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A semiconductor p-n junction typically has a doping-induced carrier depletion region, where 

the doping level positively correlates with the built-in potential and negatively correlates with 

the depletion layer width. In conventional bulk and atomically thin junctions, this correlation 

challenges the synergy of the internal field and its spatial extent in carrier 

generation/transport. Organic-inorganic hybrid perovskites, a class of crystalline ionic 

semiconductors, are promising alternatives because of their direct bandgap, long diffusion 

length and large dielectric constant. Here, we report strong depletion in a lateral p-n junction 

induced by local electronic doping at the surface of individual CH3NH3PbI3 perovskite 

nanosheets. Unlike conventional surface doping with a weak van der Waals adsorption, 

covalent bonding and hydrogen bonding between a MoO3 dopant and the perovskite are 

theoretically predicted and experimentally verified. The strong hybridization-induced 

electronic coupling leads to an enhanced built-in electric field. The large electric permittivity 

arising from the ionic polarizability further contributes to the formation of an unusually broad 

depletion region up to 10 m in the junction. Under visible optical excitation without 

electrical bias, the lateral diode demonstrates unprecedented photovoltaic conversion with an 

external quantum efficiency of 3.93% and a photodetection responsivity of 1.42 A W
–1

.  
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The p-n junction is an essential building block of many optoelectronic devices, including 

photodiodes, solar cells and light-emitting diodes.
[1]

 In a semiconductor p-n junction, regions 

depleted of mobile charge carriers form on either side of the junction, in which 

uncompensated dopant atoms or a carrier concentration gradient cause a built-in electric field. 

Charge transport across the junction via drift and diffusion processes is greatly influenced by 

the spatial extent of the depletion region.
[2]

 The depletion region plays a different role in 

photodiodes with different configurations (i.e., vertical sandwich-type structure and lateral 

structure). For the device with a vertical sandwich-type structure, the semiconductor absorber 

with a long carrier diffusion length could reduce its need for a large depletion-layer width.
[3]

 

However, the sandwich structure consisting of multilayer charge transport layers and 

transparent electrode always causes inevitable loss of light through reflection, absorption, and 

scattering.
[4]

 Such optical loss can be eliminated in a lateral-structure device by allowing the 

direct incidence of light on the active layer with large photoresponsive area. This implies that 

a thin lateral device with a wide channel could be perfectly utilized to construct tandem 

photoelectrical devices.
[5,6]

 The development of lateral devices also enables drastic cost 

reduction by simplifying the device fabrication process and particularly eliminating 

expensive transparent electrodes. Nevertheless, the efficiency of lateral photodiodes (e.g., 

hybrid perovskite CH3NH3PbI3 in this work) is still limited by the lack of sufficient driving 

sources across a wide active channel, which largely relies on the realization of an efficient p-

n junction. In this case, increasing the width of the depletion layer increases the effective area 

available for harvesting light; strengthening the internal field facilitates the transport and 

extraction of photogenerated carriers towards electrodes.
[7]
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Generally, the functionality of a semiconductor depletion region is described by two 

important parameters: the depletion width (w) and built-in potential (Φbi). Theoretical 

research suggests that the depletion width scales with the ratio of the built-in potential to the 

doping level (c),            ⁄        ⁄ , where ɛr is the relative permittivity of a 

semiconductor, and d = 2 or 3 for two-dimensional (2D) or three-dimensional (3D) p-n 

junctions, respectively.
[1,8,9]

 Although one could reasonably expect a large depletion width by 

tailoring the junction dimensionality, this scaling still seems to exclude the concurrent 

maximization of the depletion width and built-in potential as Φbi increases with the doping 

level.  

This contradiction raises an important fundamental question: is it possible to obtain a 

large depletion width without sacrificing the built-in potential? The scaling rule discussed 

above suggests that the feasibility analysis should start with one of the most important 

factors, the relative permittivity (ɛr), which is largely neglected. Traditional silicon p-n 

junctions have considerable barrier potentials of 0.5-0.7 eV and yet depletion widths of 

merely ~500 nm;
[1]

 however, the permittivity of silicon of 11.9 is much larger than those of 

organic semiconductors (in the range of 3 to 4). On the other hand, the junction 

dimensionality (d) possess interesting importance as growth in the interest and significance in 

2D materials, such as graphene and transition metal dichalcogenides (TMDs), occurs.
[10-13]

 

2D p-n junctions, especially the lateral coplanar style, show qualitatively different carrier 

depletion behaviors due to reduced electronic screening.
[14,15]

 In a 2D lateral junction, the 

slow decay of the electrostatic potential versus distance dominates, rather than local charge 

redistribution, such that the highly nonlocalized charge transfer allows a substantially 

increased junction size. A recent report on a graphene-WS2 in-plane junction directly 
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demonstrated an extended depletion width of >4 m, which was twice as large as that of the 

bulk junction.
[16]

