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ABSTRACT 

Halide Perovskite-2D Material Optoelectronic Devices 

Zhixiong Liu 

Metal-halide perovskites have attracted intense research endeavors because of their 

excellent optical and electronic properties. Different kinds of electronic and optoelectronic 

devices have been fabricated using perovskites. A feasible approach to utilize these 

properties in real device applications with improved performance and new functionalities 

is by fabricating heterostructures with extraneous materials. We have developed mixed-

dimensional heterostructure systems using three-dimensional (3D) metal-halide 

perovskites and different types of different two-dimensional (2D) materials, including 

semimetal graphene, semiconducting phosphorus-doped graphitic-C3N4 sheets (PCN-S), 

and plasmonic Nb2CTx MXenes. First, selective growth of single-crystalline MAPbBr3 

platelets on monolayer graphene by chemical vapor deposition (CVD) is achieved to 

prepare the MAPbBr3/graphene heterostructures. P-type doping from MAPbBr3 is 

observed in the monolayer graphene with a decreased work function of 272 meV under 

illumination. The photoresponse of the fabricated phototransistor heterostructure verifies 

the enhanced p-type character in graphene. Such kind of charge transfer can be used to 

improve device performance. Then, bulk-heterojunctions made of MAPbI3-xClx and PCN-

S are prepared in solution. The matched band diagram and the midgap states in PCN-S 

present a convenient and efficient approach to reduce the dark current and increase the 

photocurrent of the as-fabricated photodetectors. As a result, the on/off ratio increases from 
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103 to 105, and the detectivity is up to 1013 Jones with an order of magnitude enhancement 

compared to the perovskite-only device. Last, plasmonic Nb2CTx MXenes and MAPbI3 

heterostructures are prepared for photodiodes to broaden the detection band to near-

infrared (NIR) lights. The use of the perovskite layer expanded the operation of the diode 

to the visible range while suppressing the dark current of the NIR-absorbing Nb2CTx layer. 

The fabricated photodiode reveals a detectivity of 0.25 A/W with a linear dynamic range 

of 96 dB in the visible region. In the NIR region, the device demonstrates an increased 

on/off ratio from less than 2 to near 103 and much faster response times of less than 30 ms. 

The improved performance is attributed to the passivation of the MAPbI3/Nb2CTx interface. 
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Chapter 1 Introduction and Objectives 

In today’s digital era, semiconductors are present in almost all modern electronics, 

including smartphones, computers, sensors, solar panels, memory storage, light-emitting 

diodes (LEDs), as shown in Figure 1.1. They have brought tremendous convenience and 

comfort to all human beings. The competition of coming fifth-generation (5G) 

communications and the internet of things (IoT) in these years are pushing the research of 

semiconductors and fabrications of electronics to an unprecedentedly charged field.  Until 

now, the most widely used semiconductor material is still silicon, although abundant 

semiconductors have been discovered, synthesized, and utilized. So far, a large number of 

semiconductors have been synthesized in both elemental form (silicon, phosphorene, 

tellurene),1-3 and compounds like III-V type gallium nitride (GaN),4 II-VI type zinc oxide 

(ZnO),5 IV-VI type silicon carbide (SiC),6 I-II-VI2 type copper indium sulfide (CuInS2),7, 

8 layered materials like molybdenum sulfide (MoS2),9, 10 and organic materials.11, 12 

Advantages in synthesis, properties, and processing of novel semiconductor materials can 

always improve the performance of a wide range of electronic and optoelectronic devices, 

thus prompting the rapid development of new sciences and technologies for better human 

life. Therefore, the search of new semiconductors that can enable the exploration of 

superior properties and fabrication of better devices is one of the most critical goals and 

has long been pursued in materials science and engineering. 

1.1 The rise of halide perovskites 
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The past few years have witnessed an explosive growth of interest in metal-halide 

perovskites since their first usage as visible-light sensitizers in photoelectrochemical cells 

in 2009 by Miyasaka with a power conversion efficiency (PCE) of 3.8%.13 Due to efficient 

sunlight harvesting and charge transport the highest PCE of solar cells based on perovskites 

in labs has reached around 25% up to now in an all-solid-state structure.14 Such a steep 

increase slope of the PCE increase seen from Figure 1.2 has much exceeded other solar 

cells based on materials like silicon, cadmium telluride and copper-indium-gallium-

diselenide.15 This new kind of solar cells is believed to be able to compete with the 

commercial thin-film solar cells based on materials listed in Figure 1.2. Concurrent with 

the flourishing research on perovskite solar cells and thanks to the extensive efforts on 

Semiconductors
Smart phone

PC

Sensor

Memory

Laser

LED

Solar panel

Figure 1.1 Electronics made of semiconductors like silicon in our daily life. Images of 
electronic devices are from Google. 
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material synthesis, the utilization of perovskites in photonic and optoelectronic devices has 

received increasing attention. 

 

Generally speaking, most halide perovskites can be categorized into three-

dimension (3D) and two-dimension (2D) perovskites. The 3D perovskites have a formula 

of ABX3, in which A represents either organic (methylammonium (MA) or formamidinium 

(FA): CH(NH2)2
+) or inorganic cations (Cs+ or Rb+), B is bivalent cations (Pb2+, Sn2+, Ge2+, 

or Cu2+) and X is halide anions (Cl-, Br-, or I-).16, 17 In this 3D structure, B cations and halide 

X anions constitute BX6 octahedra, forming a continuous 3D skeleton, while A cations fill 

the spaces in between as shown in Figure 1.3a. The stability and lattice structure are 

determined by the tolerance factor t, which is defined as:  

𝑡𝑡 = 𝑅𝑅𝐴𝐴+𝑅𝑅𝑋𝑋
√2(𝑅𝑅𝐵𝐵+𝑅𝑅𝑋𝑋)

,  

Figure 1.2 Achieved and predicted efficiencies for different solar cells. The purple ellipse 
indicates the PCE improvement of halide perovskite solar cells.15 

Equation 1.1 



25 

 
where 𝑅𝑅𝐴𝐴, 𝑅𝑅𝐵𝐵, and 𝑅𝑅𝑋𝑋 are the radii of A, B, and X ions. The crystal with an ideal t value of 

1 possesses a higher symmetry cubic structure. Deviations of t value from 1 usually give 

structural distortions and lattice structures with lower symmetries like orthorhombic and 

tetragonal phases. This structure is also featured with temperature-dependent phase 

transitions. For instance, the most studied perovskites, MAPbI3, have a low-symmetry 

orthorhombic phase when the temperature is below 160 K and a tetragonal phase at a higher 

temperature, and it finally transforms into a cubic phase above 327 K as shown in Figure 

1.3b.18 

 

(a)

(b)

Figure 1.3 Halide perovskite schematic crystal structures. (a) 3D ABX3 crystal structure. 
(b) MAPbI3 perovskites with cubic, orthorhombic and tetragonal  phases.15 (c) (d) RP and 
DJ 2D perovskite crystal structures, respectively.19 
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In 2D layered perovskites, the large size of organic cations between the MX6 layers 

determines their structures.20 Depending on the ammonium (-NH3
+) number in the organic 

cation, 2D layered perovskites can be assorted to Ruddlesden–Popper (RP) and Dion–

Jacobson (DJ) types.19, 21, 22 The RP perovskites have a formula of (R-NH3)2BX4, in which 

R is the organic functional group in the cation and each organic cation has only one 

ammonium group, such as C4H9NH3
+, phenylmethanamine (C6H5CH2NH3

+).  In this 

structure, X atoms and organic layers between BX6 layers are shifted between neighboring 

layers, which is a so-called “staggered” arrangement as shown in Figure 1.3c. The DJ 

perovskites have a formula of (NH3-R-NH3)BX4, in which each organic cation has two 

ammonium groups, such as ethylenediammonium (NH3
+C2H4NH3

+)). In (NH3-R-NH3)BX4 

type, there is only one organic layer and the X atoms are aligned, giving rise to an “eclipsed” 

arrangement as shown in Figure 1.3d. Because the two organic layers are self-assembled 

through weak π-π interactions in 2D perovskites, atomic layer-thin flakes of 2D perovskites 

can be prepared by peeling from their bulk single crystals. 

So far, plenty of methods have been invented to synthesize halide perovskites with 

various morphologies as shown in Figure 1.4. Polycrystalline films are the most studied 

ones. Low-temperature solution processing methods are the most common method to 

prepare polycrystalline halide perovskite films. Typical solution methods include “one-

step” and “two-step” methods.23 Take CH3NH3PbI3 as an example. In the one-step method, 

MAI and PbI2 are pre-mixed together in solvents and then spin-coated onto a substrate. To 

avoid pinholes and achieve a uniform film, usually, anti-solvents like chlorobenzene are 

1.2 Halide perovskite synthesis, properties and applications 
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dropped on the substrate near the end of spin-coating of halide perovskite solutions.15 

While in the two-step method, PbI2 and MAI are spin-coated onto a substrate in a row. 

Then these two precursors react while annealing to form halide perovskite films. Beyond 

solution methods, vapor deposition or vapor solution combined methods can also be used 

to prepare films.24, 25 For example, MAI and PbI2 are evaporated simultaneously in a 

chamber. Their vapor reacts and cools down at the upper substrates as shown in Figure 

1.4. The prepared film is also very smooth from the scanning electron microscopy image 

(SEM).25 In addition, in vapor-included methods, PbI2 films can be first prepared by 

solution or vapor methods, and then the PbI2 films are converted to halide perovskite 

films.24, 26 With the flourish developments of methods, it is convenient to prepare large-

area, uniform, pinhole-free halide perovskite films. 



28 

 

 

Besides polycrystalline films, single crystals and nano (micro) structures are also 

be able to be prepared as shown in Figure 1.4. The most employed approaches to growing 

halide perovskite single crystals are anti-solvent vapor-assisted and top-seeded solution 

growth methods. In the anto-solvent vapor-assisted method, vapors of anti-solvents like 

dichloromethane (DCM) gradually diffuse into the halide perovskite solutions, leading to 

the crystallization of halide perovskites.27 In the top-seeded solution growth method, small 

single crystals are pre-synthesized by chemical reactions and used as seeds to grow larger 

single crystals in supersaturated halide perovskite solutions.32 For MAPbI3, the largest 

(a)

(b)

(c)

(i) (ii)

(i) (ii) (iii) (iv) (v)

Figure 1.4 Different methods to prepare halide perovskite with different morphologies. (a) 
Polycrystalline films prepared by (i) one-step/two-step solution methods and (ii) Vapor 
method and the SEM image of halide perovskite film.23, 25 (b) Anti-solvent vapor-assisted 
method to grow MAPbI3 and MAPbBr3 single crystals.27 (c) Halide perovskites in small-
scale with different morphologies. (i) Nanocrystals;28 (ii) quantum dots;28 (iii) pyramids;29 
(iv) nanoplatelets;30 (v) nanowires.31 
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single crystal reported has a size of 71×54×39 mm.33 Usually, the trap density in single 

crystals of halide perovskite is much less than their polycrystalline films. Taking MAPbI3 

as an example, the trap density is around 1010-1011 cm-3 in the single crystal and 1015-1016 

cm-3 in the polycrystalline films.34, 35 

Halide perovskites in small-scale have many morphologies, including 

nanocrystals,28 quantum dots (QDs),28 pyramids,29 nanoplatelets,30 and nanowires.31 

Solution and vapor methods are usually used to synthesize these morphologies. In solution, 

colloidal approaches with the presence of ligand are commonly used to prepare 

nanocrystals and QDs. The ligand is of great importance to control the shape, size, and 

growth mechanism.36 In addition, by using lead precursors like lead acetate in a solid-state 

film, nanoplatelets and nanowires can be prepared with a reduced formation speed of halide 

perovskites due to the slow release of PbI4
2- from lead acetate. Besides self-grown, templets 

are also employed to shape the morphologies of halide perovskite from solution to 

crystallization.37 Vapor method like chemical vapor deposition (CVD) is also widely to 

grow morphologies like pyramids,29 nanoplatelets,30, 38 and nanowires.37  
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As a kind of new emerging materials, halide perovskites hold property advantages 

compared to typical semiconductors like silicon, III-V compounds like GaAs, InP, GaSb, 

and II-VI compounds like CdTe, CdS.40 For example, the band gap of halide perovskites 

can be controlled from near-ultraviolet (around 3 eV for MAPbCl3)41-43 to near-infrared 

(NIR) region (1.4 eV for FASnI3)44, 45 continuously by modifying the composition. Figure 

1.5 present the photoluminescence (PL) spectra of CsPbX3 with different halide 

compositions, suggesting the wide band gap tunability.39 Apart from the halide, the metal 

B and cation A also play an important role in the band gap. For instance, the replacing of 

MA by FA and Pb by Sn can both decrease the band gap.46 The photoluminescence 

quantum yield (PLQY) of halide perovskite nanocrystals can reach 90% for perovskite 

(a)

(c) (d) (e)

(b)

Figure 1.5 Physical properties of halide perovskites. (a) Tunable band gaps of CsPbX3 
with different halide compositions.39 (b) Absorption coefficient of halide perovskites and 
other conventional semiconductors.40 (c) Carrier life of MAPbI3 single crystals under 
different light intensities.32 (d) (e) Space-charge-limited current measurements of hole-only 
and electron-only MAPbI3 devices, respectively.13 



31 

 
nanoparticles and 30% for films, which is much large than conventional semiconductor 

nanomaterials.47 In addition, halide perovskites are strong light-harvesting materials with 

absorption coefficients higher than 104 cm-1, which is much larger than silicon and 

comparable to binary compounds like CdTe, GaAs, and InP as shown in Figure 1.5.40, 48 

In terms of electrical transport properties, the carrier life time and carrier diffusion length 

are both quite high. In MAPbI3 single crystals, the lifetime is 82 µs under 1 sun measured 

by a transient photovoltaic method, corresponding to a diffusion length of 175 mm.49 The 

diffusion length is even larger at a lower illumination as shown in Figure 1.5. The carrier 

mobility of halide perovskite is also appealing. In MAPbI3 single crystals, it is measured 

to be as high as 164 cm2/Vs using the space-charge-limited current method (SCLC) or 105 

cm2/Vs using the Hall effect method as shown in Figure 1.5.50 

The feasible preparation, excellent properties, and various morphologies make 

halide perovskites wide applications in photonic and optoelectronic devices. In reality, the 

applications of metal-halide perovskites in electronic and optoelectronic devices did not 

obtain obvious attention after the first synthesis. In 1958, Mϕller first reported that CsPbX3 

(X= Cl, Br, I) compounds had a perovskite structure, revealing the discovery of metal-

halide perovskites.51 Twenty years later, by replacing cesium with MA cation, Weber et al. 

reported the first organic-inorganic 3D hybrid metal halide perovskites.52, 53 Since then, the 

cation in perovskites is not limited in inorganic ones, which widely extends the family 

members of halide perovskites. In 1994, Mitzi et al. reported a layered organic-based halide 

perovskite structure, in which a large organic cation, n-butylammonium (C4H9NH3
+), was 

used, indicating the discovery of two-dimensional (2D) halide perovskites.54 In 1999, the 
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first thin-film field-effect transistor was fabricated using halide perovskites, initiating the 

applications of halide perovskites in electronics and optoelectronics.55 In 2009, the 

application of metal-halide as light-harvesting materials in solar cells ignited radical 

research enthusiasm of metal-halide perovskites. After that, the research of electronic and 

optoelectronic devices including solar cells,56 LEDs,57 photodiodes/photoconductors,26, 58 

light-emitting transistors/phototransistors59, 60, resistive memory and ferroelectrics are 

getting hotter and hotter.61, 62 In more recent years, many new types of devices based on 

metal-halide perovskites are emerging, such as artificial synapses, photo ferroelectrics, and 

photo memory devices.63-65 
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1.3 Objective and structure of the dissertation 

As we can see above, metal-halide perovskites reveal great potential in electronic 

and optoelectronic devices because of their excellent chemical/physical properties and 

feasible preparation. Naturally, some questions can be proposed. Firstly, how can we 

improve the performance of these known devices? Take metal-halide perovskite solar cells 

as an example. The PCE of the first reported solar cell with metal-halide perovskites as 

light-harvesting materials is only 3.8%. Up to now, the PCE has jumped to around 26%.14 

However, the Shockley-Queisser limit of a single-junction perovskite solar cell is 33%,15 

leaving some space for chasing. A similar room for improvement also exists in 

photodetectors and other devices. Secondly, can we make new designs for new devices 

with specific functionalities? Take the operation band of metal-halide perovskite 

photodetectors as an example. The absorption of perovskites is limited to visible range 

(some can go a little bit far), although showing broad band gap tunability. Therefore, it is 

demanded to prepared devices with new architectures for IR detection. 

We need to understand the origins of these problems to find solutions. Firstly, the 

most popular approach to prepare perovskite films is spin coating. In this way, the resultant 

film is poly-crystalline. The imperfections, including grain boundaries, high-density 

defects, and traps, bring extrinsic influences on the property investigations and detrimental 

effects on the device performance. For example, the imperfections significantly increase 

the non-radiative recombination probability in the perovskites, leading to low quantum 

efficiencies. In addition, the imperfections at the interfaces can impede the transfer of 

charges, causing substantial hysteresis and reduced charge extraction abilities.66 Secondly, 
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there are self-limitations in some devices or material structures. For example, in poly-

crystalline perovskite planar photodetectors, a larger photoresponsivity needs a larger 

photocurrent, which requires the single-crystalline film. However, it also improves the dark 

current, which gives rise to a low photo detectivity.67 Therefore, a trade-off between 

responsivity and detectivity happens. Thirdly, although possessing many excellent physical 

and chemical properties, metal-halide perovskites lack or show poor properties in smaller 

band gaps (IR), ferroelectrics, and chirality. Thus, perovskites are unlikely to be applied to 

devices with specific functionalities requiring these properties. 

