BA)2(MA)3Pb4I13 (n = 4). PbO (0.69 M), BAI (0.17 M) and MAI (0.52 M) 
precursors were dispersed in a concentrated HI and H3PO2 mixture (7.6:1, vol/vol) 
in an Ar-filled glove box, and then heated at 110 °C with stirring for 40 min to give 
a clear yellow solution. The solution was quickly transferred to an oven at 110 °C 
and allowed to cool slowly to room temperature at a rate of 3 °C h−1, whereupon 
metallic black square- or rectangle-shaped crystals started to form. The crystals 
were isolated by vacuum filtration and dried in an Ar-filled vacuum chamber at 
room temperature.

(BA)2(MA)2Pb3I10 (n = 3). PbO (0.59 M), BAI (0.19 M) and MAI (0.40 M) 
precursors were dispersed in a concentrated HI and H3PO2 mixture (9:1, vol/vol)  
in an Ar-filled glove box, and heated at 110 °C with stirring for 40 min to give a 
clear yellow solution. The subsequent steps to obtain dark brown crystals were 
carried out in a similar way to that described in the previous section.

(BA)2MAPb2I7 (n = 2). PbO (0.59 M), BAI (0.43 M) and MAI (0.31 M) precursors 
were dissolved in a concentrated HI and H3PO2 mixture (9:1, vol/vol) in an Ar-
filled glove box. The subsequent steps to obtain the dark red crystals were carried 
out in a similar way as already described.

(BA)2PbI4 (n = 1). PbO (0.57 M) and BAI (0.57 M) precursors were dissolved in 
a concentrated HI and H3PO2 mixture (10:1, vol/vol) in an Ar-filled glove box. 
Subsequent steps to obtain the orange crystals were carried out in a similar way as 
described already.

Calculation of figures of merit for 2D perovskite photodetector. On light/off 
light current ratio. The RPP perovskite devices exhibit extremely low dark current 
(~1 ×  10−13 A) due to its rather insulating nature in the dark, which is the key factor 
for the high sensitivity of the photodetector. Under illumination, photocurrent 
increases linearly with incident power. At 346 μ W incident power, the devices 
display on/off current ratios of more than 105 (Fig. 3d) and 106 (Fig. 3e) for 
exfoliated monolayer and bulk 2D perovskite flakes, respectively.

Responsivity. Responsivity (R) is the ratio between the photocurrent (Iph) and the 
total incident optical power (Pin) on the device: R =  Iph/Pin, so R is a function of 
the incident light power. To record spatially precise photocurrent on atomically 
thin 2D perovskite flake, a focused laser was used as the illumination source to 
ensure that the area irradiated was continuous and of uniform thickness. The size 
of the focused laser spot was ~1 μ m2, and the maximum responsivities of 11.3, 
25 and 71.9 mA W−1 were achieved at 36 nW incident power for a monolayer 
in a relaxed state, bilayer and bulk flakes, with photocurrents of 0.41, 0.87 and 
2.6 nA, respectively. To assess the performance of the bulk 2D perovskite, the 
photocurrents were excited using both focused and defocused lasers. It should be 
noted that the calculation of R using defocused laser illumination generally gives 
much higher values than a focused laser for the same device. For example, based on 
a defocused laser spot of ~4 mm and an active working area of 4 μ m2 for our device, 
the light power received by the device is calculated to be 6.36 ×  10−6 nW at 20 nW 
incident power28. Thus, a high responsivity of 7.43 ×  104 A W−1 was calculated for 
bulk 2D perovskite flake with a detected photocurrent of 4.37 ×  10−10 A under 3.5 V 
(Supplementary Fig. 10j).

IQE. The definition of IQE is the number of measured charge carriers ne 
divided by the number of absorbed photons nphoton

abs . After accounting for photon 
losses due to transmission, we can determine the amount of absorbed photons 
(Supplementary Fig. 10a–g) and calculate the IQE. The light absorptions 
of monolayer, bilayer and bulk RPP flakes exfoliated on quartz substrate 
were determined to be 8, 13 and 85% at 532 nm, respectively. Therefore, the 
calculated IQE values are 34% and 44% for monolayer and bilayer 2D perovskite 
photodetector, respectively.

Detectivity D*. The detectivity (D*) is another figure of merit for photodetectors, 
and is related to the sensitivity with which a detector can distinguish from 
background noise. It is defined as D* =  (Af)1/2/NEP where A is the area of the 
photodetector and NEP is the noise equivalent power. NEP includes flicker noise, 
Johnson noise and shot noise. Usually, the main contributor of NEP is shot noise 
P (ref. 29). When calculating the detectivities of our monolayer and bilayer devices, 
an area of 1 μ m2 (focus laser spot) was selected under focus laser illumination (this 
is the lower bound limit). The detectivities of our monolayer and bilayer devices 
were calculated to be 4.7 ×  1010 and 1.02 ×  1011 Jones, respectively. The areas of 
the bulk devices were calculated to be 22.5 μ m2 (Supplementary Fig. 10i) for the 
focused laser and 4 μ m2 for the defocused laser (Supplementary Fig. 10j), so the 
detectivities of the bulk device under focus and defocus laser were calculated to be 
1.2 ×  1012 and 1.2 ×  1015 Jones, respectively.