 However, the related potential difference was less than 0.2 eV due to a lack 

of effective doping modulation. To this regard, the third factor, doping level (c), could play a 

substantial role to balance the depletion width and built-in potential. Taking advantage of the 

high surface area of 2D materials, surface-based electronic doping is a popular strategy to 

tune their electronic properties.
[17-20]

 Despite the electrostatic gating modulation,
[21]

 surface 

doping based on organic/inorganic species usually represent a simple and strong nonvolatile 

charge-transfer doping scheme. Molybdenum trioxide (MoO3) has been widely used to 

effectively modify the doping levels of 2D materials due to its exceptionally deep-lying 

electronic states.
[22]

  

In this paper, we address these important issues mentioned above and report strong 

depletion in organic-inorganic hybrid perovskite p-n junctions. Although the hybrid 

perovskite-related depletion behaviors have been previously explored by profiling the electric 

potential across solar-cell devices,
[23,24]

 these 3D heterojunctions only exhibited moderate 

charge depletion extending laterally ~300 nm, which restricts the light absorption to a limited 

thickness in the perovskite film in the solar-cell device. Regardless of the possible 

underestimation of bulk perovskite junction depletion due to carrier scattering at the interface 

and inefficient doping, the charge-depletion characteristics in a pure perovskite p-n junction 

are nontrivial for device structure design and performance improvement, which have been 

largely unexplored. As an emerging photovoltaic material, the CH3NH3PbI3 perovskite has 

recently been found to have a much larger static dielectric constant up to several tens than 

common semiconductors.
[25-27]

 On this basis, we employed MoO3 as a surface dopant to 

locally tune the charge-carrier properties of 2D nonlayered CH3NH3PbI3 perovskite 
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nanosheets and directly observed a very broad depletion region up to a few micrometres in 

the perovskite p-n junction.  

To theoretically examine the capability of surface electronic doping in hybrid perovskite 

crystals, we conducted first principles density functional theory (DFT) calculations on 

pristine and MoO3-doped perovskites (Figure 1 and Figure S1, Supporting Information). All 

the calculations were performed at the level of the generalized gradient approximation (GGA) 

for the DFT exchange and correlation functional, including van der Waals (vdW) interactions 

(see Experimental Section for details).
[28]

 Compared to conventional doping of 2D TMDs, we 

expected a stronger doping effect in hybrid perovskites, as these materials have dangling 

bonds at the crystal surface as well as both organic and inorganic compounds.
[29]

 As shown in 

Figure 1a, the relaxed atomic configuration of MoO3-doped perovskites forms two types of 

bonds: Mo-I covalent bonds with a length of 2.65 Å and N-H…O hydrogen bonds. The 

calculated adsorption energy is approximately −3.44 eV per MoO3 decoration on the 

CH3NH3PbI3 (100) surface, revealing a strong chemical interaction between MoO3 and the 

perovskite (Table S1, Supporting Information).  

Figure 1b visually depicts the electronic coupling between MoO3 and the perovskite by 

the iso-surface plot of the charge-density difference (Δρ). The Δρ is defined as    

                                  
, where                 ,             and      

 are 

the charge densities of the MoO3-modified system, pristine perovskite, and isolated MoO3, 

respectively. In the contours, a strong electron accumulation appears around the Mo atom 

with electron depletion around the I atom on the perovskite surface, indicating that MoO3 

draws electrons from the perovskite. Notably, strong electron accumulation is present around 
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the two O atoms of MoO3 that form N-H…O hydrogen bonds. Bader charge population 

analysis suggests that each MoO3 dopant extracts approximately 0.81 electron from the 

perovskite supercell, while the electrostatic potential calculations reveal an increase of ~0.52 

eV in the work function of the perovskite (Table S1, Supporting Information). It is noted that 

the perovskite crystal shows structural distortion after MoO3 decoration mainly due to lattice 

mismatch at the interface, in agreement with the case of CH3NH3PbI3/TiO2 interface.
[30]

 Such 

interface strain is partly balanced by the presence of covalent bonding and hydrogen bonding, 

resulting in a relatively stable hetero-interface. The strain might be further alleviated by 

introducing surface defects, which still requires more future investigation. 

Figure 1c shows the density of states (DOS) of both the pristine and MoO3-doped 

perovskites. For the pristine perovskite, the Fermi level near the conduction band indicates 

the n-type carrier conductivity according to previous reports on annealing- or defect-induced 

n-doping effects.
[31-33]

 By contrast, the Fermi level in the MoO3-doped perovskite shifts 

downward to the top of the valence band, suggesting the effective tuning to p-type 

conductivity due to the surface charge-transfer doping effect. Figure 1d presents the spatially 

controlled p-doping scheme and an idealized band diagram of the lateral p-n homojunction at 

zero bias. Under light illumination, the built-in electric field supported by the depletion 

region facilitates dissociation and extraction of photoexcited electrons and holes. 