In the history of material research, hybridization with other materials or utilizing 

suitable substrates is a good way to modify the growth of high-quality films.68-70 The 

involving of extrinsic materials during the growth can also be used to fabricate devices 

with new structures and novel functionalities.69, 70 Inspired by these cases, a possible 

solution for the issues in metal-halide perovskite is to build heterostructures with other 

materials. Indeed, Numerous researches have demonstrated that heterostructures have wide 

applications in gate tunable, tunneling, thermionic, and light-harvesting and detecting 

devices.71, 72 Among the large number of materials that can form heterostructures, 2D 

materials are unique considering their atomic-thin sheets and large surface-to-volume ratio. 

2D materials can be metallic, semiconducting, and insulating, represented by graphene, 

black phosphorus/transition metal dichalcogenides (TMDCs), and hexagonal boron nitride, 

as shown in Figure 1.7, respectively. These 2D materials have to be combined with other 

zero-dimensional (0D), 1D, one-point-five-dimensional (1.5D) and 3D materials to form 

mixed dimensional 2D-0D, 2D-1D, 2D-1.5D, and 2D-3D heterostructures as shown in 
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Figure 1.7, providing unique properties and potential new functionalities compared to 

traditional semiconductor devices.71, 72  

There could be several benefits from the heterostructures of metal-halide 

perovskites with other materials. First, the extrinsic materials could adjust the growth of 

perovskites, whether in vapor growth as substrates or in solution as additives. The dangling 

bond-free surface of 2D materials may lead to different growth modes like van der Waals 

(vdW) epitaxy of perovskites, which has been verified in other cases like CdS, GaN, and 

GaSe.73-75 Second, the properties of perovskites and the extrinsic materials can be 

combined together, remedying the drawbacks of perovskites. A clear case is the absorption 

in NIR/IR regions can be compensated by other materials.76, 77 Third, new properties are 

possible to be proposed due to the synergetic effects between two different materials. A 

type-II heterojunction formed is likely to generate faster charge separation and transfer.78 

At last, new devices with novel structures and functionalities may be invented, which has 

been proved obviously in the 2D van der Waals heterostructures.71 Therefore, it is 

reasonable to speculate that the performance and functionalities of halide perovskite 

devices can be improved and broadened by establishing heterostructures with 2D materials.  
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Figure 1.7 Different types of 2D materials forming different dimensional heterostructures. 
The 2D materials can be from metallic to semiconducting and to insulating, while the other 
materials can be 0D, 1D, 2D, 1.5D, and 3D.71 

Figure 1.8 2D materials applied to prepared heterostructures with metal-halide perovskites  
(a) Graphene. (b) Phosphorus doped g-C3N4. (c) Nb2CTx MXene. 
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Since a large number of 2D materials have been reported, it is importance to select 

the most suitable 2D materials. Halide perovskite heterojunctions are formed with different 

kinds of 2D materials, from metallic to semiconducting. Graphene is chosen since it is a 

very common semimetallic 2D material.  In addition, graphene can provide a large single-

crystalline area as a substrate for the growth single-crystalline halide perovskites. 

Therefore, it offers a platform to investigate their interactions without extrinsic effects from 

grain boundaries and defects. Some interactions between halide perovskites and 2D 

materials are general while some are certainly not.  Therefore, besides the semi-metallic 

graphene, the semiconducting graphitic carbon nitride (g-C3N4) is selected as another 

semiconducting 2D material. The synthesis of g-C3N4 and phosphorus-doped g-C3N4 is 

cheap and convenient, demanding no subtle conditions like other 2D materials. The band 

gap and electronic structure of g-C3N4 can also be tuned by doping of phosphorus, imbuing 

more tunability of heterostructure properties and the resulted device performance unlike 

graphene. Last, the band gap of halide perovskites are usually limited in UV-visible range 

as mentioned above. Heterostructures of halide perovskites and other 2D materials can 

expand the optoelectronic applications of halide perovksites beyond their absorption cutoff. 

A relatively new kind of 2D material called Nb2CTx MXenes is such a material, considering 

its unique plasmonic absorption feature in the NIR region. The lattice structure of these 

materials is shown in Figure 1.8. 

In the remainder of this thesis, the following chapters are covered, which are briefly 

summarized below: 
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Chapter 2: We report the synthesis of a mixed-dimensional heterojunction composed of 3D 

MAPbBr3 single-crystal platelets on 2D single-layer graphene. Although MAPbBr3 has a 

nonlayered lattice structure, single-crystal platelets with an exclusive (001) orientation 

were selectively grown on single-layer graphene via van der Waals epitaxy using a one-

step chemical vapor deposition (CVD) method. A complementary set of techniques, 

including PL, Raman spectroscopy, Kelvin probe force microscopy (KPFM) were used to 

unravel the charge transfer at the perovskite/graphene interface. The amount of hole doping 

in graphene was estimated to be 7.5  1012 cm-2, which is accompanied by a Fermi level 

decrease of 272 meV. The charge transfer characteristics were further confirmed using a 

field-effect phototransistor with the perovskite/graphene heterostructure as the channel. 

This work is expected to enrich the vdW synthesis of 3D/2D mixed-dimensional 

heterostructures and to propel their optoelectronic applications. 

Chapter 3: Efficient charge transfer is verified between 2D materials and 

perovskites in the above work. Such charge transfer can be utilized to improve the 

performance of devices like photodetectors. Meanwhile, 2D materials that can be 

synthesized in simple and commercial ways are favored for practical applications. 

Therefore, in this work, we fabricate photodetectors made of methylammonium lead tri-

halide perovskite (MAPbI3-xClx: MLHP) and phosphorus-doped graphitic carbon nitride 

nanosheets (PCN-S). Using thermal polymerization, PCN-S with a reduced band gap, are 

synthesized using low-cost precursors, making it feasible to form type-II bulk 

heterojunctions with perovskites. Owing to the bulk heterojunctions between PCN-S and 

MLHP, the dark current of the photodetectors significantly decreases from ~10−9 A for 
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perovskite-only devices to ~10−11 A for heterojunction devices. As a result, not only the 

on/off ratio of the hybrid devices increases from 103 to 105, but also the photodetectivity is 

enhanced by more than one order of magnitude (up to 1013 Jones), and the responsivity 

reaches a value of 14 A W-1. Moreover, the hybridization of MLHP with PCN-S 

significantly modifies the hydrophilicity and morphology of the perovskite films, which 

dramatically increases their stability under ambient conditions. The hybrid photodetectors, 

described here, present a promising new direction towards stable and efficient 

optoelectronic applications. 

Chapter 4: So perovskite photodetectors with improved and stable performance are 

prepared. However, the operation band of most perovskite photodetectors is still limited in 

the UV-visible range. Therefore, it is essential to broaden the detection band of perovskite 

photodetectors. In previous work, MXenes have shown impressive plasmonic absorptions 

spanning the visible and infrared (IR) regimes. However, their potential IR optoelectronic 

applications including photodetectors, are marginally investigated and only limited to 

Ti3C2Tx MXene. Besides, their relatively low resistivity restricts their use as photo-sensing 

materials due to the natural large dark current. In this work, heterostructures made of 

methylammonium lead tri-halide perovskite (MAPbI3) and Nb2CTx MXene with a 

matching band structure are successfully prepared and exploited for self-powered visible-

near infrared (NIR) photodiodes. The use of the MAPbI3 layer expands the operation of 

the diode to the visible range while suppressing the dark current of the NIR-absorbing 

Nb2CTx layer. As a result, the photodiode responds linearly under white light illumination 

with a responsivity of 0.25 A/W. Furthermore, when illuminated with a 1064-nm laser, the 
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photodiode demonstrates a higher on/off ratio (∼102) and faster response times (< 30 ms) 

compared to that of planar Nb2CTx-only detectors (< 2 and 20 s, respectively). Experiments 

from space-charge limited current and capacitance measurements show that the coordinate 

bonding between the surface groups of the MXene and the undercoordinated Pb2+ ions in 

the MAPbI3 surface has led to a passivated MAPbI3/Nb2CTx interface resulting in an 

efficient and speeded charge transfer. 

Chapter 5: The research achievements are summarized. Also, we discuss several potential 

research directions of perovskite-2D materials heterostructures, including growth, 

patterning, integration, and more types of heterostructures and devices of high-quality 

perovskite films. 
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Chapter 2 Single-Crystal Hybrid Perovskite Platelets on Graphene: a 

Mixed-Dimensional van der Waals Heterostructure 

Van der Waals (vdW) heterostructures open up excellent prospects in electronic 

and optoelectronic applications. It is of great importance to prepare high-quality like single-

crystalline heterostructures to investigate the interaction such as charge transfer on the 

interface. Therefore, mixed-dimensional metal-halide perovskite/graphene 

heterostructures are prepared through selective growth of MAPbBr3 platelets on patterned 

monolayer graphene using the CVD method. Preferred growth of single-crystal MAPbBr3 

platelets on graphene surfaces is achieved, which is accompanied by significant 

photoluminescence quenching. Raman spectra reveal that perovskite platelets cause p-type 

doping in the graphene layer. A significant Fermi level decrease of 272 meV in graphene 

is estimated, which corresponds to a high doping density of 7.5 × 1012 cm-2. Surface 

potentials measured by Kelvin probe force microscopy indicate a negatively charged 

perovskite surface under illumination, which is consistent with the upward band bending 

deduced from conducting atomic force microscopy measurements. Moreover, a field-effect 

phototransistor is fabricated using the perovskite/graphene heterostructure channel, and the 

increased Dirac voltage under illumination confirms an enhanced p-type character in 

graphene. These findings enrich the understanding of strong interface coupling in such 

mixed-dimensional vdW heterostructure and pave the way towards novel perovskite-based 

optoelectronic devices. 

2.1 Summary 
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VdW heterostructures, in which neighboring layers are weakly bonded by vdW 

interactions, have established a new platform for fundamental scientific researches and 

novel device applications.71, 72 Synergetic combinations of 2D materials, including 

graphene and transition-metal dichalcogenides, have led to the construction of vdW 

heterostructures with diverse phenomena and properties. This emerging materials-

assembling strategy opens up new avenues for building innovative electronic and 

optoelectronic devices such as tunneling transistors,79 barristors,80 gate-tunable diodes,81 

photodetectors,82 and light-emitting devices.83 Beyond 2D/2D stacks, mixed-dimensional 

(nD/2D or 2D/nD, where n = 1 or 3) vdW heterostructures are more difficult to synthesize 

due to non-passivated and subtle interfaces. Nevertheless, there have been some reports on 

mixed-dimensional vdW heterostructures, such as PbS/graphene,84 PbS/MoS2,75 

CdS/MoS2,74 MoS2/GaN,85 perovskite/WS2
86 and MoS2/Si87 prepared by delicate high-

temperature physical/chemical vapor deposition methods, which differ from stacking of 

2D materials by mechanical methods. The contact areas of these heterojunctions are usually 

less than 1×1 µm2 as a result of the non-passivated interface of at least of one material.74, 

75, 84, 85 These mixed-dimensional vdW heterostructures possess unique advantages such as 

faster charge transfer and tailored energy band alignments.71, 78, 83, 88, 89 Thus, mixed-

dimensional vdW structures with complementary materials and optimal properties are 

highly promising for potential applications in optics and electronics. 

2.2 Introduction and background 
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Metal-halide perovskites have received intense research efforts owing to their 

extraordinary optical and electrical properties.15, 40 Besides solution-processed 

polycrystalline films, bulk crystals and nanocrystals, large-scale ultrathin perovskites via 

vapor-phase growth have attracted intensive research efforts.37 It is hopeful that such thin 

perovskites may simultaneously possess the merits of bulk crystals and thin film, enabling 

devices with high performance. For example, polycrystalline MAPbI3 platelets were grown 

on graphene, MoS2 and h-BN to form vdW solids following a two-step method, and charge 

transfer was investigated in such heterostructures.90 Also, MAPbBr3 and CsPbBr3 platelets 

were grown directly on 2D mica substrates via vdW epitaxy.38, 91 These pioneering works 

demonstrate a promising platform of perovskite-including vdW heterojunctions for future 

optoelectronic and photovoltaic applications. However, controlled growth of ultrathin 

perovskite-based single-crystalline vdW heterostructures and thorough investigation of 

their physical properties, particularly those related to the hidden interfaces, remain a highly 

challenging issue. 

2.3.1 Material preparation 

Graphene transfer: Monolayer graphene on copper foils was purchased from a 

commercial company (UniversityWafer, Inc.). To transfer the graphene from copper foils 

to SiO2/Si substrates, a poly(methyl methacrylate) (PMMA) layer was first spin-coated 

onto the graphene film on a copper foil. After annealing for 20 min at 150 °C, the copper 

foil with PMMA was put into copper enchant (Sigma-Aldrich). After the copper was fully 

2.3 Experiment section 
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removed, the PMMA/graphene was floated on the surface and moved to distilled water. 

After being rinsed several times to remove the enchant residue, the PMMA/graphene was 

carefully moved to a SiO2/Si substrate beneath. Then the SiO2/Si substrate with 

PMMA/graphene was annealed at 180 °C for 30 min to flatten the graphene film on the 

substrate. Last, the PMMA on the graphene was removed by washing with acetone for 

enough times. 

MAPbBr3 platelet growth: MAPbBr3 platelets were prepared using a one-step CVD 

method from lead bromide (PbBr2) and methylammonium bromide (MABr) powders. 

Graphene transferred on SiO2/Si substrates were used as the substrates for growth. For 

selective growth, the graphene was patterned by photolithography and then etched by O2 

plasma for 15 s at a power of 60 W. PbBr2 powder was put in the center of the furnace (325 

Torr) while MABr and substrates were put in the up- and downstream zones, respectively. 

The process was carried at a pressure of 100 torr under the flow of N2 with a speed of 30 

sccm. 

2.3.2 Phototransistor fabrication 

For phototransistor fabrications, 60 nm Au was deposited using e-beam evaporation 

as source and drain electrodes with a shadow mask. The bare graphene transistors were 

fabricated on graphene without been patterned. 

2.3.3 Characterizations 

Optical microscope (OM) images were taken from Nikon ECLIPSE LV100N POL. 

X-ray diffraction (XRD) patterns were recorded from Bruker diffractometer (D8 Advance) 
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using Cu Kα (λ=1.5406 Å) radiation. µ-Raman and photoluminescence (PL) spectra were 

obtained using a Hariba LabRAM HR spectrometer with a He–Ne laser (spot size  1 µm 

through an objective lens) with a wavelength of 473 nm. The intensity was low enough to 

avoid damage. Kelvin probe force microscopy (KPFM) and conducting atomic force 

microscopy (CAFM) were measured on a commercial AFM (Asylum Research MFP-3D) 

using a stiff Pt/Ir-coated silicon tip with a spring constant of 40 N/m. Current-voltage (I-

V) curves of the phototransistors were measured using a Keysight B1500A semiconductor 

device parameter analyzer in ambient conditions. 

2.4.1 Growth of MAPbBr3 platelets on graphene 

Successful transfer of monolayer graphene from copper foils to SiO2/Si substrates 

is demonstrated by the AFM images in Figure 2.1. The graphene was scratched to measure 

the thickness. A thickness of around 0.4 nm reveals the graphene is monolayered indeed. 

After transfer, no obvious residue is observed on the graphene surface, which is qualified 

for the growth of MAPbBr3. 

2.4 Results and discussions 
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The MAPbBr3 platelets were grown on monolayer graphene using a one-step CVD 

method as illustrated in Figure 2.2a. MAPbBr3 platelets were grown from vapors produced 

by lead bromide (PbBr2) and methylammonium bromide (MABr) powder precursors. 

Figure 2.2b shows the lattices of MAPbBr3 and graphene and the growth of MAPbBr3 

platelets on monolayer graphene. To the best of our knowledge, it is the first time that 

single-crystal hybrid perovskites are demonstrated to grow on the graphene surface via a 

one-step method. It should be noted that the two-step growth of hybrid perovskite platelets 

on graphene has been reported.90 However, the two-step conversion process can not 

guarantee the single-crystalline nature of perovskite platelets, and optoelectronic devices 

based on such heterostructures have not yet been demonstrated. Figure 2.2c-d shows the 

OM images at different magnifications of some perovskite platelets grown on 

graphene/SiO2/Si substrates. It can be seen that MAPbBr3 nucleates randomly on the 

graphene surface and grows fast laterally due to the small migration free energy barrier 

along the graphene surface.38, 92 In the conventional epitaxial growth, a lattice match at the 

Figure 2.1 Transfer of monolayer graphene from copper foils to SiO2/Si substrates. (a) 
Monolayer graphene on a copper foil. (b) Monolayer graphene transferred to SiO2/Si 
substrates.   
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interface is a prerequisite.  However, in our case, the lattice constant of cubic MAPbBr3 

(5.92 Å) does not match that of honeycomb graphene (2.46 Å) at all.38, 93 Therefore, a weak 

van der Waals interaction that demands no lattice match between perovskite and graphene 

must be responsible for the growth. This kind of van der Waals epitaxy has been widely 

reported in several cases of 2D/2D and 3D/2D material stacks.30, 89 

Figure 2.3a-b show the AFM topography and phase images of a MAPbBr3 platelet. 