Photoconductive gain G. The photogain can be calculated by the formula 
G =  (Iph/Pabs)(hυ/q), where Pabs is the absorbed power and hυ is the photon energy30. 
A high G value means a long photocarrier lifetime combined with short carrier 
transit time. The photogain decreases with laser power intensity and we chose a 
low laser input power to maximize the gain. The laser power (Pabs) received by our 
bulk device was 6.36 ×  10−6 nW at 20 nW incident power, with Iph of 4.73 ×  10−10 A 
under this power, so the calculated G was 1.73 ×  105.

Photocurrent measurements. A Keithley model 6430 sub-femtoamp sourcemeter 
with pre-amplifier was used to measure photo and dark I–V curves from perovskite 
photodetector devices. The measurements were carried out at 77 K in a Janis 
optical cryostat chamber at high vacuum (~1 ×  10−5 torr). IPCE was measured 
under broadband supercontinuum laser illumination (Fianium SC-400-4) filtered 
for a specific wavelength by a Bragg tunable monochromator (Photon etc.). The 
laser beam was chopped at 347 Hz, and a lock-in amplifier (SR830) was used to 
detect the IPCE response sourced by 50 mV bias voltage.

AFM measurements. Monolayer RPP sheets (n =  1 to 4) exfoliated on a Si/SiO2 
substrate were measured using a Bruker Multimode 8 peak force mode AFM 
machine placed in a glove box.

X-ray diffraction measurements. Single-crystal X-ray diffraction measurements 
of bulk RPP crystals (n =  1 to 4) were carried out using a four circles goniometer 
(Bruker AXS D8 Venture) equipped with a Photon 100 CMOS active pixel sensor 
detector. Molybdenum monochromatized (λ =  0.71073 Å) X-ray radiation was 
used for the measurements. Frames were integrated with Bruker SAINT software 
using a narrow-frame algorithm. For example, a colourless plate of (BA)2PbBr4 
(n =  1) with dimensions of 0.188 ×  0.158 ×  0.026 mm3 was mounted on fibre glass 
using superglue and measured at 100 K. Data were corrected for absorption 
effects using the multi-scan method (SADABS). The structures were solved in 
the orthorhombic centred unit cell and refined using SHELXT, version 2014/5 
Software. Refinement of the structure was carried out by least-squares procedures 
on weighted F2 values using SHELXL-2014/7 (included in the APEX3 v2016, 9.0, 
AXS Bruker program)31.

Q-plus AFM measurement. nc-AFM measurements were performed under 
ultrahigh-vacuum conditions at 5 K using a commercial Omicron LT STM/AFM 
system. All topography AFM images were collected in constant-frequency-shift 
mode using Q-plus sensors with resonant frequency 28.2 kHz and quality factor  
of 10,000.

Steady-state photoluminescence measurements. Photoluminescence measurements 
were performed using a 532 nm femtosecond laser pulse. The frequency of 
the laser was doubled from 1,064 nm laser pulses using an optical parametric 
oscillator (Chameleon Compact OPO, APE) pumped by a mode-locked  
oscillator (Chameleon Ultra II, Coherent). The laser beam was focused by  
a × 100 objective lens (NA =  0.90) to a diffraction-limited spot with a radius of 
~360 nm. The photoluminescence signals were collected in reflection geometry 
with an inverted microscope (Nikon Eclipse Ti). Emission from the 2D sheets 
was collected with the same objective lens and routed via a bundled optical fibre 
to a monochromator (Acton, Spectra Pro 2300i) coupled with a charge-coupled 
device (Princeton Instruments, Pixis 100). No sample damage was observed 
during the measurements.

Time-resolved photoluminescence measurements. Time-resolved photoluminescence 
was measured using a photon-counting photomultiplier (PMT) (PicoQuant, PMA 
182), and the signals were processed using PicoHarp 300.

Confocal micro-photoluminescence measurement using a tungsten-halogen lamp. 
Time-dependent photoluminescence measurements were conducted using a 
532 nm continuum-wavelength laser focused by a × 50 microscope objective lens 
(NT-MDT), with a neutral density filter to tune the laser power density. The spot 
size of the laser was ~1 µ m. Monolayer samples were protected with a thin flake of 
BN, and photoluminescence signals were collected both in air and in a nitrogen-
cooled Janis cryostat vacuum chamber(10−5–10−6 torr).

NATuRE MATERIALS | www.nature.com/naturematerials

http://www.nature.com/naturematerials


ArticlesNature Materials

Computational method. First-principles calculations were performed with density 
functional theory (DFT) using VASP32. The generalized gradient approximation 
(GGA) in the Perdew–Burke–Ernzerhof (PBE) format24,33 and the projector-
augmented wave (PAW) method34 were used in all calculations. A plane wave 
basis with cutoff energy of 450 eV was used for all calculations. The convergence 
criterion for structural relaxations was set to 0.01 eV Å−1. Effects of van der Waals 
force (through DFT +  D2)35 and spin–orbital coupling (SOC) were also considered. 
It had been found that for the systems under study, DFT +  D2 basically agreed with 
DFT, and SOC dramatically reduced the bandgap of 2D monolayers, leading to 
much bigger errors when compared with experiments.

Data availability
The data supporting the findings of this study are available within the Article and 
its Supplementary Information or from the authors.
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