Figure 2 shows the characterization results of a lateral perovskite p-n junction with 

spatially controlled p-type doping (see detailed doping process in the Experimental Section 

and Figure S2-S5 in the Supporting Information). Displaying an almost identical optical 

image as that in Figure S4c (Supporting Information), the partially doped perovskite 
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nanosheet exhibits a slight reflection contrast difference between the pristine and doped 

regions (Figure 2a). The optical contrast C(λ) is defined as C(λ) = (R0(λ) - R(λ))/R0(λ), where 

R0(λ) is the reflection spectrum of the SiO2/Si substrate, and R(λ) is the reflection spectrum of 

the perovskite nanosheets.
[34]

 The contrast spectra across the entire visible range are 

calculated and plotted in Figure 2c to evaluate the charge-transfer doping effect. The slight 

shift in the differential reflectance implies an influence of MoO3 doping on the optical 

transitions of the perovskite nanosheet, consistent with the DOS calculation in Figure 1c.  

Photoluminescence (PL) spectroscopy was further used to investigate the doping effect 

on the optical emission properties. As displayed in Figure 2b,d, the pristine perovskite 

nanosheet exhibits a relatively uniform and strong PL emission with a peak at approximately 

757 nm (~1.64 eV), arising from the structural relaxation of the in-plane crystal lattice 

considering the bulk crystal perovskite with a peak at ~800 nm.
[35,36]

 By contrast, a three-fold 

decrease in the PL intensity was observed in the MoO3-doped region. A relatively small 

blueshift in the PL peak and a negligible change in the peak width suggest that MoO3 doping 

does not damage the perovskite (Figure S4d-f, Supporting Information). Based on first 

principles calculations (see Figure 1), we attribute the PL quenching to the strong charge-

transfer process between MoO3 and the perovskite. 

To visualize charge transfer in the MoO3-doped perovskite nanosheet, scanning Kelvin 

probe microscopy (SKPM) measurements were performed to directly extract the spatial 

distribution of the surface potentials, as illustrated in Figure 2e-h. Atomic force microscopy 

(AFM) topography shows a slight variation of the morphology roughness as well as a <2 nm 

height change (Figure 2e,g), suggesting the adsorption of MoO3 molecules onto the 
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perovskite nanosheet. Interestingly, a remarkable color contrast between the two sections of 

the perovskite nanosheet is observed in the Kelvin potential image (Figure 2f), i.e., the 

brighter region corresponds to the higher potential region, which is doped by MoO3. An 

increase in the Kelvin voltage of >220 mV from the line profile in Figure 2h reveals the 

efficient hole transfer from the MoO3 dopant to the perovskite nanosheet. By analyzing the 

potential curve, we estimate that the junction depletion width is >10 m, which is greater 

than 30-fold that of bulk polycrystalline perovskite films or 2D TMD heterojunctions,
[24,37,38]

 

and also larger than the calculated value (~7 m) in monocrystalline CH3NH3PbBr3 solar 

cells.
[39]

 This large depletion width is mainly ascribed to the reduction of the junction 

dimensionality (i.e., a change from square root dependence to a linear relation) with the 

contribution from a large dielectric constant and efficient surface doping in the highly 

crystalline perovskite nanosheet, implying the effective depletion of electrons within a lateral 

photodiode channel of tens of microns. 

To investigate the influence of the thickness of the perovskite nanosheet on the depletion 

characteristics, we systematically performed SKPM measurements on different nanosheet 

thicknesses, with the electrostatic potential profiles of four representative p-n junctions 

shown in Figure 2i and Figure S6 (Supporting Information). All four junctions exhibit large 

depletion regions of more than 5 m regardless of the thickness. The depletion width 

extracted from the potential profiles shows an inverse dependence on the perovskite 

nanosheet thickness: a thinner nanosheet results in a larger depletion width (see Figure 2j). 

The depletion width in the 120-nm-thick nanosheet decreases to approximately 5.2 m, 

whereas the width increases to ~8.3 m in the 50-nm-thick nanosheet and to ~10.5 m in the 
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20-nm-thick nanosheet. The general trend of the experimental depletion width is consistent 

with the theoretical estimation (see discussion in the Supporting Information). The thickness-

dependent shift in the depletion width observed here is likely due to an electric screening 

difference.
[8,40]

 As the thickness decreases, the junction electric field becomes less screened, 

resulting in an extended in-plane charge-depletion domain in the thinner nanosheet. Although 

SKPM allows for the characterization of depletion width, the actual built-in potential across 

the lateral junction is not accurate, as this potential is strongly affected by the surface 

characteristics during ex situ measurements. Thus, in situ characterization of the charge 

transfer between MoO3 and the perovskite is highly desired. 