The square-shaped platelet has a thickness of 21 nm and a lateral size of 3 μm. Interestingly, 

a smaller platelet was found in the phase image, but it is invisible in the topography image 

due to its much smaller thickness, and its shape is also less defined than the larger one, 

indicating an early growth stage of the platelet. The powder XRD pattern in Figure 2.3c 

shows a set of sharp diffraction peaks that can be assigned to the cubic MAPbBr3 phase. 

There are some weak peaks not in the (00l) orientations, which may be caused by the 

existence of some perovskite particles with irregular shapes on the graphene surface. The 

PL spectrum in Figure 2.3d further confirms that the as-prepared platelets are MAPbBr3 

with a band gap of 2.3 eV. However, the peak intensity of the platelets on graphene is much 

reduced compared to the platelet on insulating muscovite mica substrates, indicating 

efficient charge transfer between MAPbBr3 platelets and graphene.  
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Figure 2.2 CVD growth of MAPbBr3 on monolayer graphene. (a) Schematic of the CVD 
growth process. (b) Schematic of MAPBBr3 lattice and their platelets on monolayer 
graphene. (c) (d) MAPbBr3 platelets grown on monolayer graphene with different scales. 
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2.4.2 Selective growth of MAPbBr3 platelets on monolayer graphene 

To investigate the effect of graphene on the growth of MAPbBr3 platelets, SiO2/Si 

substrates partially covered with graphene were used as shown in Figure 2.4a. OM images 

in Figure 2.4b-d reveal the growth of MAPbBr3 at three different locations along the 

graphene edge with a length of 1.5 cm on the substrate. The temperature (TL) at the location 

of Figure 2.4b is approximately 10 ℃ lower than the temperature (TH) at a downstream 

location of Figure 2.4d. Clearly, MAPbBr3 platelets are more likely to grow on the edge 

of the graphene, which mirrors the previous reports that PbS is likely to grow along edges 

of graphene ribbons and MoS2 sheets.[8,9] This edge effect can be ascribed to the fact that 

Figure 2.3 Characterizations of the MAPbBr3 platelets on monolayer graphene. (a)AFM 
topography and (b) phase images of MAPbBr3 platelets on graphene. (c) XRD spectrum of 
the as-grown MAPbBr3 platelets on graphene. (d) PL spectra of MAPbBr3 grown on 
graphene and mica substrates. Inset is an OM image of MAPbBr3 platelets grown on mica. 
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the edges with unsaturated atoms are highly active, which is beneficial to the nucleation of 

perovskite platelets. Furthermore, with the increase of temperature, the number and lateral 

size of the platelets increase, owing to the thermally accelerated nucleation and growth 

speed.38 As a result, the density of platelets on the graphene interior as shown in Figure 

2.4e becomes comparable to that along the edge at high temperatures. However, on the 

SiO2 side, under the same synthetic conditions, only particles with irregular shapes can be 

observed as a result of a high energy barrier for nucleation and lateral growth as shown in 

Figure 2.4f.38, 92 
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To further verify the selective growth, graphene was patterned to strips on SiO2/Si 

substrates by photolithography before growth. As shown in Figure 2.5, MAPbBr3 platelets 

tend to grow on the graphene stripes with good selectivity and to contact the graphene 

edges, which strongly demonstrate the selective growth of MAPbBr3. 

Figure 2.4 Selective growth of single-crystal MAPbBr3 platelets on graphene. (a) Optical 
image of a SiO2/Si substrate partially covered with monolayer graphene. The white dash 
line indicates the graphene edge. (b-d) Morphologies of MAPbBr3 platelets grown on 
SiO2/Si substrates at three different temperature zones. The insets illustrate the locations 
on the substrate. TL and TH represent low-temperature and high-temperature zones in the 
furnace, respectively. (e) (f) MAPbBr3 grown on graphene interior and on SiO2/Si, 
respectively. 
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2.4.3 Raman spectrum 

The interaction between graphene and MAPbBr3 was further investigated using µ-

Raman spectroscopy as shown in Figure 2.6a-c. Raman shifts of graphene with and 

without the growth of MAPbBr3 platelets were recorded at three different locations to 

exclude the influence of any inhomogeneity. As reported in previous studies, the G band 

and 2D band of monolayer graphene are located at around 1580 cm-1 and 2700 cm-1, 

respectively.94 As shown in Figure 3b, the G band appears at 1582.8 cm-1 and 1595.7 cm-1 

for graphene and MAPbBr3-covered graphene, respectively.  For the 2D band, these values 

are 2700.3 cm-1, and 2731.3 cm-1, respectively. It is worth noting that only a small bump is 

observed around 1350 cm-1, which is the D band caused by localized defects, indicating 

the high quality of the transferred graphene.90 During Raman measurements, the intensity 

of the laser was low enough, and no damage was observed on the sample as shown in 

Figure 2.6d. 

Figure 2.5 MAPbBr3 platelets grown on patterned graphene strips. 
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Since G and 2D band positions are sensitively dependent on the carrier 

concentration, they can be used to probe the graphene doping level.73, 94, 95 Clearly, 

compared to the uncovered graphene, the covered one displays blue-shifted G and 2D 

bands. The blue-shifted 2D band indicates p-type doping to graphene after the growth of 

MAPbBr3 platelets.73, 95 Furthermore, the Fermi level of graphene (EF) can be derived from 

the shift of the G band wavenumber (ωG) based on the formula73, 95  

ωG – 1580 = |EF| × 42 cm-1 eV-1. 

Figure 2.6 Raman measurements of MAPbBr3/graphene heterostructures. (a) µ-Raman 
spectra of graphene with and without the growth of MAPbBr3 platelets. (b), (c) Close-up 
views of G and 2D peaks, respectively. (d) OM images of graphene covered with MAPbBr3 
platelets 

Equation 2.1 
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Accordingly, the average Fermi energies of the covered and uncovered graphene 

were calculated to be -90 meV and -362 meV, respectively. Thus, interfacing with 

perovskite causes a Fermi level decrease of 272 meV for graphene. This change is much 

larger than the values reported for C60/graphene (170 meV) and GaSe/graphene (80 

meV),73, 95 demonstrating a stronger interaction between graphene and MAPbBr3 platelets. 

The carrier density can be estimated from the corresponding Fermi energies. The 

relationship between the carrier density N and the Fermi level EF of graphene is  

|𝐸𝐸𝐹𝐹| = ħ 𝑣𝑣𝐹𝐹 (𝜋𝜋 |𝑁𝑁|)1/2,  

where 𝑣𝑣𝐹𝐹 is the Fermi velocity of the linear band and ħ is the reduced Planck constant.73 

Using a Fermi velocity of 𝑣𝑣𝐹𝐹 = 1.1 × 106 m/s, the hole densities for graphene with and 

without the growth of MAPbBr3 platelets are 4.9 ×  1011 cm-2 and 8.0 ×  1012 cm-2, 

respectively. Therefore, the doping density from MAPbBr3 platelets to graphene is 7.5 × 

1012 cm-2, which is larger than the values reported on heterostructures of C60/graphene (5.7 

× 1012 cm-2) and GaSe/graphene (5 × 1012 cm-2).73, 95 It is worth noting that strain in 

graphene can also lead to Raman shifts.96 However, this effect can be excluded because the 

van der Waals growth should not bring much strain. Also, the strain would cause the G 

band to red-shift, which is contradictory to our results.96 

2.4.4 Surface potential 

The interaction between MAPbBr3 platelets and graphene was further investigated 

using KPFM. The surface potential reflected by the contact potential difference (VCPD) can 

offer important insights on the localized band structures.[39-41] Typical AFM topography of 

Equation 2.2 
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the platelets is shown in Figure 2.7a, and the thicknesses of the platelets are 20 nm, 23 nm 

and 37 nm, respectively.  As shown in Figure 2.7b-c, the  VCPD of graphene does not change 

much, while the VCPD of MAPbBr3 platelets under light is notably lower than that in the 

dark, suggesting more negatively charged surfaces.[40] The single-crystal characteristic of 

the platelets can eliminate parasitic effects brought by grain boundaries, including 

accumulated ions, defects, and traps.[39] Therefore, the ion accumulation can be excluded 

in our KPFM measurements, and the negative charges should be attributed to the electron 

accumulation on the platelet surfaces. 

 

Figure 2.7 KPFM measurements of MAPbBr3 platelets. (a) AFM topographic image of 
MAPbBr3 platelets with thicknesses of 20 nm, 23 nm and 37 nm. (b) (c) KPFM images 
under dark and white light (intensity ~ 1 mW/cm2) conditions. The lines indicate the 
positions of the VCPD profiler. (d-f) Same measurements as (a-c) for platelets with 
thicknesses of 26 nm and 83 nm.   
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KPFM measurements were also carried out on other MAPbBr3 platelets from 

another sample with thicknesses of 26 nm and 83 nm in Figure 2.7d-f.  Interestingly, the 

VCPD for the 83-nm-thick platelet becomes much higher and is almost the same as the 

graphene nearby, which is very different from the thinner platelets and indicates a strong 

thickness dependence. Figure 2.8a presents the line profiles of the VCPD for platelets with 

thicknesses of 23 nm and 20 nm under dark and light illumination conditions. Around a 40 

meV drop of VCPD is observed from dark to light conditions. The VCPD values measured on 

platelets with four different thicknesses are summarized in Figure 2.8b.  It should be noted 

that only VCPD measured on the same substrate and roughly at the same time can be 

compared since environmental changes have a huge impact on KPFM results.[42] As a result, 

the quantitative comparison of VCPD between data presented in Figure 2.7a-c and those in 

Figure 2.7d-f is not valid since they were taken on different samples under different 

ambient conditions. Nevertheless, the consistent increase of VCPD indicates that electrons 

accumulate in the MAPbBr3 platelet surfaces under light illumination, while holes transfer 

to the underneath graphene. Thus, the KPFM data are consistent with the scenario of light-

Figure 2.8 (a) Line profiles of VCPD along white lines in Figure 2.7 (b) and (c) under dark 
and light conditions. (h) VCPD under dark and light conditions for platelets with different 
thicknesses. 
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induced p-type doping to graphene and upward bent bands in the space charge region of 

MAPbBr3. 

2.4.5 Charge transportation characteristic 

The band bending was also deduced from the I-V curves measured using CAFM as 

shown in Figure 2.9. The height image of the measured sample and the marks of measured 

locations are also shown. The inset shows a schematic illustration of the experiment setup, 

in which a Pt-Ir coated tip is employed to apply voltages. A quasi-linear I-V curve was 

obtained for graphene, which is expected because the Pt-Ir CAFM tip has a very large work 

function of approximately 5.1 eV. In contrast, a typical diode behavior with a rectifying I-

V curve was found for the heterojunction in the dark. It is forward-biased when a negative 

voltage is applied to the tip. Such a rectifying characteristic implies that a Schottky barrier 

exists when holes are injected from p-type graphene to MAPbBr3, which is consistent with 

the upward bent band edges of MAPbBr3 at the MAPbBr3/graphene interface. Under light 

illumination, the reverse-biased current is significantly enhanced due to the photo-

generated carriers,97 but the rectification is retained. Such a drastic light-induced 

modification of the transport behavior indicates that such mixed-dimensional vdW 

heterostructures are promising for optoelectronic applications. 
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2.4.6 Field-effect phototransistors 

To further investigate the interfacial interaction, field-effect transistors were 

fabricated based on the graphene and MAPbBr3/graphene heterostructures. The typical 

device has a channel length of 30 µm and a width of 10 µm. Transfer curves of the as-

fabricated devices are shown in Figure 2.10a. The on/off ratio of the graphene-only device 

is approximately 3.5, which is comparable to previous reports.98, 99 The positive Dirac 

voltage (VDirac) of 60 V indicates a p-type character of the pristine graphene,99 which is in 

agreement with the Raman shift. The photoresponse of the pristine graphene is negligible 

in the white light illumination condition, as shown in Figure 2.10b. For the heterojunction-

based devices, upon light illumination, both source-drain current (Ids) and VDirac increase, 

indicating that holes are transferred to graphene with the presence of MAPbBr3 platelets. 

Figure 2.10c shows the photo-response of the perovskite/graphene channel under zero gate 

voltage. The inset is the image of the device, and the coverage of MAPbBr3 platelets on 

the graphene channel is approximately 20%. An 11% current enhancement under a 0.1 V 

Figure 2.9 CAFM measurements. (a) I-V curves of graphene and a MAPbBr3/graphene 
heterojunction under dark and light conditions. The inset is a schematic of the CAFM setup, 
in which the grey bottom plate is graphene, the orange thin slab is MAPbBr3 platelet, and 
the dark blue pyramid is the CAFM tip. Field-effect phototransistors. (b) Height image of 
the MAPbBr3 platelet for CAFM measurement. (c) Marks show the tip positions for 
measurements. 
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source-drain bias is deduced, revealing a large amount of hole doping from the MAPbBr3 

platelets. 

 

2.4.7 Band diagram 

Therefore, the aforementioned G and 2D peak shifts in Raman, VCPD drops in 

KPFM, and the Dirac voltage increase in field-effect phototransistor consistently manifest 

the p-doping to single-layer graphene after the growth of MAPbBr3 platelets. Given the 

work function of pristine graphene (4.5 eV),[35,36] and band structures of MAPbBr3 

(electron affinity: 3.7 eV, work function: 4.0 eV, and band gap of 2.3 eV, n-type),[46,47] 

charge transfer can be understood by determining the band offsets resulting from the 

junction formation. In the vdW epitaxial structure of MAPbBr3/graphene, interface states 

should be negligible because both materials are single crystals, and the graphene surface is 

free of dangling bonds.[48] The weak vdW interactions and the absence of interface defects 

ensures the formation of a clean (semi)metal-semiconductor interface with a Schottky 

barrier, promising for constructing reproducible and reliable optoelectronic devices. 

Figure 2.10 MAPbBr3/graphene phototransistor. (a) Transfer curves of graphene and 
MAPbBr3/graphene field-effect transistors under dark and light illumination with a source-
drain voltage of 0.1 V. (b) Photoresponse for a graphene field-effect transistor. (c) I-V 
curves of MAPbBr3/graphene phototransistor under dark and white light conditions 
(intensity: 1 mW/cm2). Inset shows the photo of the device. 
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Figure 2.11a-c illustrates the band alignment of the MAPbBr3/graphene under 

various measurement conditions. According to Raman the spectra, the pristine graphene is 

slightly p-doped, which means its work function is a little larger than 4.5 eV (Figure 5c). 

When contact, electrons in MAPbBr3 flow to graphene to align their Fermi levels and form 

a depleted space charge area. Thus, the bands of MAPbBr3 bend upward in the dark 

condition (Figure 5d). The width of the space charge region (xw) can be calculated by  

𝑥𝑥𝑤𝑤 = �2𝜀𝜀𝑠𝑠𝑉𝑉𝑏𝑏𝑏𝑏
𝑞𝑞𝑁𝑁𝑑𝑑� ,  

where Vbi is the built-in voltage at the Schottky contact, εs is the static permittivity of 

MAPbBr3, q is the electron charge, and Nd is doping concentration.[49] From previous 

results, the carrier concentrations for MAPbBr3 single crystal under dark and light 

conditions are < 5  × 1012 cm-3 and ~5 × 1016 cm-3, respectively.100 Given 𝜀𝜀𝑠𝑠 = 7.5 ×

8.854 × 10−12𝐹𝐹 ∙ 𝑚𝑚−1 ,101 𝑉𝑉𝑏𝑏𝑏𝑏 = (4.5 − 4.0) 𝑒𝑒𝑉𝑉 = 0.5 𝑒𝑒𝑉𝑉 and 𝑞𝑞 = 1.6 × 10−19𝐶𝐶 , the xw 

of the MAPbBr3/graphene junction was calculated to be around 6 µm, which is much larger 

Figure 2.11 Energy band diagrams of graphene and MAPbBr3 platelets before contact, 
under dark and light conditions, respectively. Between graphene and MAPbBr3, the 
depletion region is highlighted by the yellow color. 

Equation 2.3 
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than the thicknesses of the platelets. Thus, MAPbBr3 platelets with thickness less than xw 

are completely depleted.  

Under the light condition, a number of electrons and holes are generated in the 

MAPbBr3 platelets, as shown in Figure 2.11c. The upward bent valance band can facilitate 

the hole transfer from MAPbBr3 platelets to graphene, leaving the electrons trapped in 

MAPbBr3 and leading to more negatively charged surfaces, as shown in the KPFM.  

Therefore, Ids increases compared to the dark condition and the Dirac voltage shifts to a 

larger voltage. Moreover, the p-doping concentration (Nd) can be calculated according to:  

𝑁𝑁𝑑𝑑 = 𝐼𝐼𝑝𝑝ℎ
𝐼𝐼𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

𝜀𝜀𝑜𝑜𝑜𝑜
𝑞𝑞𝑑𝑑𝑜𝑜𝑜𝑜

�𝑉𝑉𝐷𝐷𝑏𝑏𝐷𝐷𝐷𝐷𝐷𝐷 − 𝑉𝑉𝑔𝑔�,  

where Iph, Idark, 𝜀𝜀𝑜𝑜𝑜𝑜 and dox are photocurrent, dark current, the dielectric permittivity and 

thickness of the insulating SiO2 layer, respectively. The equation for p-doping 

concentration is deduced according to a previous report.102 The details are shown below: 

The accumulated charge Q under a gate voltage (Vg) can be calculated as: 

𝑄𝑄 ≡ 𝑞𝑞𝑞𝑞𝑞𝑞 = 𝐶𝐶𝑉𝑉𝑔𝑔 , 

where p is the hole concentration, A is the surface area of the channel, and C is the 

capacitance. The capacitance C is given by 𝐶𝐶 = 𝜀𝜀𝑜𝑜𝑜𝑜𝑞𝑞/𝑑𝑑𝑜𝑜𝑜𝑜 . At a given Vg, the hole 

concentration without light is 

𝑞𝑞𝑑𝑑𝐷𝐷𝐷𝐷𝑑𝑑 = 𝜀𝜀𝑜𝑜𝑜𝑜
𝑞𝑞𝑑𝑑𝑜𝑜𝑜𝑜

(𝑉𝑉𝐷𝐷𝑏𝑏𝐷𝐷𝐷𝐷𝐷𝐷 − 𝑉𝑉𝑔𝑔). 

The current in the channel is calculated below according to Ohm’s law: 

𝐼𝐼𝑑𝑑𝑠𝑠 = 𝑞𝑞𝑞𝑞𝑞𝑞𝑉𝑉𝑠𝑠𝑑𝑑
𝑊𝑊
𝐿𝐿

, 

Equation 2.4 

Equation 2.5 

Equation 2.6 

Equation 2.7 
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where q is the electron charge, 𝑞𝑞 is the carrier mobility, and W and L are the width and 

length of the channel. Vsd is the source-drain voltage. Thus, the p-doping concentration (Nd) 

from dark to light is derived as: 

𝑁𝑁𝑑𝑑 = 𝑞𝑞𝑙𝑙𝑏𝑏𝑔𝑔ℎ𝑡𝑡 − 𝑞𝑞𝑑𝑑𝐷𝐷𝐷𝐷𝑑𝑑 ≈ 𝑞𝑞𝑙𝑙𝑏𝑏𝑔𝑔ℎ𝑡𝑡 = 𝐼𝐼𝑙𝑙𝑙𝑙𝑙𝑙ℎ𝑡𝑡
𝐼𝐼𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

𝜀𝜀𝑜𝑜𝑜𝑜
𝑞𝑞𝑑𝑑𝑜𝑜𝑜𝑜

(𝑉𝑉𝐷𝐷𝑏𝑏𝐷𝐷𝐷𝐷𝐷𝐷 − 𝑉𝑉𝑔𝑔). 

The carrier mobility is assumed constant with and without light illumination. 

Based on the transfer data shown in Figure 2.10a, an Nd = 7.1 × 1012 cm-2 can be 

calculated under zero Vg, which is almost the same as that derived from the Raman spectra. 

The increased doping density caused by the photo-generated carriers suppresses xw by 

around 100 times (around 60 nm calculated used the same equation in the dark). As a result, 

the surface of an 83-nm-thick platelet is very different from the thinner platelets. 

In summary, mixed-dimensional MAPbBr3/graphene vdW heterostructures are 

realized by growing single-crystalline MAPbBr3 platelets on graphene using the one-step 

CVD method. It was observed that MAPbBr3 platelets selectively grew on graphene 

surfaces, especially near the edge regions. The strong perovskite/graphene interaction was 

evidenced by PL quenching and Raman spectroscopy studies, and a p-type doping of 

graphene with a density of 7.5 × 1012 cm-2 was estimated, which was further confirmed by 

the KPFM and CAFM results. Phototransistors fabricated on the heterostructures revealed 

an increase of the Dirac voltage, in line with the electron transfer from graphene to 

perovskite under light illumination. This work provides a new platform of investigating the 

interfacial coupling in vdW heterojunctions and stimulates further research on their unique 

properties and potential device applications 

Equation 2.8 

2.5 Conclusion 
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Chapter 3 Metal Halide Perovskite and Phosphorus Doped g-C3N4 Bulk 

Heterojunctions for Air-Stable Photodetectors 

The charge transfer observed in MAPbBr3 and graphene should be a general 

phenomenon with the same band structure. It can be utilized to improve the performance 

of devices like photodetectors. But the graphene is not easy to prepare and its own 

properties like band structure is not very facile to modify. Therefore, we fabricate 

photodetectors made of 2D phosphorus-doped graphitic carbon nitride and MLHP bulk 

heterojunctions. Upon the exfoliation of the synthesized bulk phosphorus-doped graphitic 

carbon nitride (PCN-B) to nanosheets (PCN-S), the band gap is reduced, and the band 

structure is demonstrated to match with the perovskite, facilitating the CT process at the 

junction interface. Owing to the light-alterable built-in barrier at the formed bulk 

heterojunctions, simple and robust mixing of PCN-S and MLHP presents a convenient and 

efficient approach to control the photoinduced-interfacial carrier transfer of the junction. 

As a result, the photocurrent is enhanced due to the fast charge injection and charge 

separation, while the dark current is significantly suppressed because of the larger barrier. 

Consequently, the on/off ratio increases to 105, and the photodetectivity reaches a value of 

1013 Jones. In addition, the moisture stability of the hybrid film is improved due to the 

promoted surface hydrophobicity. These results suggest that low-temperature processed 

PCN-S/MLHP hybrids are promising to fabricate low-cost, reliable, and high-performance 

MLHP-based photodetectors. 

3.1 Summary 
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Metal halide perovskites have garnered a lot of research interest because of their 

impressive optical and transport properties such as tunable band gap,31, 39 high absorption 

coefficient,40, 48 long charge carrier lifetime,27, 32 small exciton binding energies, and high 

ambipolar mobility.32, 59 Together with low-temperature preparation capability, these 

pivotal features make perovskites an excellent candidate for a variety of potential 

applications, including solar cells,13, 24 light-emitting diodes,57, 103 photodetectors,26, 67 

lasers,31, 37 waveguides,29, 104 and X-ray imaging.105, 106 Among these, light detection using 

perovskites stands out as a promising application and many efforts have been dedicated to 

it. However, the trade-off between responsivity and detectivity is crucial in this class of 

materials. While large responsivity requires excellent crystals to obtain a high photocurrent, 

good detectivity favors defects and grain boundaries to reduce the dark current.26, 67, 107 

Pioneering works confirmed that building a light-alterable energy barrier to control carrier 

transport with the assistance of foreign materials is one of the possible approaches to 

resolve this paradox. For example, a heterojunction formed between perovskite and WS2 

layers can increase or decrease the Schottky barrier between electrodes and perovskites in 

the dark and under light illumination, respectively.26 Besides, a unique geometry consisting 

of thousands of serial hopping barriers in a perovskite wire containing insulating organic 

blocks can remarkably suppress the dark current and conduct carriers through the edges.67 

However, the complex fabrication processes and poor moisture stability greatly restrict 

their further applications. Therefore, low-cost fabrication of perovskite photodetectors with 

good stability in air is essential.  

3.2 Introduction and background 
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Recently, graphitic carbon nitride (g-C3N4), as a 2D organic semiconductor with 

the Fermi level approximately in the middle of the band gap, has emerged as an attractive 

photocatalyst thanks to its striking features like abundance, stability, and nontoxicity.108-

111 Compared to pristine g-C3N4, heteroatom doped g-C3N4 has the advantages of tunable 

band gap and the ability to engineer the electronic structure, leading to a wider light 

absorption range.108, 111 This also underlines the feasibility of forming various junctions 

with other semiconductors. In addition, pristine and doped g-C3N4 possess advantages of 

easy fabrication, metal-free composition, and low cost compared to other 2D materials like 

MoS2 and WS2. Furthermore, a Schottky junction between perovskites and chemically 

doped g-C3N4 may be a viable approach to suppress the dark current and facilitate the 

interfacial charge transfer (CT) process. 

3.3.1 Material preparation 

Preparation of CN-S/PCN-S dispersion: 1 g melamine (Sigma-Aldrich) was 

dissolved in 100 ml of hot water and 1 g hydroxyethylidene diphosphonic acid (HEDP, 60 

wt% in water) is diluted using 5 ml of water to keep the molar ratio of melamine to HEDP 

around 10:1. Then HEDP solution was added into the melamine solution drop by drop and 

dried at 105 oC to get the residue. By means of facile thermal polymerization, the residue 

(heated to 550 oC for 2 h at a heating step of 4 oC/min) was converted into PCN-B. The 

carrier gas was argon with a speed of 40 sccm. As synthesized PCN-B was then 

mechanically exfoliated into nanosheets in N,N-Dimethylformamide (DMF) using a probe 

sonicator with a 10 s ON pulse and a 5 s OFF pulse at an amplitude of 40% in an ice bath 

3.3 Experimental section 
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for 2 h. The upper clean liquid was collected to get the PCN-S dispersion. Same procedures 

were followed to get the CN-S dispersion by using only melamine. 

Preparation of MAPbI3-xClx (MLHP): 0.419 g MAI (Deysol) and 0.245 g lead 

chloride (Sigma-Aldrich) were dissolved in 1 ml DMF solvent. The mixture was heated at 

65 oC overnight under stirring. 

  Preparation of hybrids: 0.419 g MAI (Deysol) and 0.245 g lead chloride (Sigma-

Aldrich) were dissolved in 1 ml PCN-S dispersion and heated at 65 oC overnight under 

stirring. Same process was followed to prepare CN-S/MLHP hybrid. 

3.3.2 Photodetector fabrication 

To fabricate photodetectors, the hybrid was spin-coated onto a gold electrode pre-

patterned glass substrate. The channel between the two electrodes was 40 µm in length and 

600 µm in width. Then the substrate was annealed on a hot plate under 100 oC for 1 h. All 

these processes were conducted in a glove box filled with N2. 

3.3.3 Characterizations 

The thermal process to get CN-B or PCN-B was carried in a furnace (Thermal 

Scientific, Lindberg-Blue-M). A horn probe tip sonicator was used to prepare the 

dispersions in DMF. XRD patterns were measured on a Bruker D8 Advance diffractometer 

with Cu Kα (λ = 1.5406 Å). XPS and XPS valance band spectrum measurements were  

performed  using a Kratos  Axis  Ultra  DLD  spectrometer with  Al  Kα radiation  (hν = 

1,486.6  eV). The UV-Vis diffuse reflectance/absorption spectra were recorded by an 
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ultraviolet-vis-NIR spectrophotometer (Cary 5000, Variam Inc.). Mott-Schottky Plots 

were tested for drop-casted CN-S and PCN-S films on ITO substrates using a CHI660D 

Electrochemical Analyzer under a frequency of 1221 Hz. Steady-state PL measurements 

were performed at an excitation wavelength of 532 nm (LabRAM, Horiba-Jobin-Yvon). 

Time-resolved PL measurements were performed using a pulsed laser diode (405 nm, 

Horiba-Jobin-Yvon, model (DD-405L, IRF ∼65 ps)). The repetition rate of the pulsed laser 

was fixed at 1 MHz. The used laser energy per pulse was minimized as low as possible to 

solely excite the perovskite.1 FTIR spectra were measured on Nicolet iS10 (Thermo 

Scientific). Contact angle tests were conducted on Kruss. The morphologies of the powders 

or films were examined by a Quantum 600 (FEI Co) SEM and the EDS of the film were 

obtained using an EDS spectrometer by SEM with an acceleration voltage of 15 kV. The 

thickness of the sheets and the surfaces of the films were also measured or scanned using 

AFM (Bruker Dimension ICON). PESA measurement was performed by Riken AC-2 

photoelectron spectrometer. I-V curves were measured using a Keithley 4200 

semiconductor characterization system connected with a Lakeshore probe station. The light 

sources were provided by LEDNW LEDs form Metrohm Autolab and the intensity was 

controlled by the current and external filters. The transient responses were recorded using 

a digital oscilloscope (Tektronix DSOX3104A). The noise current of photodetectors was 

measured by a lock-in amplifier (SR830). 

3.4.1 Synthesis of phosphorus-doped g-C3N4 dispersion 

3.4 Results and discussions 
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In a typical experiment, bulk g-C3N4 (CN-B) and PCN-B were synthesized via a 

bottom-up method; i.e. facile thermal polymerization process, using low-cost precursors 

(melamine for CN-B and extra hydroxyethylidene diphosphonic acid for PCN-B) as shown 

in Figure 3.1. In our approach, hydroxyethylidene diphosphonic acid acts as the source of 

phosphorus. The pre-mixing of melamine and hydroxyethylidene diphosphonic acid can 

enhance the interactions between alkaline -NH2 groups and acidic P-OH groups, which 

benefit the doping of phosphorus in the g-C3N4 backbone during the thermal 

polymerization process. Such an approach does not require delicate conditions and 

expensive precursors, which are usually needed in the synthesis of other 2D materials. In 

addition, a large amount of products in one pot is achievable, which benefits the large-scale 

applications in devices. 

Figure 3.1 Schematic illustration of the PCN-S synthesis process: (a) Structure of the 
melamine:hydroxyethylidene diphosphonic acid precursors. (b) Transformation of 
precursors into PCN-B through a thermal polymerization process. (c) Exfoliation of PCN-
B into PCN-S in DMF. (The color code is: C, Gray; N, Blue; P, Orange; O, Red; H, White.) 
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The synthesized powders were mechanically exfoliated into thin sheets in DMF 

solvents with the help of probe-sonication. The synthesized CN-S and PCN-S sheets 

dispersed in DMF solvents are shown in Figure 3.2a. Compared to the suspension of CN-

S in DMF, the color change of PCN-S dispersion as seen from the digital photographs 

indicates the successful phosphorus doping in PCN-S. Individual nanosheets can be 

detected by AFM, as presented in Figure 3.2b-c, where both CN-S and PCN-S have a 

similar thickness of ~11 nm. 

3.4.2 Characterization of PCN-S 

Figure 3.2 (a) Digital image of CN-S and PCN-S dispersions. (b), (c) AFM images of CN-
S and PCN-S, respectively. 
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The crystal structure of the as-synthesized PCN-B sample was characterized by 

XRD as shown in Figure 3.3. Two peaks locate at around 13° and 27° can be identified, 

which is consistent with previous reports.108 The peaks are attributed to (100) and (002) 

planes, respectively. A small shift to low-angle of peaks in PCN-B samples compared to 

CN-B samples indicates a larger interlayer distance due to the large size of phosphorus 

atoms. Overall, the patterns in PCN-B are similar to those in CN-B, indicating that the 

crystal structure of PCN-B is largely maintained after the phosphorus doping. Fourier 

transform infrared (FTIR) spectroscopy spectra of the undoped and doped CN-B are shown 

in Figure 3.4. Exemplary stretches of the C-N heterocycle and breathing modes of the 

heptazine units are observed in the 1200- 1600 cm-1 region and at 800 cm-1, respectively, 

for both CN-B and PCN-B. Such results suggest that the pristine conjugated backbone 

remains unchanged after doping, which is essential for carrier transport. The absence of the 

Figure 3.3 XRD patterns of synthesized CN-B and PCN-B powders. 
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vibrational modes of phosphorus-related bonds could be attributed to the low percentage 

of phosphorus content in the PCN-B. 

 

X-ray photoelectron spectroscopy (XPS) measurement was further utilized to 

investigate the element details, precise phosphorus content and its preferred doping sites in 

PCN-B in the synthesized powders as shown in Figure 3.5.  Only C and N elements were 

found in the CN-B samples and an extra P element was found in the PCN-B sample. The 

conjugated heterocycle backbone is again revealed by the high-resolution spectra of the C 

1s and N 1s regions as shown in Figure 3.5b-c. Noticeably, as displayed in Figure 3.5d, a 

P 2p peak is detected at a binding energy of 133.1 eV for PCN-B, which is consistent with 

P-N coordination. This indicates that P likely replaces the energy favorable C1 site, as 

denoted in the inset of Figure 3.5d, to form P-N bonds.108  Furthermore, the precise 

phosphorus content of around 0.3 wt% was also calculated in PCN-B. 

Figure 3.4 FTIR spectra of synthesized CN-B and PCN-B powders. 
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Figure 3.5 XPS spectra of CN-B and PCN-B powders.  High-resolution XPS spectra of (b) 
C 1s, (c) N 1s and (d) P 2p from CN-B and PCN-B powders, respectively. The inset in (d) 
shows the atomic configuration of phosphorus-doped g-C3N4 with two different types of 
carbon atoms, namely C1 and C2. 

Figure 3.6 (a) UV-vis absorption spectra of CN-B, CN-S, PCN-B and PCN-S. (b) Tauc 
Plots to deduce the band gaps of CN-S and PCN-S. 
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The band gaps of the CN-S, PCN-S, CN-B and PCN-B were obtained using UV-

Vis diffuse reflectance measurement as shown in Figure 3.6a. It is clear that the sheets 

have smaller absorption cut-off values compared to their bulk samples, indicating the 

successful exfoliations. After exfoliation, the band gaps of either CN-B or PCN-B are 

narrower than those of CN-S or PCN-S, respectively, which is consistent with previous 

studies.108, 112 A red-shifted absorption edge can be observed for PCN-S, suggesting a 

reduced band gap compared to the CN-S. Most importantly, in contrast to CN-S, the PCN-

S demonstrates a clear Urbach absorption tail between 450 nm and 800 nm. This is 

attributed to the midgap states stemming from the hybridization of C 2s2p, N 2s2p and P 

3s3p,108 illustrating the improved light absorption abilities and modified electronic 

properties. The values of band gaps are estimated from the Tauc plots in Figure 3.6b, using 

the Kubelka-Munk method.113 Upon doping, the 2.92 eV band gap of the CN-S is narrowed 

down to 2.82 eV for PCN-S. The PCN-S, in particular, is found to possess a 2.19 eV 

Figure 3.7 Mott-Schottky plots of (a-c) CN-S and (d-f) PCN-S to calculate the average CB. 
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transition energy from the valence band (VB) to midgap states, which is on par with 

previous reports.108, 111 These midgap states are of great significance acting as hopping 

centers to afford extra charge carrier transfer at the interface. 