To clarify the p-doping mechanism and obtain the effective built-in potential, MoO3 

deposition and in situ UV photoelectron spectroscopy/X-ray photoelectron spectroscopy 

(UPS/XPS) were performed to study the interfacial electronic structure at the 

MoO3/perovskite interface. The evolution of the UPS spectra in the low kinetic energy region 

with respect to the MoO3 thickness is shown in Figure 3a. By linearly extrapolating the low 

kinetic energy onset in the UPS spectra, the work function of pristine perovskite was 

measured to be 4.48 eV. After the deposition of 1.6 nm-thick MoO3, the work function 

dramatically increases to 5.71 eV, which is consistent with first principles calculations. From 

the UPS spectra in the low binding energy region (Figure 3b and Figure S7, Supporting 

Information), the appearance of the interface state is clearly observed at a MoO3 thickness of 

1.6 nm, resulting from the Mo 4d band due to oxygen deficiencies.
[41-43]

 The existence of the 

interface state corresponds well to the acceptor state, as determined by DOS calculations in 

Figure 1c. Due to the high work function of MoO3 and the interface state, considerable 
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electron transfer from the perovskite to MoO3 occurs at the MoO3/perovskite interface, as 

schematically depicted in Figure 3c.  

Figure 3d,e presents the Pb 4f and I 3d core-level XPS spectra with increasing MoO3 

thickness. Upon deposition of 1.6-nm-thick MoO3, both the Pb 4f7/2 and I 3d5/2 peaks 

gradually shift to lower binding energy regions by ~0.5 eV. This shift indicates an upward 

band bending of 0.5 eV caused by 1.6-nm-thick MoO3, resulting from the decrease of the 

electron concentration in the MoO3-doped perovskite, and thus, the Fermi level of the 

perovskite moves closer to the valence band edge. As exhibited in Figure 3f and Figure S8 

(Supporting Information), the Mo 3d core-level spectra were deconvoluted into Mo
6+

, Mo
5+

 

and Mo
4+

 oxidation states with Mo 3d5/2 binding energies at 232.9 eV, 231.7 eV and 229.7 

eV, respectively. Here, the reduction of the Mo
6+

 signal could also be foreseen in the 

difference charge-density simulations (see Figure 1b). Notably, the emergence of a Mo
4+

 

signal at a very low thickness, which is associated with MoO2 and yet to be observed in 

conventional MoO3 doping systems,
[22,44-46]

 suggests the unusual chemical interaction at the 

MoO3/perovskite interface and strong electron transfer from the perovskite to MoO3. 

Consequently, we infer that the ~20-nm-thick perovskite nanosheet could substantially 

change from n-type to p-type conductivity upon MoO3 doping, as quantitatively depicted in 

Figure S9 in the Supporting Information. The transition of the carrier type induces a built-in 

potential of ~0.5 eV between the pristine and doped perovskites. Together with a ~10 m 

depletion region, the proposed lateral p-n junctions based on perovskite nanosheets are of 

great potential to realize high-performance optoelectronic devices.  
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We further evaluate the effect of ion migration on the built-in potential in the perovskite 

p-n junction. It is reported previously that a relatively large electric field applied externally to 

perovskite materials (e.g., ~1.2 V m
-1

 in perovskite films and ~0.5 V m
-1

 in perovskite 

nanowires
[47,48]

) could induce ion migration inside the perovskite crystal lattice. By contrast, 

the average electric field induced by the built-in potential in the perovskite p-n junction is 

less than 0.05 V m
-1

, estimated by dividing built-in potential (~0.5 V) with depletion region 

(>10 m), which is beyond ten-fold smaller than that in normal perovskite poling 

experiments. It can be concluded that the average electric field imposed by the built-in 

potential is not sufficient to cause significant ion migration in the lattice, which only has 

minor contribution to compromise the built-in potential (see more discussion on ion 

migration in the Supporting Information). One should also note here that the perovskite p-n 

junctions formed by surface electronic doping are fundamentally different from those 

depending on electrical poling, in which perovskite crystal changes in terms of defect level, 

lattice constant, and bandgap.
[48,49]

 

Figure 4a shows a schematic of a lateral perovskite nanosheet p-n junction diode. The 

lateral homojunction is formed between the pristine n-type perovskite masked by an Al2O3 

insulator and the p-doped perovskite with MoO3 decoration. With a section of the perovskite 

nanosheet capped by Al2O3, the remaining portion of the perovskite surface area was then 

doped by thermally evaporated MoO3 molecules (Figure 4b). Here, a lithography-free 

technique using a patterned Si3N4 shadow mask was developed to spatially control the 

deposition of the Al2O3 layer on the microscale device, avoiding undesired doping 

contamination from conventional photo- or electron-beam-lithography processes. The AFM 

image of an as-made perovskite p-n diode on a Si substrate with 300 nm SiO2, with a 
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perovskite nanosheet thickness of ~21 nm and an Al2O3 layer thickness of ~20 nm, is 

displayed in Figure S10 (Supporting Information).  

Figure 4c exhibits the typical current-voltage (I-V) characteristics of the as-fabricated 

perovskite nanosheet homojunction measured in the dark at room temperature. Current 

rectification behavior is clearly observed, suggesting that the p-n junction dominates the 

transport regime. Under laser illumination, the diode shows a photovoltaic response with an 

open-circuit voltage of ~0.51 V and a short-circuit current of ~0.030 nA (Figure 4d). In 

comparison to the almost symmetric I-V curve in pristine perovskite nanosheet (Figure S11, 

Supporting Information), the observed photovoltaic effect further attests the predominant role 

of the p-n homojunction rather than the Schottky barriers at the metal contacts. The 

photocurrent (Iph), defined as the current upon illumination subtracted from the dark current 

(Idark), is used to evaluate the performance of the perovskite p-n junction operated as a 

photodiode. Interestingly, the I-V characteristics reveal that this perovskite nanosheet 

photodiode can effectively function when biased in both the forward and reverse directions. 

For instance, a photocurrent of ~0.19 nA is measured at +1 V, which is much larger than the 

photocurrent of ~0.064 nA at −1 V. Importantly, the photocurrent of the p-n diode is over 3 

times that of the pristine perovskite device (~0.059 nA at +1 V). Previously, such interesting 

I-V characteristics (i.e., large photocurrent under forward bias) were also observed in 

solution-processed hybrid perovskite (CH3NH3PbI3-xClx) photodetectors with a sandwich-

type p-i-n structure
[50]

 and 2D semiconductor photodiodes based on vertical MoS2 p-n 

junctions
[19]

 or lateral WSe2 p-n junctions
[51]

, different from a conventional photodiode. 

However, the anomalous phenomenon here might be associated with ion migration in the 

CH3NH3PbI3 perovskite. During scanning spatial photocurrent and characterizing I-V 



 

 

 

This article is protected by copyright. All rights reserved. 

 

15 

properties, the application of the electrical bias (~1 V) in both the pristine perovskite device 

and the perovskite photodiode could induce the migration of CH3NH3
+
 and I

-
 ions and then 

influence the distribution of the local electric field.
[49]

 This in turn leads to an unusual 

photocurrent characteristics in the as-fabricated perovskite photodiode. 

To quantify the photodetection efficiency, the photoresponsivity (R) was calculated and 

plotted as a function of the optical irradiance in Figure 4e. R is defined as the photocurrent 

generated by incident light irradiance on the effective area of a photodiode, that is, R = 

Iph/(PS), where S is the effective area under illumination, and P is the light intensity.
[52]

 With 

an almost linear increase of the photocurrent versus illumination power, a maximum 

responsivity of ~27.3 A W
-1

 is obtained for the p-n photodiode at +1 V, which is >3 times 

higher than that of the pristine device (~8.62 A W
-1

, Figure S12 in the Supporting 

Information).  

Given that R is proportional to the quantum yield of a photodetector, we further 

calculated the external quantum efficiency (EQE) according to the formula EQE = hcR/(e), 

where h, c, e and  represent the Plank constant, velocity of light, charge of an electron, and 

wavelength of incident light, respectively. The peak EQE (at +1 V) of the photodiode reached 

~75.2%, compared to ~23.7% for the pristine perovskite device. This difference is attributed 

to the high conversion rate from photons to electrons/holes induced by the efficient p-n 

junction. Detectivity, a critical factor for a photodetector to distinguish from weak optical 

signals, is determined by the equation D = RS
1/2

/(2eIdark)
1/2

. The detectivity of the photodiode 

was then calculated as 3.90×10
11

 Jones at +1 V, which is higher than or comparable to those 

obtained from most photodetectors (10
9
−10

11
 Jones) based on 2D TMDs or BP.

[53-56]
 It is also 
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noted that our photodetector can be self-powered and operate without external electrical 

power supply. At zero bias, the diode still yields a photoresponsivity of ~1.42 A W
-1

 and a 

remarkable EQE of ~3.93%, which is significantly larger than <0.2% for both monolayer 

TMDs and few-layer BP diodes using electrostatically gated configurations.
[50,57-59] 

The 

responsivity of the lateral perovskite photodiode under laser excitation is also much higher 

than that of most perovskite photodiodes with conventional multilayer sandwich 

structures,
[60,61]

 as compared in Table S2 (Supporting Information). 