The conduction band (CB) positions of CN-S and PCN-S were obtained by using 

the electrochemical Mott-Schottky plots. Three samples were measured for both CN-S and 

PCN-S. The results are shown from the capacitance (C)-potential relationship in Figure 

3.7. Here C-2 versus potential vs. Ag/AgCl at PH = 6.6 are plotted for better data analysis. 

The flat band potential can be first determined from the intercept on C-2-axis. Approximate 

values are collected for both CN-S and PCN-S as we can see. The average flat band 

potential values are -1.35 eV for CN-S and -1.09 eV for PCN-S vs. Ag/AgCl at pH = 6.6, 

which is -0.73 eV and -0.49 eV vs. Ag/AgCl at pH = 0. Thus, the CB of CN-S and PCN-S 

related to vacuum level can be calculated to be -3.77 eV and -4.02 eV using the reported 

relationship,113 respectively. 

3.4.3 Preparation of films with hybrids 

Various temperatures were tested to anneal the film after spin coating. The PCN-

S/MLHP hybrid was used for the test. After spin coating of the hybrid, the films were 

annealed at 70°, 85°, 100°, and 115°. The resulted films were characterized by XRD as 

shown Figure 3.8. We can find that the film annealed at 100° has the sharpest peaks from 

the XRD spectra. The crystallization of MLHP grains is not enough below 100° while the 

grains may start to decompose at 115°. Thus, PCN-S/MLHP hybrid films have achieved 

the highest crystallinity at an annealing temperature of 100 oC. Then, for comparison, all 

the studied spin-coated films were first annealed at 100 oC. 
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Figure 3.8 XRD spectra of PCN-S/MLHP films annealed at various temperatures. 

Figure 3.9 Digital photos of MLHP, CN-S/MLHP and PCN-S/MLHP films in annealing 
at different time. The black color in the PCN-S/MLHP film indicated the faster 
crystallization to the MLHP phase. 
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During the experiments, we also observed the crystallization of the films. The speed 

of the crystallization is reflected from the color change of the film. During the 

crystallization, the film becomes yellow first and then turns to be dark brown and slight 

black in a row. The black will fade away to white and develop into black again to be the 

final MLHP phase. We find that both CN-S and PCN-S can increase the crystallization 

speed of MLHP, but MLHP crystallizes faster with the presence of PCN-S as illustrated in 

Figure 3.9, in which PCN-S/MLHP turned into black MLHP phase first. Thus, the addition 

of PCN-S may facilitate the nucleation of MLHP on its surface. 

3.4.4 Characterizations of the hybrid films 

 

The corresponding XRD patterns of MLHP and the hybrid films are presented in 

Figure 3.10a. Two main peaks locating at around 14° and 28° are attributed to (110) and 

(220) planes, respectively. The unchanged patterns demonstrate that the addition of CN-S 

or PCN-S has no effect on the crystal structure of MLHP. In fact, the full width at half 

maximum (FWHM) of the (110) peak for the PCN-S/MLHP hybrid film is the smallest, 

Figure 3.10 (a) Powder XRD patterns of MLHP and hybrids. (b) ) UV-vis spectra of 
MLHP and hybrids. 
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suggesting that the crystallinity of the MLHP is improved. Figure 3.10b reveals the UV-

vis absorption spectra of the MLHP and the hybrid films. Previous results prove that PCN-

S has a higher absorption at around 500 nm due to the extra mid-gap states. As a result, 

PCN-S/MLHP hybrids have higher absorbance efficiency than CN-S/MLHP and MLHP at 

shorter wavelength regions (< 600 nm). 

 

The SEM images of MLHP and hybrid films in Figure 3.11a-c reveal that the 

irregular MLHP grains become connected, forming micro-cuboid crystals in the hybrid 

films. The trend is also demonstrated by the AFM images displayed in Figure 3.11d-f. As 

a result, these better-oriented grains further are good to improve the device performance.114, 

115 To further verify the successful mixture of PCN-S in perovskites, the energy dispersive 

X-ray spectroscopy (EDS) elemental mapping was carried on for PCN-S/MLHP films. The 

Figure 3.11 (a), (b), (c) SEM images of MLHP, CN-S/MLHP, and PCN-S/MLHP films 
respectively. (d), (e) (f) AFM images of MLHP, CN-S/MLHP, and PCN-S/MLHP films, 
respectively. 
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mapping of phosphorus, iodine and lead is shown in Figure 3.12. The uniform distribution 

of these elements validates the uniform blending of MLHP with PCN-S.  

 

3.4.5 Interactions between MLHP and PCN-S 

Using the obtained band gaps and the calculated CB edges, the band structures for 

CN-S and PCN-S were deduced as constructed in Figure 3.13a. The VB positions of CN-

S and PCN-S were found to be -6.69 and -6.84 eV, respectively, with additional midgap 

states in PCN-S located at -4.65 eV. Accordingly, given the well-known MLHP band edges 

at -3.75 eV (VB) and -5.35 eV (CB),116 it can be inferred that electrons would transfer from 

CB of MLHP to CB of CN-S and from CB of MLHP to CB and/or midgap states of PCN-

S. This speculation correlates well with the photoluminescence (PL) quenching of the CN-

S/MLHP and PCN-S/MLHP hybrids with respect to MLHP as shown in Figure 3.13b.  

Figure 3.12 EDS mapping of PCN-S/MLHP hybrid films showing lead, iodine and 
phosphorus elements. 
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This prominent electron transfer taking place in the MLHP hybrids is further 

confirmed by a clear reduction in the PL lifetimes of the two hybrids vs. MLHP as shown 

in Figure 3.13c. To obtain the emission lifetimes of the three studied systems, time-

resolved photoluminescence (TRPL) measurements were performed at an excitation 

wavelength of 405 nm. The curves were fitted by biexponential functions to get the 

lifetimes (τ1 and τ2) and corresponding relative ratio factors (A1 and A2). The fitting result 

is shown in Table 3-1, in which τav is the weighted average lifetime. The TRPL spectrum 

of the MLHP film shows considerably a long PL lifetime of ca. 26 ns, which has been 

substantially reduced to few nanoseconds (ca. 2-3 ns) upon the presence of the carbon-

based materials. This reduction in the PL lifetime of the perovskite film can be attributed 

to the charge transfer process from the MLHP to the CN-S/PCN-S materials.26, 117, 118 In 

principle, the shortened PL lifetimes in the two hybrids offer great potential for an 

improved photoresponse. However, the extra midgap states located within the band gap of 

Figure 3.13 (a) Energy band diagram of MLHP combined with CN-S and PCN-S. (b) PL 
spectra of MLHP, CN-S/MLHP and PCN-S/MLHP hybrids. (c) TRPL spectra of MLHP, 
CN-S/MLHP and PCN-S/MLHP hybrids. The TRPL intensities are fitted with a bi-
exponential decay function over the range of ca. 0 to 200 ns. 
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PCN-S/MLHP, are expected to support more effortless electron transport than in CN-

S/MLHP. This will lead to an efficient exciton dissociation at the interface of PCN-S and 

MLHP, suggesting a further enhancement in the photodetection behavior of PCN-S/MLHP 

compared to that of CN-S/MLHP. The enhancement in the photodetection behavior of 

PCN-S/MLHP is also supported by the enhanced absorption ability of the PCN-S/MLHP 

hybrid (higher than that of CN-S/MLHP). Hence, based on all the aforementioned, we 

believe that the cuboid-connected PCN-S/MLHP hybrid film would allow for high-

performance photodetectors.119, 120 

3.4.6 Photodetector performance 

 

Table 3-1 Fitting parameters of time-resolved photoluminescence spectra of MLHP, CN-
S/MLHP and PCN-S/MLHP hybrids. The fitting window is ca. 0 to 200 ns. 

Sample τ1 A1 τ2 A2 τav 

MLHP 11.74 ± 0.12 ns 50.34% 40.39 ± 0.34 ns 49.66% 25.97 ns 

CN-S/MLHP 1.99 ± 0.01 ns 92.72% 22.38 ± 0.35 ns 7.28% 3.47 ns 

PCN-S/MLHP 1.70 ± 0.01 ns 95.33% 25.28 ± 0.31 ns 4.67% 2.80 ns 

Figure 3.14 (a) Schematic representation of the two-terminal, parallel-type PCN-S/MLHP 
hybrid thin-film photodetector device under visible light illumination. The drawn PCN-S 
layer schematic is a simplified representation of the bulk heterojunction. The octahedral 
stacks represent an MLHP film. (b) The zoomed-in area of the device (dashed red frame in 
(a)) shows the charge transfer between PCN-S and MLHP in the bulk heterojunctions. 
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Accordingly, we examined the photodetection performance of MLHP-only as well 

as its hybrid thin films. The corresponding hybrids were then spin-coated onto glass 

substrates with pre-patterned gold electrodes to fabricate photodetectors as shown in 

Figure 3.14a. The length and width of the active area in the photodetector are 40 and 600 

μm, respectively. The charge transfer depicted in Figure 3.14b is beneficial for high 

photodetector performance. 

 

Accordingly, we examined the photodetection performance of MLHP-only as well 

as its hybrid thin films. The corresponding current-voltage (I-V) curves of devices 

measured in the dark and under white-light illumination with various power intensities 

from 0.5 µW cm-2 to 1 mW cm-2 are shown in Figure 3.15. Their performance, including 

dark current (𝐼𝐼𝑑𝑑𝐷𝐷𝐷𝐷𝑑𝑑), current under light illumination (𝐼𝐼𝑙𝑙𝑏𝑏𝑔𝑔ℎ𝑡𝑡), on/off ratio, responsivity (R) 

and specific detectivity (D*) is extracted at 5 V under a light intensity of 1 mW cm-2 as 

shown in Figure 3.16. R and D* are calculated from 

𝑅𝑅 = (𝐼𝐼𝑙𝑙𝑏𝑏𝑔𝑔ℎ𝑡𝑡 −
𝐼𝐼𝑑𝑑𝐷𝐷𝐷𝐷𝑑𝑑)

𝑃𝑃𝑏𝑏𝑖𝑖 
 

Figure 3.15 Semi-log scale I–V characteristics of (a) MLHP-only, (b) PCN-S/MLHP 
hybrid, and (c) CN-S/MLHP photodetectors measured in dark and under various white 
light intensities from 0.5 µW cm-2 to 1 mW cm-2 with a bias voltage from -5 V to 5 V. 

Equation 3.1 
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and  

𝐷𝐷∗ = 𝑅𝑅/�2𝑞𝑞𝐼𝐼𝑑𝑑𝐷𝐷𝐷𝐷𝑑𝑑/𝑞𝑞,  

where  𝑃𝑃𝑏𝑏𝑖𝑖 is the incident light power, q is the electron charge and A is the effective area of 

the photodetector.26 Current noise was measured as shown in Figure 3.17 to support the 

utilization of dark current in the calculation of D* due to the domination of shot noise.26 

Compared to their counterpart MLHP single-layer devices, the photocurrent of the PCN-

S/MLHP devices is enhanced several times owing to the midgap states present in the PCN-

S, which help in improving the interfacial CT between MLHP and PCN-S. Most 

importantly, the dark current of the CN-S/MLHP hybrid devices is reduced to 10-10 

compared to 10-9 A for MLHP-only devices, and it continues to be suppressed down to 10-

11 A in PCN-S/MLHP devices. This could originate from a higher carrier transport barrier 

at the interface in the dark. Consequently, the on/off ratio of PCN-S/MLHP has reached 

the highest value of 105, which is considered as a significant increase compared to MLHP-

only devices (around 103). 

Equation 3.2 
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On the ground of increased photocurrent and suppressed dark current, R and D* at 

5 V under 1 mW cm-2 of PCN-S/MLHP hybrid devices are improved to 1.7 A W-1 and 1.1 

×  1013 Jones, respectively, as shown in Figure 3.16. The two orders of magnitude 

increased D* compared to that of MLHP-only devices makes it promising to detect light 

with ultralow intensity. Further analysis of light intensity-dependent R and D* variation 

for a PCN-S/MLHP device measured under a voltage of 5 V is presented in Figure 3.18. 

Figure 3.16 Comparison of photocurrent, on/off ratio, responsivity and photodetectivity of 
devices based on MLHP-only, CN-S/MLHP and PCN-S/MLHP hybrids under a white light 
intensity of 1 mW cm-2 and a bias of 5 V. 

Figure 3.17 Noise current measurement of PCN-S/MLHP based photodetectors. 
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The photocurrent increased with increasing the light intensity, while the responsivity has 

decreased, which is consistent with previous reports.26, 107 At a light intensity of 0.5 µW 

cm-2, the PCN-S/MLHP device exhibits a responsivity of 14 A W-1, which then decreases 

to 0.86 A W-1 at a light intensity of 5 mW cm-2.  

 

The photoresponse of PCN-S/MLHP hybrid is demonstrated by wavelength-

dependent photocurrent measurements as shown in Figure 3.19a. The corresponding R and 

D* are presented in Figure 3.19b. Linear I-V curves of the PCN-S/MLHP devices exhibit 

Ohmic-like contacts formed between the electrodes and PCN-S/MLHP hybrids, which is 

different from the non-linear I-V curves obtained for MLHP-only devices as shown in 

Figure 3.19c. Owing to the small band gap of MLHP, photodetectors made of MLHP and 

PCN-S/MLHP hybrid exhibit considerably higher R and D* compared with other reports 

on other photodetectors measured in the full visible range under a light intensity of 2 mW 

cm-2.  But the striking feature of these devices is that R is nearly doubled, while D* is 

Figure 3.18 White light intensity-dependent photocurrent (left) and photoresponsivity 
(right) of a PCN-S/MLHP hybrid photodetector under a bias of 5 V. 
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improved by one order of magnitude; this is mostly due to the suppressed dark current and 

the increased photocurrent aforementioned by adding PCN-S to the MLHP. For instance, 

at a wavelength of 530 nm, R and D* are increased from 1.4 A W-1 and 0.8 × 1012 Jones 

for MLHP to 2.4 A W-1 and 7.4 × 1012 Jones for PCN-S/MLHP, respectively. 

 

 

Figure 3.19 (a) Wavelength-dependent I-V curves of PCN-S/MLHP hybrid photodetectors 
measured under an intensity of 1 mW cm-2. (b) Calculated responsivity and detectivity 
under a bias of 5 V as a function of wavelength. (c) (d) Wavelength-dependent I-V curves 
of MLHP and CN-S/MLHP based photodetectors under an intensity of 2 mW/cm2 at a bias 
of 5 V, respectively. 
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Reliable and rapid response to light is one of the critical parameters for the 

performance of photodetectors, which we investigated with pulsed white light illumination. 

The temporal photoresponse of the PCN-S/MLHP hybrid device is shown in Figure 3.20a, 

which demonstrates reliable photoswitching characteristics under variable light intensities. 

The hybrid PCN-S/MLHP films promptly respond to white light at the millisecond level 

as shown in Figure 3.20b, resulting in rise and decay times of 6.1 ms and 2.2 ms, 

respectively. This performance is much faster than the response of MLHP-only devices 

with a rise and decay times of 29.6 ms and 12.3 ms as shown in Figure 3.20c-d, 

respectively, confirming the fast charge-carrier ejection and separation at the interface 

between PCN-S and MLHP. A comprehensive comparison of the performance of several 

Figure 3.20 Time response. (a) Photoswitching characteristics of PCN-S/MLHP hybrid 
photodetectors under a bias of 5 V with different intensities of white light under alternating 
on/off cycles. (b) Time response to give a rise time of 6.1 ms and a decay time of 2.2 ms. 
(c) (d) Photoswitching behavior and rise/decay times for MLHP photodetectors, 
respectively. 
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planar MLHP-only and other materials based photodetectors is shown in Table 3-2. 

Apparently, our devices exhibit a high on/off ratio, photodetectivity, and adequate 

responsivity as well as a rapid response time, which lead to net performance advancements 

in MLHP based photodetectors. 

Material Responsivity 
(A/W) 

Detectivity 
(Jones) On/off Response time Ref. 

MAPbI3 0.03 10
10

 ~10 20.5 ms/ 13.8 ms 121 

MAPbI3 13.6 5.3×10
12

 <10
3
 80 µs/ 120 µs 122 

WS2/MAPbI3 17 2×10
12

 10
4
 2.7 ms/ 7.5 ms 26 

FAPbI3 27.6 - - 12.4 ms/ 17.6 ms 123 

MAPbI3/Polymer 100 1.5×10
10

 10
3
 - 76 

MAPbI3 7 - 20 <0.1 s/ <0.1 s 58 

MoS2/MAPbI3 3039 1×10
11

 300 0.45 s/ 0.75 s 124 

MAPbI3-xClx 0.2 - 1550 - 125 

MAPbI3 20.7 6.5×10
13

 >10
4
 17 µs/ 18 µs 126 

MAPbI3-xBrx 0.055 - ~100 20 µs/ 20 µs 127 

MAPbI3 4.95 2×10
13

 10
3
 0.1 ms/ 0.1 ms 128 

MAPbI3-xClx 14.5 - 2235 0.2 µs/ 0.7 µs 129 

PCN-S/MAPbI3Cl3-x 14 1013 104-105 6.1 ms/ 2.2 ms this 
work 

3.4.7 Mechanism of improved performance 

Our results indicate that the improved performance of the PCN-S/MLHP hybrid 

photodetectors is linked to the addition of PCN-S to perovskites.  To further investigate the 

influence of PCN-S on both dark and photocurrent, the band alignment of the MLHP and 

PCN-S heterojunction is plotted for both dark and illuminated situations in Figure 3.21a-

Table 3-2 Performance comparison of previous reports with this work. 
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b, respectively. The band bending directions are determined by the relative Fermi level 

positions of the two materials. For our perovskites, theoretical calculations and experiments 

show that MLHP is more n-type with a work function of around 4.0 eV.130 CN-S is reported 

to be an approximately intrinsic semiconductor, and the Fermi level is further increased in 

PCN-S due to the phosphorus doping.111, 131 Photoelectron spectroscopy in air (PESA) and 

XPS valance band spectra in Figure 3.22 verify the increased Fermi level (-4.55 eV). From 

the measured band structure in Figure 3.13a, it is evident that there is a great barrier for 

electron transport from MLHP to PCN-S in the dark, which results in a lower dark current. 