Figure 4f shows the transient optical response of the perovskite p-n photodiode. The 

dynamic photovoltaic switching shows response times less than 15 ms in terms of the short-

circuit current with good repeatability, possibly due to the strong electric field in the 

depletion region that imparts a large velocity to the photocarriers. The operation based on 

photovoltaic effect could exactly enable the perovskite p-n junction photodiode to avoid the 

possible cancellation of built-in potential by electrical bias-induced ion migration, which 

enhances the sustainability of the hybrid perovskite p-n junction (see more discussion on ion 

migration in the Supporting Information). Efficient optical switching observed at +1 V also 

gives rise and decay times of ~10 ms (Figure S13, Supporting Information), which is superior 

to the pristine perovskite device (~50 ms) and most reported perovskite/graphene (or TMD) 

hybrids (hundreds of ms to several seconds).
[62-66]

 As a key figure of merit, fast 

photoresponse is supposed to originate from the efficient generation and fast extraction of 

photogenerated charge carriers, as well as extremely low leakage current, affording this 

perovskite photodiode great potential for high-performance optical switches.  
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Scanning photocurrent mapping based on a confocal optical microscope was performed 

to investigate the photocurrent distribution difference between the perovskite p-n diode and 

the pristine perovskite device. We observe a large photocurrent signal distributed around the 

junction region in the p-n diode (Figure 4g,h), indicating that photogenerated carriers are 

separated by a strong depletion field across the p-n junction interface. According to the I-V 

characteristics in Figure 4c, the current upon illumination at +1 V is higher than that at –1 V, 

which is here evidenced by spatial photocurrent mapping with the higher current yield at a 

forward bias. As a comparison, the pristine perovskite device shows a relatively weak 

photoresponse, which is confined to the perovskite/Au contact area due to the local Schottky 

barrier and photothermoelectric effects (Figure 4j,k).
[52]

 While the forward (reverse) bias 

results in a positive (negative) photocurrent as expected, the positions of the photocurrent 

peaks interestingly remain unchanged at the drain electrode instead of shifting to the source 

contact, which is different from previously reported lateral metal-semiconductor-metal 

devices.
[49,67,68]

 Based on previously reported photocurrent generation mechanisms,
[69]

 the 

photocurrent generates dominantly at the high-barrier contact under both forward and reverse 

bias, for example, for the Schottky-Ohmic type of devices. Therefore, the observed 

photocurrent peak pining behavior is mainly ascribed to the larger Schottky barrier at 

perovskite/Au drain contact than at perovskite/Ti/Au source contact. Additionally, the broad 

Schottky field distribution at drain contact facilitates the fast extraction of charge carriers 

upon illumination since the drain contact is beneath the perovskite nanosheet (see Figure S9). 

The line profiles clearly show the broad photocurrent generation on either side of the p-n 

junction throughout the entire channel, with full widths at half maximum (FWHM) extending 

~10 m (Figure 4i,l). By comparing the statistical distribution of carrier transport lengths in 
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pristine perovskite and p-n junction devices (Figure S14), we infer the large FWHM mainly 

originates from the intrinsic long carrier diffusion length of the hybrid perovskite.
[49]

 These 

observations and conclusions are also supported by the photocurrent mapping results of both 

p-n junction device and the pristine perovskite device under zero bias (Figure S15). The shift 

in the peak photocurrent signal from perovskite/Au contact area in the pristine device to the 

p-n junction interface region in the perovskite photodiode arises from the existence of the 

built-in electric field that alters the process of separation and transport of photoexcited 

carriers.
[51]

 Meanwhile, the ultra-large depletion region provides an added optical absorption 

area and thus improves the photon utilization efficiency, which is reflected in the increased 

photocurrent intensity of the perovskite photodiode.  

In conclusion, we demonstrated the possibility of obtaining a large depletion width 

without sacrificing the built-in potential by doping organic-inorganic hybrid perovskite 

semiconductors. Efficient lateral p-n junctions based on individual CH3NH3PbI3 perovskite 

nanosheets are induced by local surface doping, where chemical-bonding-enabled charge 

transfer enhances p-type doping by the deposition of MoO3 molecules. An exceptionally 

large depletion width (>10 m) and high built-in potential (~0.5 eV) are concurrently 

achieved by the collective effects of the large static permittivity of the CH3NH3PbI3 

perovskite, 2D nanosheet morphology, and effective electronic doping. Our studies on 

profiling the 2D electrostatics with variable thicknesses reveal that the depletion width of the 

perovskite p-n junction increases with a reduced nanosheet thickness. Benefiting from strong 

charge depletion, the lateral p-n diode with a large photoresponsive area generates 

photocurrent upon illumination via the photovoltaic effect, with a high EQE of 3.93% at zero 

bias. Based on the facile surface doping scheme, hybrid perovskite nanomaterials with 
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tunable organic/inorganic compositions promise unique platforms for novel, high-

performance electronics and optoelectronics. 

  



 

 

 

This article is protected by copyright. All rights reserved. 