However, under illumination, free electrons and holes are simultaneously generated inside 

the MLHP (due to the low exciton binding energies) to reduce the built-in field, and thus 

the electrons can transfer to PCN-S due to large kinetic energy and density. Consequently, 

the Fermi level of PCN-S is raised, which minimizes the barrier between the conduction 

band edges of MLHP and PCN-S. In principle, the barrier could eventually disappear and 

the midgap states in PCN-S can further facilitate the carrier transfer, which enhances the 

photocurrent. On the other hand, the high CB, low Fermi level and absence of midgap 

states in CN-S restrict the efficient carrier transfer between CN-S and MLHP, resulting in 

lower photocurrent. 
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3.4.8 Improved stability 

The stability of metal-halide perovskite photodetectors is a critical issue that must 

be improved for these materials to realize their full potential. A stability comparison 

between MLHP and PCN-S/MLHP photodetectors are shown in Figure 3.23a-b, where the 

photocurrent is recorded for a few days, with the samples stored in a petri dish under 

ambient conditions. It is clear from these data that PCN-S/MLHP hybrid photodetectors 

Figure 3.21 Band diagram showing the interface between MLHP and PCN-S (a) in dark 
and (b) illuminated conditions. The width of the grey or brown arrows indicates the current 
magnitude and the green line on PCN-S side denotes the position of the midgap states. 

Figure 3.22 (a) PESA measurements and (b) XPS valance band spectra of CN-S and PCN-
S. 
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have better stability compared to MLHP-only devices. After two days, the photocurrent is 

slightly reduced from 757 nA to 725 nA, corresponding to a 4.2% drop.  In comparison, 

for the MLHP-only photodetector, the photocurrent decreased from 531 nA to 253 nA, 

corresponding to 52.3% drop. After seven days, the PCN-S/MLHP hybrid photodetector 

maintained a relatively high photocurrent of 497 nA, while the MLHP-only device showed 

almost no photoresponse. This increased stability is evident from the digital image (insets 

of Figure 3.23). Besides, the PCN-S/MLHP hybrid photodetectors exhibit higher stability 

compared to most solution-processed MLHP photodetectors, whose photocurrents 

degraded more than 50% in the time frame of 10 minutes to few days.132-135 

 

It is generally believed that the poor stability of metal-halide perovskites stems 

from reactions with water that start at the amorphous grain edges.134, 136 Thus, a reasonable 

approach to improve their stability involves modifying the surface wetting behavior 

(making it more hydrophobic to minimize water absorption on the surface of the MLHP 

Figure 3.23 (a) Photocurrent under a white light intensity of 0.5 mW cm-1 and (b) 
normalized photocurrent values of MLHP and PCN-S/MLHP hybrid photodetectors 
recorded as a function of the number of elapsed days. Insets in (a) and (b) shows, digital 
images of MLHP and PCN-S/MLHP films, respectively, deposited on glass substrates after 
one day. 
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films). Interestingly, the introduction of PCN-S into MLHP seems to achieve this desired 

result. Contact angle measurements performed on MLHP-only and PCN-S/MLHP hybrid 

films are shown in Figure 3.24a-b, respectively. The measured contact angle of water on 

MLHP-only films is 22.1o, indicating a very hydrophilic surface. However, this angle 

becomes significantly smaller due to reaction with water, finally reaching a value of 10.4o 

after 90 s.136, 137 In sharp contrast, the PCN-S/MLHP hybrid film has exhibited an initial 

contact angle of 45.6o, which is significantly larger than that of MLHP, suggesting that the 

hybrid films are more hydrophobic. Moreover, the contact angle decays much slower 

compared with MLHP-only films, reaching half of its initial value after 240 s. Therefore, 

the addition of PCN-S minimizes the moisture diffusion into MLHP grains by modifying 

the surface wetting behavior and significantly increases the stability of the devices in 

ambient conditions. 

 

In summary, high-performance and air-stable planar photodetectors based on 2D 

phosphorous-doped g-C3N4 nanosheets (PCN-S) and methylammonium lead tri-halide 

perovskite (MLHP) bulk heterojunctions have been fabricated using a simple and low-

Figure 3.24 The measured contact angle of water on (a) MLHP and (b) PCN-S/MLHP 
hybrid films as a function of time in seconds. 

3.5 Conclusion 
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temperature solution processing approach. The hybrid photodetectors demonstrate a high 

on/off ratio of 105, photodetectivity of 1013 Jones and responsivity of 14 A W-1 with reliable 

and fast photoswitching characteristics. This performance can be ascribed to the 

suppression of the dark current of MLHP in the presence of PCN-S, and the efficient charge 

transfer processes at the interfaces between PCN-S and MLHP. Furthermore, the PCN-

S/MLHP hybrid photodetectors exhibit increased moisture resistance thanks to their 

improved surface hydrophobicity. Our results show a new approach to fabricate air-stable 

efficient perovskite photodetectors by creating bulk heterojunctions with 2D materials. The 

low-cost fabrication process and high detector performance open a novel window for 

practical devices.  
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Chapter 4 Plasmonic MAPbI3/Nb2CTx Heterostructures for Visible-

Near Infrared Photodiodes 

The previous results show that we can prepare perovskite photodetectors with 

improved and more stable performance using appropriate heterostructures. However, the 

detection band is still limited to the visible range. It is desirable to broaden the operation 

band. Our method is to introduce the surface plasmonic absorption of some MXenes in IR 

region into the perovskite detector. We fabricate vertical photodiodes with 

methylammonium lead tri-halide perovskite/MXene (MAPbI3/Nb2CTx) heterostructures to 

detect visible-NIR lights. The device structure is Au/MAPbI3/Nb2CTx/Au. The MXene 

used is Nb2CTx because its plasmonic absorption peak is in the NIR region. The MAPbI3 

layer acts as not only a barrier layer with a matched band diagram but also a light-absorbing 

layer in the visible range to broaden the detection range of the photodiode. Therefore, on 

the one hand, the heterostructure exhibits self-powered performance under white light 

illumination with a responsivity of 0.25 A/W. On the other hand, the plasmon-induced hot 

carriers in Nb2CTx can transfer into perovskite layers, leading to photocurrents under NIR 

illumination even without external bias. With the perovskite layer, the dark current is 

significantly suppressed from 10-4 A in a control planar Nb2CTx-only device to 10-11 A, 

raising a much enlarged on/off ratio (< 2 to ∼103). Most importantly, the response time 

decreases tremendously (20 s to < 30 ms) with the MAPbI3 layer. The MAPbI3/Nb2CTx 

interface plays a crucial role in the charge transfer. The bonding between the surface groups 

in Nb2CTx and undercoordinated Pb2+ ions in MAPbI3 surface leads to the passivation of 

4.1 Summary 
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their interface, reaching a reduced trap density to benefit efficient and speeded charge 

transfer.  

MXenes, as a growing family of transition-metal two-dimensional (2D) materials, 

have attracted increasing research interest because of their wet processability and appealing 

physicochemical properties. In general, MXenes have the formula of Mn+1XnTx, where M 

is an early transition metal, A is C, N, or both, and T represents the surface groups (-OH, -

O, -F).138, 139 In recent years, MXenes have been widely applied in supercapacitors,140, 141 

batteries,142, 143 electromagnetic interference shielding,144 and 

electronics/optoelectronics.145, 146 Among them, the application of MXenes in 

optoelectronics stands out promisingly and has been verified by many pioneering works.145, 

147-150 Taking advantage of the excellent conductivity and matched work functions, our 

colleagues used Ti3C2Tx as electrodes for thin-film transistors.146 Later, flexible transparent 

electrodes/buffer layers were achieved in solar cells, light-emitting diodes, photodetectors, 

and phototransistors.148-150 By then, the applications of MXenes are mainly limited in 

electrodes and buffer layers. With the exploration of plasmonic effects,151, 152 the strong 

light-matter interactions in MXenes under specific frequencies make it possible for 

MXenes to function as light-absorbing materials in photodetectors. Such observations 

extensively initiate new roles of MXenes in optoelectronic devices. 

MXenes have presented broad plasmonic absorption features from visible to near-

infrared (NIR) regions based on their carrier concentrations (1022 – 1019 cm-3).151 However, 

their photodetectors have been achieved only in the visible region, such as Mo2CTx.145 

4.1  Introduction and background 
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Thus, more efforts should be exerted in longer wavelengths like the NIR. Besides, for 

planar photodetectors, the dark current is usually high due to the relatively low resistivity 

in MXenes, markedly restricting the on/off ratio and photodetectivity. Therefore, new 

device configurations are demanded to suppress the dark current. A strategy is to fabricate 

a vertical device and introduce a barrier layer with a matched band diagram.153, 154 The 

barrier can be either an insulating layer or a Schottky heterojunction to select hot carriers 

induced by plasmons under illumination and block off carriers in the dark. With this 

scheme, successful short-wavelength IR photodetectors based on silicon/aluminum 

Schottky junctions have been achieved with noticeable performance.155, 156 Therefore, 

establishing a barrier for Nb2CTx is likely to reduce the photocurrent and improve the 

performance. 

4.2.1 Material preparation 

Synthesis of Nb2CTx: 1 g Nb2AlC powders were added into 20 ml HF aqueous 

solution (49 wt. %, Sigma-Aldrich) at 55 °C for 48 h with stirring. The resulting suspension 

was washed by deionized water through several rounds of centrifugation and decantation 

until a pH of 6-7 was reached. Following the centrifugation/decantation process, the solid 

sediments were re-dispersed into 20 ml of tetramethylammonium hydroxide (TMAOH, 

Sigma-Aldrich) aqueous solution (10 wt. %) and left under stirring for 24 h at room 

temperature for delamination. Afterward, the mixtures underwent another four rounds of 

centrifugation/decantation. The final sediments were re-dispersed in deionized water and 

4.2 Experimental section 
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centrifuged at 6000 rpm for 5 min. The supernatant solutions were collected and used for 

the thin film preparation. 

Preparation of Nb2CTx thin films: The spray-coating method was used for the 

preparation of Nb2CTx films. Glass and sapphire substrates were first washed by detergents, 

deionized water, acetone, and isopropanol for 15 min sequentially. Before coating, the 

substrates were treated by UV-O3 for 15 min. Nb2CTx dispersion with a concentration of 

1.5 mg/ml was loaded into the spray gun for the coating. The thickness of the film was 

controlled by the spray time. The film was dried in a high vacuum overnight and annealed 

at 100 °C for 5 min before use. 

Preparation of MAPbI3 solution: 0.553 g PbI2 (Sigma-Aldrich) and 0.191 g 

CH3NH3I (Greatcell Energy) were added into N, N-Dimethylformamide/Dimethyl 

sulfoxide (DMF:DMSO = 4: 1, v:v) mixed solvents. The mixture was stirred and heated at 

60 °C for 5 hours. After that, the solution was filtered by 0.22 µm syringe PTFE filters. 

Preparation of TiO2 sol: 370 µL titanium isopropoxide (Sigma-Aldrich) was added 

into 5 ml anhydrous ethanol. Then 37 µL HCl aqueous solution was dropped into the 

mixture. The final mixture was stirred at room temperature for 2 h and aged for 24 h. 

4.2.2 Device fabrication 

Photodetector fabrication: MAPbI3 solution was first spin-coated onto Nb2CTx 

films. At the last 10 s of the spin-coating, 500 µL anti-solvent (chlorobenzene) was dropped 

onto the substrates. The films (around 800 nm) were annealed at 100 °C for 10 min. Then 

gold electrodes (60 nm) were deposited with a shadow mask using an e-beam evaporator. 
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For passivated devices, they were annealed at 100 °C again and aged for at least 24 h in 

the glove box before measurements. For as-prepared samples, this step was omitted. For 

planar Nb2CTx photodetectors, gold electrodes were deposited on Nb2CTx films using an 

e-beam evaporator with a mask. The device was annealed at 100 °C if needed for 

comparison. 

SCLC device fabrication: For Nb2CTx samples, a phenyl-C61-butyric acid methyl 

ester (PCBM) layer was spin-coated onto MAPbI3 and followed by the electrode deposition 

and other steps. For TiO2 samples, TiO2 sol was first spin-coated onto ITO substrates and 

annealed at 500 °C for 30 min in air. Other steps were the same as Nb2CTx samples. 

4.2.3 Characterization 

Material Characterization: Surfaces of MAPbI3 film and Nb2CTx films/sheets 

were recorded by AFM (Bruker Dimension ICON). The thickness of Nb2CTx films was 

measured by AFM after scratching the surface. The thickness of the MAPbI3 was measured 

by a profilometer (Veeco Dektak 150). The surface morphology of MAPbI3 film was also 

observed by SEM (Quattro ESEM, Thermo Fisher Scientific). XRD patterns were obtained 

by a powder X-ray diffractometer (Bruker D8 Advance, Cu Kα radiation). UV-vis-NIR 

transmittance spectra of Nb2CTx films on sapphire substrates were collected using Perkin 

Elmer Lambda 950. The UPS and XPS spectra of Nb2CTx were obtained using Kratos 

AXIS Ultra DLD. PL spectra and Raman shift were recorded by Witec Alpha300 with the 

excitation wavelength of 532 nm. The sheet resistances of Nb2CTx films were measured by 

a 4-point probe setup (CMT-SR2000N, Advanced Instrument Technology). Spectroscopic 
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ellipsometry measurements were carried on an ellipsometer with the DeltaPsi2 software 

(UVISEL, Horiba Jobin Yvon). 

Device measurement: All the measurements were carried in ambient conditions. I-

V and I-t (time) curves were measured using a Keithley 4200 semiconductor 

characterization system connected with a Lakeshore probe station. A white LED was used 

as the white light source, and a 1064-nm laser (LD-WL206, Changchun New Industries 

Optoelectronics Tech. Co.) was used as the NIR source. The light intensity was measured 

by a power meter (PM200, Thorlabs) with detectors (S122C and S120VC, Thorlabs). The 

frequency/voltage-dependent capacitance and conductance were obtained using an LCR 

meter (E4980A, Agilent). A direct voltage of 0.5 V coupled with a 50 mV AC signal was 

applied to get the capacitance-frequency curves. 

4.3.1 Characterization of Nb2CTx layers 

Nb2CTx is a 2-1 type MXene, which means the stoichiometric numbers of Nb and 

C are 2 and 1, respectively. The lattice structure of  Nb2CTx is shown in Figure 4.1. It has 

a close-packed crystal structure, in which Nb atoms follow a hexagonal close-packed stack 

with an ABABAB ordering and C atoms fill parts of the octahedral interstitial sites. The 

existence of surface groups (T) makes it convenient to delaminate single layers with the 

help of intercalating agents from bulk materials. In our case, bulk Nb2CTx is first 

synthesized by etching Nb2AlC using HF acid, and then we choose TMAOH as the 

intercalating agent to prepare monolayer Nb2CTx sheets.  

4.3 Result and discussions 
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Single Nb2CTx sheets observed by AFM are shown in Figure 4.2. The lateral size 

of the sheets can reach 4 μm and the thickness of a single layer is 2.1 nm. In the observed 

window, almost all sheets are single-layered, indicated the successful delamination process. 

Figure 4.3 show the Raman and XPS spectra of Nb2CTx sheets. In the Raman spectra, the 

a

b
(a)

(b)

c

b

a

c
(c)

Nb C Tx

Figure 4.1 Lattice structure of Nb2CTx from different angles. The surface group T can be 
–O, -OH, and –F. 

Figure 4.2 AFM images of single-layer Nb2CTx sheets in (a) large and (b) small scales. 
The inset in (b) indicates the thickness of a sinlge-layer Nb2CTx is 2.1 nm.  
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Eg peak at around 120 cm-1 and A1g peak at around 264 cm-1 related to Nb-C bonds can be 

observed, which is in accordance with previous reports.157, 158 From the XPS spectra, 

elements including Nb, C, O, F, N can be discovered, which match the composition of 

Nb2CTx. We can also notice that the peak of N is pretty small, suggesting the tiny amount 

of N element and the intercalants (TMAOH) were washed away sufficiently.  

 

 The crystal structure of the sheets were characterized by XRD as shown in Figure 

4.4. Series peaks from (002) to (0010) can be found, suggesting the pure phase of Nb2CTx 

and the stacked sheets in the film. From the sharp (002) peak at 7.35°, the c lattice constant 

value is calculated to be 2.4 nm, which is similar to the thickness from AFM.   

Figure 4.3 Raman spectrum of Nb2CTx sheets. (d) Wide-scan XPS spectrum of Nb2CTx 
sheets. 
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4.3.2 Preparation of Nb2CTx films 

 

Nb2CTx films on glass substrates or sapphire substrates were prepared by spray-

coating.  The thickness of the film is controlled by the concentration and coating time.  

Figure 4.5a shows the digital photo of prepared Nb2CTx films on glass substrates with 

different thicknesses. The thicknesses of these films were measured by AFM after 

Figure 4.4 XRD pattern of Nb2CTx. The inset is the enlarge (002) peak locating at 7.35°.  