 

20 

Experimental Section 

Theoretical Calculations: The electronic properties of the hybrid perovskites were calculated 

based on plane wave DFT executed using the Vienna ab initio simulation package (VASP). 

The projector-augmented plane wave (PAW) approach was used to describe the ion-electron 

interactions. The GGA involving the Perdew-Burke-Ernzerhof (PBE) functional and the 

Grimme van der Waals (vdW) correction were incorporated to provide an accurate structural 

description and to capture the weak interactions on this organic/inorganic hybrid material, 

respectively. For the CH3NH3PbI3 (100) surface relaxation, two halide perovskite unit cells 

were created and enclosed in supercells with a vacuum separation of 20 Å to ensure the 

periodic images were well separated. The kinetic energy cutoff for the plane waves was set to 

500 eV. All atoms were allowed to relax until the Hellman-Feynman forces were smaller than 

0.01 eV/Å. The reciprocal space integration was performed over a 5×5×1 Monkhorst-Pack 

grid after performing convergence tests on the total energy and the forces. 

 

Synthesis of the perovskite crystals: The perovskite nanosheets were synthesized in two steps, 

namely, solution growth of PbI2 nanosheets and vapor-phase conversion. Specifically, a PbI2 

aqueous solution was first prepared by dissolving excess PbI2 powder (99.999%, Aldrich) in 

deionized water. After heating for 2 h at 90 °C, the oversaturated solution was drop-casted on 

SiO2/Si substrates at room temperature. During the drying and cooling process, the PbI2 

nanosheets nucleated on the substrate surface. Second, the as-grown PbI2 nanosheets were 

mounted downstream of a quartz tube furnace, while CH3NH3I powder was placed at the 

center. The heating temperature was set to 120 °C under a low pressure (600 mTorr) for 1 h 
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with an argon gas flow rate of 35 sccm. The furnace was finally naturally cooled to room 

temperature. To suppress potential degradation from ambient humidity and oxygen, the 

perovskite crystals were stored and transported in a sealable nitrogen tube. 

 

Device Fabrication: To fabricate a clean and high-quality single-nanosheet device, a focused-

ion-beam patterned Si3N4 shadow mask was employed to define the source-drain contacts, 

followed by electron-beam deposition of Ti/Au (5/50 nm) in vacuum (chamber pressure < 6 × 

10
−6

 Torr). The channel length between the source and drain electrodes was approximately 16 

μm, with an effective area of ~405 m
2
. To define a sharp p-n junction interface in the 

practical device, the patterned Si3N4 grid was further used as a shadow mask to spatially 

control the deposition region of the Al2O3 layer (thickness 20 nm) by electron-beam 

deposition. For the dopant decoration on the device active area, MoO3 with a thickness of 5 

nm was thermally evaporated from a Knudsen cell onto the devices in a high-vacuum 

chamber (base pressure ~2 × 10
−6

 Torr), in which the deposition rate and thickness of the 

MoO3 layer was monitored by a quartz crystal oscillator. All the samples and devices were 

prepared and measured on SiO2 (300 nm)/p
+
-Si substrates.  

 

Characterizations: The morphologies and surface potentials of the perovskite nanosheets and 

topographies of the perovskite devices were measured by AFM and SKPM (Bruker, 

Dimension Icon SPM), respectively. The surface morphology of the sample was measured in 

amplitude-modulated tapping mode, and the surface potential was obtained by tracing the 

morphology at a lift height of 80 nm, a scanning rate of 0.5 Hz, and the ac voltage amplitude 
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of 500 mV, respectively. A Pt/Ir-coated silicon cantilever was used as the conductive probe at 

a resonance frequency of ~70 kHz. The corresponding depletion widths were extracted by 

analyzing the first derivative of surface potential curves (see Figure S16).
[24,38]

 Optical 

measurements were obtained using a confocal microscope system (WITec, alpha 300R) with 

a 50× objective lens (NA = 0.6) under ambient conditions. A 532 nm laser was used for PL 

and photocurrent mapping on a piezo-crystal-controlled scanning stage, while a 450 nm laser 

was used to excite the photodiode for current-voltage and photoresponse characteristics. XPS 

and UPS were conducted in a SPECS
TM

 ultrahigh vacuum angular resolve photoelectron 

spectroscopy system which consists of an analysis chamber, a thermal evaporation chamber 

and a fast-entry load-lock. The base pressures in the analysis and evaporation chambers were 

preceded at 2×10
-10

 and 4×10
-10

 mbar, respectively. A monochromatized Al Ksource 

(1486.7 eV) and a monochromatized HeI (21.22 eV) were used as XPS and UPS excitation 

source, respectively. I-V characteristics of the devices were measured by a source meter unit 