Figure 4.5 Spray-coated Nb2CTx films. (a) Digital photo of Nb2CTx films with different 
thicknesses. From left-top to bottom-right, the thicknesses are 8 nm, 12 nm, 18 nm, 22 nm, 
37 nm, and 61 nm, respectively. (b) AFM height image of a Nb2CTx film surface. 
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scratching the surface. A metal-like grey luster can be observed in the thickest film. Figure 

4.5b is the AFM height image of a Nb2CTx film. The root-mean-square (RMS) roughness 

is less than 1 nm in a 5 × 5 µm area, indicating a uniform and smooth Nb2CTx surface. 

4.3.3 Properties of Nb2CTx films 

 

Figure 4.6a shows their transmittance spectra from visible to NIR region. The 

transmittance at 550 nm is 81.5% for the thickness of 8 nm and continuously reduces to 

25.4% for the thickness of 61 nm. The plots of the absorbance at 550 nm representing the 

visible and 1064 nm representing the NIR versus thickness shown in Figure 4.6b reveal 

approximately linear correlations as expected from the Beer-Lambert law.152 In addition, a 

broad absorption peak centered at 1100 nm can be identified. Such a peak at around 750 

nm is usually observed in Ti3C2Tx and attributed to the plasmonic absorption.151, 152, 159 It 

is reported that this plasmonic peak is strongly related to the carrier concentration and a 

lower carrier concentration results in a larger peak wavelength. The average carrier 

concentration in Nb2CTx is 3 ×1020 cm-3 measured by Hall effects, which is much less than 

Figure 4.6 Optical properties of Nb2CTx. (a) Transmittance spectra of Nb2CTx films with 
different thicknesses. (b) Approximate linear correlation between absorbance at 550/1064 
nm and thickness of Nb2CTx films. 
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Ti3C2Tx (at the level of 1022 cm-3).151, 152 Therefore, the hypothesis that the plasmonic effect 

exists in Nb2CTx can be proposed and the corresponding absorption peak is red-shifted 

compared to Ti3C2Tx due to the lower carrier concentration. 

 

The work function of Nb2CTx is measured by ultraviolet photoelectron 

spectroscopy (UPS) as shown in Figure 4.7a. The high-energy cut-off is 17 eV, giving the 

work function of Nb2CTx to be 4.2 eV. The thickness-dependent sheet resistance and 

transmittance at 550/1064 nm are shown in Figure 4.7b. For a 61-nm-thick Nb2CTx film, 

the sheet resistance is around 21 kΩ/sq with a transmittance of 25.4% at 550 nm.  When 

the thickness reduces to 8 nm, the sheet resistance dramatically increases to 1300 kΩ/sq 

Figure 4.7 Electrical properties of Nb2CTx films. (a) UPS measurement to show the work 
function of Nb2CTx. (b) Transmittance at 550/1064 nm and sheet resistances of Nb2CTx 
films with various thicknesses. (c) Temperature-dependent resistivity of a Nb2CTx film. (d) 
Fitting of lnρ versus 1/T1/4. 
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but with high transmittance. Therefore, a compromise between transmittance and sheet 

resistance appears for optoelectronic devices. The thickness we used for constructing the 

MAPbI3/Nb2CTx heterostructure is near 20 nm in this regard. Compared to Ti3C2Tx, the 

sheet resistance of Nb2CTx is 102-104 times higher at the same transmittance. The low 

conductivity of Nb2CTx makes the dark current low naturally for optoelectronic devices. 

The temperature-dependent resistivity in  Figure 4.7c reveals that the resistivity 

dramatically increases from 300 K to 100 K. The fitting plot in Figure 4.7d shows that the 

carrier transportation behavior in Nb2CTx films likely follows a 3D variable range hopping 

model,152 unlike typical metals or highly-doped semiconductors with plasmonic effects. 
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Spectroscopy ellipsometry measurements were conducted to acquire the optical 

constants of Nb2CTx to check the plasmonic effects. Nb2CTx films on n-type silicon wafers 

were used for the ellipsometry measurements. For that, a structure of Nb2CTx/SiOx/Si was 

used for the fitting. The theoretical model, utilized to fit the parameter of Delta (Δ) and Psi 

(Ψ), involves a Drude oscillator and a single Lorentz oscillator, which can be expressed as: 

𝜀𝜀(𝜔𝜔) = 𝜀𝜀∞ + 𝜔𝜔𝑝𝑝
2

−𝜔𝜔2+𝑏𝑏∙Γ𝑑𝑑∙𝜔𝜔
+ (𝜀𝜀𝑠𝑠−𝜀𝜀∞)∙𝜔𝜔𝑡𝑡

2

𝜔𝜔𝑡𝑡
2−𝜔𝜔2+𝑏𝑏∙Γ0∙𝜔𝜔

                                                                             

Figure 4.8 Spectroscopy ellipsometry measurements. (a) Delta (Δ), (b) Psi (Ψ) obtained 
from ellipsometry, and (c) Screenshot of the fitting results using the DeltaPsi2 software. 

Equation 4.1 
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where, 𝜔𝜔 is the frequency, 𝜀𝜀𝑠𝑠  is the static dielectric constant, 𝜀𝜀∞  is the high-frequency 

dielectric constant, 𝜔𝜔𝑝𝑝  is the plasma frequency, Γ𝑑𝑑  is the collision frequency, 𝜔𝜔𝑡𝑡  is the 

resonant frequency of the single Lorentz oscillator, Γ0  is the broadening of the single 

Lorentz oscillator, and i is the imaginary unit. The fitting results are shown in Table 4-1. 

The value of χ2, which describe the fitting results (the low the better), is only 1.98, 

indicating a good fitting. Also, the fitting-estimated thickness of Nb2CTx film correlates 

well with the thickness obtained by AFM (around 90 nm). 

𝝌𝝌𝟐𝟐 Thickness of SiOx Thickness of Nb2CTx 𝜺𝜺∞ 𝜺𝜺𝒔𝒔 𝝎𝝎𝒑𝒑 𝝎𝝎𝒕𝒕 𝜞𝜞𝒅𝒅 𝜞𝜞𝟎𝟎 

1.98 0.1 nm 85.7± 11.7 nm -0.46 5.44 6.55 52.85 -1.52 -349.4 

Figure 4.9a presents the optical constants n (refractive index) and k (extinction 

coefficient) of Nb2CTx films from analysis of spectroscopy ellipsometry data in the range 

of 400- 1800 nm. A Drude and a single Lorentz oscillator are employed for the data 

interpretation as mentioned above. Increased k values in longer wavelengths can be 

observed, indicating the absorption in the NIR region. The permittivity (ɛ= ɛ1+ iɛ2, where 

ɛ1 is the real part and ɛ2 is the imaginary part) is shown in Figure 4.9b. Clearly, ɛ1 becomes 

negative from 520 nm to 1590 nm, validating the plasmonic effects in this range and 

matching the absorption peak in Figure 2b. Being in the same MXene family, Ti3C2Tx and 

Mo2CTx have been verified to be plasmonic materials.145, 152 Therefore, plasmons exist in 

Nb2CTx and can be utilized for photodetection in the NIR region. 

Table 4-1 Fitting results of the spectroscopy ellipsometry data 
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4.3.4 Chracterization of MAPbI3/Nb2CTx heterostructures 

Figure 4.10a presents the XRD patterns of MAPbI3 and MAPbI3/Nb2CTx 

heterostructures. After the deposition of MAPbI3, the (002) peak for Nb2CTx is slightly 

shifted to high angles, indicating a deceased c-lattice parameter and a denser film. Even 

weaker peaks of (006) at 21.6° and (008) at 29.1° of Nb2CTx can be observed in the 

heterostructure. Overall, the patterns for MAPbI3/Nb2CTx are combinations of MAPbI3 and 

Nb2CTx without new peaks and no apparent damage happens for the Nb2CTx layer. Figure 

4.10b-c show the SEM and AFM images of MAPbI3 films on Nb2CTx films. Clear MAPbI3 

rains can be observed in the SEM image. The average grain size is around 0.4 µm, and the 

RMS of the MAPbI3 film roughness is 12 nm, which is much less than the film thickness 

of 800 nm. Such a smooth, dense, and pinhole-free film is suitable for low leakage current 

devices. Since work function of Nb2CTx is 4.2 eV measured by UPS above, the band 

diagram can be derived as shown in Figure 4.11a. In such a band structure, electrons in 

MAPbI3 can transfer to Nb2CTx, which is proved by the quenched PL intensities in Figure 

4.11b. In return, the higher conduction band (CB: 3.9 eV) of MAPbI3 (band gap: 1.5 eV) 

Figure 4.9 (a) Optical constants (n, k) and (b) complex permittivity (ε1, ε2) of a Nb2CTx 
film. 



108 

 
can serve as a barrier for hot carriers in Nb2CTx to suppress the dark current.16 Therefore, 

the band-to-band absorption of MAPbI3 in the visible range and plasmon-induced 

absorption of Nb2CTx in the NIR range are synergistically combined for visible-NIR 

photodetectors. 

 

Figure 4.10 Characterizations of MAPbI3/Nb2CTx heterostructures. (a) XRD patterns of 
Nb2CTx, MAPbI3, and MAPbI3/Nb2CTx heterostructures. (b) (c) SEM and AFM height 
images of a MAPbI3 film on the Nb2CTx film. 
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4.3.5 Photo response of Nb2CTx film to NIR laser 

 The capability of Nb2CTx to detect NIR was first examined by fabricating planar 

photodetectors on the Nb2CTx films. The device is shown in the inset of Figure 4.12a with 

an active area of 60 ×1000 μm2. The thickness of the films is around 20 nm. The 

performance is reflected by the current-voltage (I-V) curves in Figure 4.12a under the 

illumination of a 1064-nm laser. Clear increasing currents can be observed under rising 

laser intensities. The photocurrent (Iph), which is the difference of currents under light (Ilight) 

and in the dark (Idark), is at the level of 10-5 A under a laser intensity of 34.5 mW/cm2 and 

increased to 10-4 A level when the laser intensity reaches 62.1 mW/cm2 as shown in Figure 

4.12b. Figure-of-merits to evaluate the detector performance are photoresponsivity (R) and 

specific detectivity (D*). Here we assume that the shot noise dominates the noise current. 

The responsivity is near 2.3 A/W. The corresponding detectivity is around 6.9 ×109 Jones. 

Such high photocurrents indicate large amounts of hot carriers are induced with the 

Figure 4.11 Interactions between the MAPbI3/Nb2CTx heterostructure. (a) Band diagram 
of the heterostructure for photodiodes. (b) PL spectra of perovskite films on glass substrates 
and Nb2CTx films.  
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plasmon relaxation in Nb2CTx. However, the dark current (~ 2.4× 10-4 A at 1 V) is quite 

high, resulting in small on/off ratios (Ilight/Idark, less than 2). Besides, the rise and delay 

times seen from the temporal response in Figure 4.12c are around 40 s and 20 s, 

respectively, demonstrating a slow response to the laser. The slow response may originate 

from the masses of defects brought by chemical etching and grain boundaries in the films. 

The high dark current, low on/off ratio, and slow response time significantly restrict the 

applications of Nb2CTx in practical NIR photodetection. Devices with improved 

performance are demanded. 

 

4.3.6 Photoresponse of MAPbI3/Nb2CTx heterostructures 

Figure 4.13a shows the schematic of the fabricated device with a MAPbI3/Nb2CTx 

heterostructure. In brief, the synthesized Nb2CTx sheet dispersion in water was first spray-

coated onto glass/sapphire substrates. The MAPbI3 layers were spin-coated onto the 

prepared uniform Nb2CTx films to form heterostructures, which is depicted in Figure 4.13b 

Figure 4.12 Photoresponse of Nb2CTx films to NIR laser. (a) Photoresponse of Nb2CTx 
under the illumination of a 1064-nm laser with different intensities. The inset in the digital 
photo of planar photodetectors with a 20-nm-thick Nb2CTx film. The length and width for 
each device are 70 ×1000 µm. (h) Photocurrent and responsivity of planar Nb2CTx 
photodetectors under 1064-nm laser illumination. (i) Temporal response of the device 
under different intensities.  
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for carrier transfer. The gold bottom electrode on the uncovered Nb2CTx and top electrodes 

on the perovskite surface were deposited using a shadow mask. Finally, the devices shown 

in the inset in Figure 4.13a with different areas were annealed at 100 °C for 1 h and aged 

for one day. It should be noticed that the annealing and aging processes are of great 

importance for well-functioned devices. 

 

Hence, the MAPbI3 layer was brought in to establish the heterostructure with 

Nb2CTx. Vertical photodiodes were fabricated on MAPbI3/Nb2CTx heterostructures to 

improve the detector performance and extend the detection bandwidth. The device 

performance in the visible range was first examined. Figure 4.14a shows the double swept 

I-V curves of a device in the dark and under white light with intensities from 64 nW/cm2 

to 2 mW/cm2. The hysteresis can be observed since it exists even in single-crystal without 

(a) (b)+ -

Glass
Nb2CTx

MAPbI3

Au

Figure 4.13 Schematic of MAPbI3/Nb2CTx heterostructures for photodiodes on glass 
substrates, Nb2CTx (orange), cyan (MAPbI3). The yellow round/strip are gold electrodes 
on MAPbI3/Nb2CTx. The bias reference is the top gold electrode. Inset is the optical 
microscope image of an actual device with round-top gold electrodes. The diameters are 
500, 300, and 100 µm, respectively. (b) Schematic of MAPbI3/Nb2CTx heterostructure for 
charge transfer and the plasmonic effects at the interface. H atoms and surface groups in 
Nb2CTx are not shown. The red area indicates the plasmonic effects. 
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buffer layers.160 Clear rectification behavior can be identified in the dark current because 

of the built-in electric field in the Au/MAPbI3/Nb2CTx. Therefore, open-circuit voltage (Voc) 

is expected. For convenience, we take the values of Voc from the forward scan curves here. 

Apparently, the photocurrent is enlarged substantially at the positive bias region with 

increased white light intensities. The Voc exhibits the same trend as the photocurrent and 

the value is 0.58 V in the forward scan at a light intensity of 2 mW/cm2. Such a Voc enables 

the device to function in a self-powered approach without external bias. 
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Figure 4.14b shows the self-powered currents under white light with various 

intensities. With a zero bias, the current is around 2.5×10-11 A in the dark. It becomes 

5.4×10-11 A at a light intensity of 64 nW/cm2 and continuously increases to 1.6×10-6 A at 

a light intensity of 4 mW/cm2, leading to an on/off ratio of around 105. Both the rise and 

decay times are less than 30 ms as shown in Figure 4.15, indicating a fast response of the 

photodetectors. The photocurrent plot versus white light intensity in Figure 4.14c reveals 

Figure 4.14 Photoresponse of MAPbI3/Nb2CTx heterostructures under white light 
illumination. (a) Doulbe swept I-V curves of the device in the dark and under white light 
intensities from 64 nW/cm2 to 2 mW/cm2. (b) Self-powered currents under white light with 
different intensities. (c) Plot of photocurrent versus white light intensity to show the linear 
response range. (d) Responsivity and detectivity of the device under different white light 
intensities. 
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that the photocurrent increases almost linearly (Iph ∝ Pin

0.98) with light intensities in the 

range of 64 nW/cm2 to 4 mW/cm2. Such linear relationship is characterized by the linear 

dynamic range (LDR), which is defined as: 

𝐿𝐿𝐷𝐷𝑅𝑅 = 20 log 𝑃𝑃𝑚𝑚𝑑𝑑𝑜𝑜
𝑃𝑃𝑚𝑚𝑙𝑙𝑚𝑚

                                                                                                              

where, 𝑃𝑃𝑚𝑚𝐷𝐷𝑜𝑜  and 𝑃𝑃𝑚𝑚𝑏𝑏𝑖𝑖  are the maximum and minimum incident light intensities in the 

linear range.161 Thus, the LDR is 96 dB, which is slightly less than reported photodetectors 

with buffer layers.162, 163 In Figure 4.14d, it can also be observed that the responsivity 

(around 0.25 A/W) changes slightly in the linear response range, confirming the measured 

large LDR in our devices. Similarly, the detectivity is near 9 ×1012 Jones in the linear range. 

Therefore, the MAPbI3/Nb2CTx heterostructure exhibits good self-powered photodetector 

performance in the visible range. 

 

Equation 4.2 

Figure 4.15 Temporal response of the device under white light illumination. (a) Rise and 
(b) decay times. Both rise and decay times should be less than 30 ms since 30 ms is the 
interval of data points and there is no more data point in the shaded (blue) area.  



115 

 
The detection performance in the NIR region was tested under the illumination of 

a 1064-nm laser. The double sweep I-V curve is shown in Figure 4.16, in which no obvious 

Voc can be observed obviously because of the small energy gap between CB of MAPbI3 

and Fermi level of Nb2CTx. The transmittace spectrum of the glass substrate is shown in 

Figure 4.17, which reveals that our glass substrates have only slight absorption (< 10%) to 

the 1064-nm laser.  Figure 4.18a shows the currents of the device under the laser intensities 

from 1.83 mW/cm2 to 41.75 mW/cm2 with a zero bias, validating the self-powered 

detection capability in the NIR region as well. The current is around 3.6×10-11 A in the 

dark and 1.1×10-8 A at a laser intensity of 41.75 mW/cm2, giving an on/off ratio of about 

102. The device also works with a positive/negative bias (± 0.3 V) as shown in Figure 

4.18b. The on/off ratios are near 102 with higher dark and photocurrents. However, the 

response time increases evidently, indicating that trap/detrap processes may be involved 

for larger currents.164 

 

Figure 4.16 Double swept I-V curve of the device under the illumination of the 1064-nm 
laser at an intensity of 41.75 mW/cm2. 
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Figure 4.17 Transmittance of the glass substrate. 