(Agilent, B2902A) under ambient conditions. 
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Supporting Information is available from the Wiley Online Library or from the author. 
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Figure 1. Theoretical electronic properties of MoO3 doping in a CH3NH3PbI3 perovskite 

crystal. a) Relaxed structure of the MoO3-doped perovskite surface. b) Electronic charge-

density distribution of MoO3 adsorption on the perovskite surface, where the blue and yellow 

contours represent electron depletion (Δρ < 0) and electron accumulation (Δρ > 0), 

respectively with an isosurface of 0.006 e
-
/Å

3
. Both views are along the yz planes. c) Density 

of states (DOS) for the pristine and MoO3-doped perovskites. Acceptor states are introduced 

in the adsorbed MoO3. The energy zero of the pristine perovskite is set near the lowest 

unoccupied state. d) Cross-sectional schematic of the lateral perovskite p-n junction (top) and 
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the corresponding band diagram under zero bias consisting of pristine n-type and p-doped 

energy levels (bottom). 

 

 

 

Figure 2. Characterization of the hybrid perovskite nanosheet p-n junctions on SiO2/Si. a) 

Optical reflection contrast image showing a slight difference between the pristine perovskite 

and MoO3-adsorbed perovskite regions at the integration wavelength range from 500 to 600 

nm, with the corresponding contrast spectra in (c). b) Photoluminescence (PL) mapping of 

the partially doped perovskite nanosheet under 532 nm laser excitation, with the 

corresponding PL spectra in (d). The intensity dip at 780 nm is due to the CCD detector limit. 

e) Atomic force microscopy (AFM) image of the partially doped perovskite nanosheet, with 

the extracted height profile in (g). f) Scanning Kelvin probe microscopy (SKPM) image 
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showing the surface potential distribution for the lateral perovskite p-n homojunction, with 

the line profile of the Kelvin voltage in (h). i) Electrostatic potential profiles for the 

perovskite nanosheet p-n junctions with different thicknesses at a constant MoO3 dopant 

thickness of 1.6 nm. j) Thickness dependence of depletion width from both experiment (data 

points) and theoretical fitting (black curve). All scale bars correspond to 10 m. 

 

 

 

Figure 3. Surface electronic doping revealed by in situ ultraviolet photoelectron 

spectroscopy/X-ray photoelectron spectroscopy (UPS/XPS). a,b) UPS spectra evolution in 
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the low kinetic energy (secondary electron cutoff in (a)) and low binding energy regions (near 

the Fermi level, EF, in (b)) with increasing MoO3 coverage. c) Schematic energy level 

diagram. The dashed lines represent EF, and the numbers give the work function values. The 

work function of MoO3 was extracted from the UPS spectra after 10 nm MoO3 deposition 

(not shown here). Evac represents the vacuum level energy. CB is the conduction band, and 

VB is the valence band. d-f) XPS core-level spectra of Pb 4f, I 3d and Mo 3d peaks during 

the deposition of MoO3. 

 

 

Figure 4. Performance of the lateral perovskite p-n junction diodes. a) Schematic of a lateral 

perovskite p-n diode fabricated by the adsorption of spatially controlled MoO3 molecules. b) 

Cross-sectional diagram suggesting that the current passes through the device from the p-

doped side to the n-type side. The p-type doped perovskite is on top of drain contact and n-

type region beneath source contact, corresponding to AFM and optical images in Figure S9. 
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Diagram is not to scale. c) Dark current-voltage (I-V) characteristics of an as-fabricated p-n 

junction on the semi-logarithmic scale. d) I-V curves of the p-n junction in the dark and under 

illumination (wavelength = 450 nm, power density ~5.2 W cm
-2

). e) Photocurrent and 

photoresponsivity versus the effective optical irradiance at a voltage bias of 1 V. f) Temporal 

nonzero short-circuit current of the perovskite p-n photodiode without external voltage bias. 

g,h) Spatial photocurrent mapping images and schematic band diagrams of the lateral p-n 

photodiode operating under Vd = +1 V and Vd = −1 V. The white dashed lines define the 

electrode areas, while the black dashed lines indicate the p-n junction interface. S represents 

the source electrode, and D represents the drain electrode. Scale bar: 5 m. j,k) Spatial 

photocurrent mapping images and schematic band diagrams of the pristine perovskite device 

operating under Vd = +1 V and Vd = −1 V. Scale bar: 5 m. i,l) Photocurrent line profiles 

extracted from the middle horizontal positions in (g) and (j) under Vd = +1 V and in (h) and 

(k) under Vd = −1 V.  
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The table of contents entry  

Strong charge depletion in a lateral perovskite nanosheet p-n junction is reported with a 

large depletion width (>10 m) and a high built-in potential (~0.5 eV) through local 

electronic doping at the surface of individual CH3NH3PbI3 perovskite nanosheets. 2D 

electrostatics imaging further reveals a thickness dependence of the depletion width in the 

perovskite p-n junctions. 
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