Figure 4.18 Photoresponse of MAPbI3/Nb2CTx heterostructures under NIR (1064 nm) 
illumination. (a) Currents of the device under 1064-nm laser intensities from 1.83 to 41.75 
mW/cm2 with a bias of zero V. (b) Currents of the device with biases of 0.3 V (dark black) 
and -0.3 V (light black) under a laser intensity of 41.75 mW/cm2. (c) Photocurrent and 
responsivity of the device with a bias of 0 V under various laser intensities. (d) Temporal 
dependent current to show the rise and decay time. The data point interval is 30 ms, so both 
the rise and decay times are less than 30 ms. (e) Photostability of the device under 
continuous illumination of 1064-nm laser with an intensity of 41.75 mW/cm2. The bias is 
0.3 V for a large photocurrent. The inset shows the perovskite film (i) before and (ii) after 
illuminated by the laser.  
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Figure 4.18c shows the photocurrents and responsivity under various laser 

intensities. The photocurrent and responsivity at a laser intensity of 41.75 mW/cm2 are 

1.1×10-8 A and 1.3 mA/W, respectively, giving the detectivity of 1.8 ×1010 Jones. The 

plasmon-induced charge transfer from Nb2CTx to MAPbI3 is gauged by the quantum 

efficiency (QE), which is defined as: 

𝑄𝑄𝐸𝐸 = 𝐼𝐼𝑝𝑝ℎ 𝑞𝑞⁄
𝑃𝑃𝑙𝑙𝑚𝑚∙𝐴𝐴 𝐸𝐸𝜆𝜆⁄                                                                                                                           

where, 𝐸𝐸𝜆𝜆 is the energy of the incident photon (1064 nm).58 The QE at the laser intensity 

of 41.75 mW/cm2 is 0.015% without the bias and increases to 1.43% with a bias of 0.3 V.  

Such values are reasonable considering the efficiency for plasmon-induced charge transfer 

is usually less than 1% or even 0.01%.154, 165-167 Figure 4.18d shows that both the rise and 

decay times of the device without bias are less than 30 ms. Therefore, although the 

responsivity is much smaller due to the reduced photocurrent compared to the planar 

Nb2CTx detector, the response time and the on/off ratio are promoted in a self-powered 

approach. Meanwhile, the device exhibits good stability in ambient conditions, even biased 

at 0.3 V for a large current as shown in Figure 4.18e. No pronounced current drop is 

inspected after illuminated for more than 20 min. Thus, the MAPbI3/Nb2CTx 

heterostructure presents appealing performance not only in the visible but also in the NIR 

region. 

4.3.7 Passivated MAPbI3/Nb2CTx interfaces 

Equation 4.3 
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Figure 4.19 Passivation of the MAPbI3/Nb2CTx heterostructures. (a) Schematic of I 
vacancy sites in the MAPbI3 surface represented by the hollow boxes. Undercoordinate 
Pb2+ ions have net positive charges and can attract electrons. (b) Pairs of electrons donated 
by the surface groups (T, represented by –O here) in Nb2CTx sheets to neutralize positive 
charges in Pb2+ ions. Red ellipses express the coordinate bonds between Pb and T.  

Figure 4.20 Photoresponse of as-prepared MAPbI3/Nb2CTx heterostructures without 
passivation. 
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The results above manifest that the charge, both band-to-band excited in the visible 

and plasmon-induced in the NIR, can transfer in the MAPbI3/Nb2CTx heterostructure. The 

successful charge transfer requires a uniform and passivated MAPbI3/Nb2CTx interface. A 

common imperfection on the surface of halide-perovskite films is the undercoordinated 

Pb2+ ions as shown in Figure 4.19a. Net positive charges reside on these Pb2+ ions and are 

inclined to attract electrons, enhancing the nonradiative charge recombination, diminishing 

carrier lifetimes, and increasing trap densities.66, 168 A well-studied approach to passivate 

these imperfections is to neutralize the net positive charge and coordinate such Pb2+ ions 

by pairs of nonbonding electrons in some Lewis bases.66, 169-171 Considering a large number 

of lone pair electrons in the Nb2CTx surface groups (T= -O, -F, -OH), it is rational to 

speculate that these electron pairs can coordinate the undercoordinated Pb2+ ions in the 

MAPbI3 film surface to form the Pb-T bonds as shown in Figure 4.19b. In return, the 

surface groups of Nb2CTx are also passivated by MAPbI3, reaching synergistic passivation 

for better charge transfer. 
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Devices without annealing and aging process after the deposition of top gold 

electrodes were tested under the illumination of the 1064-nm laser as well to investigate 

the passivation of the MAPbI3/Nb2CTx interface. In these devices (named as-prepared 

samples), fewer Pb-T coordinate bonds should be formed in the MAPbI3/Nb2CTx interface. 

Indeed, the photoresponse of the as-prepared devices under different biases and laser 

intensities in Figure 4.20 displays much inferior performance, including longer response 

times (up to 10 s at 0 V), lower on/off ratios (around 10 at 0 V), smaller photocurrents (10-

10 A level at 0 V). It should be noted that the one-hour annealing plays no evident influence 

on Nb2CTx, which is demonstrated by the similar photoresponse of planar Nb2CTx-only 

photodetectors in Figure 4.21a before and after annealing of Nb2CTx and the same 

absorption spectra in Figure 4.21b. Trap densities in both kinds of samples were measured 

using the space charge limit current (SCLC) method. The device structures for 

(Au/Nb2CTx/MAPbI3/PCBM/Au) for the electron-only SCLC measurements is shown in 

Figure 4.21 Annealing effects on the Nb2CTx films. (a) Photoresponse of planar Nb2CTx 
photodetectors under the illumination of the 1064-nm laser at an intensity of 85.4 mW/cm2 
before (blue) and after (red) annealing at 100 °C for 1 h inside the glovebox. (b) 
Absorbance spectra of Nb2CTx films on sapphire before (black) and after (red) annealing 
at 100 °C for 1 h inside the glovebox. No noticeable change is observed. 
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Figure 4.22a. For better comparison, devices with TiO2 replacing Nb2CTx were also 

measured since the CB of TiO2 is the same as the work function of Nb2CTx Figure 4.22b. 

Figure 4.22c shows the results of the SCLC measurements with clear Ohmic and trap-

filled limit (TFL) regions. Their intersection voltage (VTFL) is applied to calculate the trap 

density (nt) according to the equation: 

𝑛𝑛𝑡𝑡 = 2𝜀𝜀0𝜀𝜀𝑑𝑑𝑉𝑉𝑇𝑇𝑇𝑇𝑇𝑇
𝑒𝑒𝑑𝑑2

                                                                                                                      

where, 𝜀𝜀0 is the permittivity of free space, 𝜀𝜀𝐷𝐷 is the relative dielectric constant of 

MAPbI3 (32), 𝑑𝑑  is the thickness of MAPbI3 film (800 nm).32 A smaller VTFL for the 

passivated MAPbI3/Nb2CTx heterostructure can be observed, suggesting a lower trap 

density (9.5×1014 cm-3) as shown in Figure 4.22d. Although it is a bulk trap density, a 

major contribution to the reduced trap density should be from the interface, giving other 

same conditions.  

Equation 4.4 
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The interfacial bonds between undercoordinated Pb2+ ions in MAPbI3 surfaces and 

surface groups of Nb2CTx can be reflected from capacitance directly. Figure 4.23a exhibits 

the measured frequency (20- 5×104 Hz) dependent capacitances for the as-prepared and 

passivated MAPbI3/Nb2CTx heterostructures. At low-frequencies (< 103 Hz), the 

capacitance in the as-prepared sample is much larger than that of the passivated one (16 

times higher at 20 Hz). In intermediate frequencies (103-104 Hz), their capacitance is almost 

the same. At higher frequencies, both capacitances decrease with different slopes related 

to serious resistances.172 The higher capacitance at low frequencies is attributed to the 

Figure 4.22 SCLC measurements. (a) (b) Device structures and band diagrams with 
different layers to electron-only SCLC measurements. (c)  Electron-only SCLC 
measurements to calculated (d) Average trap densities (10 samples) in devices with TiO2, 
as-prepared and passivated MAPbI3/Nb2CTx heterostructures. 
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excess capacitance from the MAPbI3/Nb2CTx interface states since the interface state can 

only follow the alternative signal at low frequencies (< 103 Hz).173, 174 In addition, the 

frequency-dependent conductance in Figure 4.24 manifests a larger conductance for the 

as-prepared one, resulting from flips of interface states. Figure 4.23b presents the 

calculated relative dielectric constants using a parallel-plate capacitor model. A value of 

31 is obtained for the passivated sample at 20 Hz, which is close to the reported value 

(32).32 Such results firmly support that the interface state density in the passivated 

MAPbI3/Nb2CTx drops enormously due to the Pb-T bonds. 

 

Figure 4.23 Capacitance of the MAPbI3/Nb2CTx heterostructures in the dark. The 
measured devices have the same structures as their corresponding photodetectors. (a) (b) 
Plots of capacitance and relative dielectric constant versus frequency for as-prepared and 
passivated MAPbI3/Nb2CTx heterostructures, respectively. (c) (d) Plots of capacitance 
versus voltage for as-prepared and passivated MAPbI3/Nb2CTx heterostructures, 
respectively. Red arrows in (c) indicate the peak positions at low and high frequencies. 
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The capacitance-voltage curves with various frequencies were also measured for 

the as-prepared and passivated samples as shown in Figure 4.23c-d. At low frequencies, 

the capacitance for the as-prepared sample is much higher, which matches the results in 

Figure 6a. A distinct peak can be discovered in both samples, which is typical in Schottky 

diodes and whose voltage and height are related to the built-in electric field, electrode 

Fermi level, temperature, and interface state density.172, 175 In the as-prepared sample, the 

peak voltage at 40 Hz is around -0.75 V. It becomes -0.58 V when the frequency is larger 

than 2×103 Hz, which is almost the same as that in the passivated one regardless of 

frequencies. The peak value of -0.58 V is also in accordance with the Voc in Figure 4.14a. 

The reduced peak voltages and decreased peak height in the passivated sample at low 

frequencies demonstrate a lower interface state density in the passivated sample. 

Figure 4.24 Frequency-dependent conductance of the as-prepared and passivated 
MAPbI3/Nb2CTx heterostructures. 
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Furthermore, the capacitance is increasing with voltage (0- 0.5 V) at low frequencies in the 

as-prepared sample, which is not seen in the passivated sample and can be ascribed to 

increasing alignments of surface groups in Nb2CTx. Hence, it can be deduced that the 

surface groups in Nb2CTx are bonded with undercoordinated Pb2+ in MAPbI3. 

In order to detect the Pb-O bond at the interface, we perfromed Raman analsysi. 

The results of the as-prepared (pristine) MAPbI3and passivated heterostructure film are 

shown in Figure 4.25. The Raman spectrum of pristine MAPbI3 is similar to previous 

reports, in which the 83 cm-1, 107cm-1, and 122 cm-1 peaks are related to bonds involving 

Pb atoms.176-178 We can also see two other peaks at 152 cm-1 and 176 cm-1. The peak 

corresponding to Pb-O bonds in PbO is located at around 142 cm-1.179 Therefore, we 

believe that the new peaks are attributed to Pb-O bonds, but likely with weaker bonding at 

the interface compared with bulk PbO.  

 

176
152

107
12283

Figure 4.25 Raman spectra of as-prepared (pristine) MAPbI3and passivated 
heterostructure films. 
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In conclusion, self-powered photodiodes functioned in the visible-NIR region are 

prepared on MAPbI3/Nb2CTx heterostructures. The combination of band-to-band 

absorption of MAPbI3 in the visible and plasmonic absorption of Nb2CTx in the NIR render 

the detector ability to detect both visible and NIR light. The matched band diagram can 

also suppress the dark current of Nb2CTx in the NIR region. As a consequence, the detector 

shows a responsivity of 0.25 A/W and an LDR of 96 dB under white light intensities from 

64 nW/cm2 to 4 mW/cm2. In the NIR region (1064 nm), the device exhibits an on/off ratio 

of around 102 and response times of less than 30 ms. Both enhance hugely compared to the 

planar Nb2CTx-only detector. The improved performance is attributed to the efficient and 

rapid charge transfer in the passivated MAPbI3/Nb2CTx interface. The passivation results 

from the coordinate bonding between undercoordinate Pb2+ ions in MAPbI3 surfaces and 

surface groups in Nb2CTx, demonstrated by the SCLC and capacitance measurements. This 

work provides a new platform for investigating perovskite/MXene interfaces and 

stimulates further research on optoelectronic applications of MXenes. 

   

4.4  Conclusion 
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Chapter 5 Summary and outlook 

This chapter gives a summary of the mixed-dimensional heterostructure systems 

we investigated with metal-halide perovskites and different types of 2D materials, 

including semimetallic monolayer graphene, semiconducting phosphorus-doped graphitic 

carbon nitride, and plasmonic Nb2CTx MXene. The interface interactions between metal-

halide perovskites and these 2D materials and optoelectronic devices based on these 

heterostructures will be concluded. These perovskite-based heterostructures offer unique 

optical and optoelectronic properties, imbuing them with new functionality and better 

performance of optoelectronic devices. Besides, we will discuss the potential research 

directions of mixed-dimensional heterostructures based on metal-halide perovskites and 

2D materials. We believe the growth of large-scale, high-quality, thin single-crystalline 

perovskite films on 2D materials is the key to practical applications. Moreover, the 

patterning of the heterostructures is of great importance for the miniaturization and 

integration of devices. At last, characteristic interactions between different perovskites and 

2D materials should be surveyed and exploited for desired functional electronic and 

optoelectronic devices. We think that the investigation of heterostructures based on 

perovskites and newly developed 2D materials like MXenes should be a good direction. 

In order to improve the performance and explore new functionality of halide 

perovskite devices, we prepared heterostructures with different 2D materials including 

semi-metallic graphene, semiconducting phosphorus-doped graphitic carbon nitride, and 

plasmonic niobium carbide MXene. Then optoelectronic properties were investigated and 

5.1 Summary 
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photodetector devices were fabricated using these heterostructures. We first prepared the 

vdW mixed-dimensional single-crystalline MAPbBr3/graphene heterostructure by 

selective growth of 3D MAPbBr3 platelets on patterned 2D single-layer graphene using a 

one-step CVD method. Compared to the previous two-step conversion synthesis of 

perovskites, the one-step growth can make the vdW heterostructure less defects for intrinsic 

investigations of properties like charge transfer on the interface. Interestingly, perovskite 

platelets show preferred growth on graphene surfaces. The charge transfer is observed from 

the significant photoluminescence quenching. Besides, p-type doping in the graphene layer 

is revealed by Raman spectra with a Fermi level decrease of 272 meV in graphene, 

corresponding to an amount of 7.5 × 1012 cm-2. And negatively charged surfaces caused by 

electrons remaining in the thin perovskite platelets are evidenced by the reduced surface 

potentials measured by the KPFM. The upward band bending is reflected by the current-

voltage curves recorded by CAFM. Moreover, field-effect phototransistors fabricated using 

the perovskite/graphene heterostructure channels show increased Dirac voltages under 

illumination, suggesting an enhanced p-type character in graphene. These results strongly 

prove that charge transfer occurs between MAPbBr3 and graphene. 

The charge transfer between halide perovskite and 2D materials can be used to 

improved the performance like photodetectorsThen we fabricated high-performance and 

air-stable broadband photodetectors made of MLHP and 2D PCN-S. Graphitic carbon 

nitride was chosen because of its easy synthesis, metal-free composition, and low cost.  

Furthermore, the band structure of PCN-S is tuned by the doping of phosphorus and 

demonstrated to match with MLHP to assist the charge transfer evidenced by the quenched 
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photoluminescence intensity and reduced lifetime. The as-fabricated PCN-S/MLHP hybrid 

photodetectors from solution show increased photocurrent and reduced dark current, 

leading to two orders of magnitude higher on/off ratio of 105, one order of magnitude higher 

photodetectivity of 1013 Jones and responsivity of 14 A W-1 with reliable and fast 

photoswitching characteristics. In addition, the hybrid photodetectors exhibit increased 

moisture-resistance thanks to the improved surface hydrophobicity seen from the larger 

contact angle with water. Our results show a new approach to fabricate perovskite 

photodetectors with improved and more stable performance by creating bulk 

heterojunctions with 2D materials.  

We further try to expand the detection band of the perovskite photodetectors since 

most of them work in UV-visible ranges. Therefore, we fabricated vertical photodiodes 

using MAPbI3 and Nb2CTx MXene heterostructures. We can use the band to band 

absorption of halide perovskite to detect white light and the surface plasmonic absorption 

of Nb2CTx to detect NIR lasers. MAPbI3 and Nb2CTx have a matching band structure and 

the heterostructure is exploited for self-powered visible-NIR photodiodes. The use of the 

MAPbI3 layer expands the operation of the diode to the visible range while suppressing the 

dark current of the NIR-absorbing Nb2CTx layer. As a result, the photodiode responds 

linearly under white light illumination with a responsivity of 0.25 A/W. Furthermore, when 

illuminated with a 1064-nm laser, the photodiode demonstrates a higher on/off ratio (∼102) 

and faster response times (< 30 ms) compared to that of planar Nb2CTx-only detectors (< 

2 and 20 s, respectively). Experiments from space-charge limited current and capacitance 

measurements show that the coordinate bonding between the surface groups of the MXene 
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and the undercoordinated Pb2+ ions in the MAPbI3 surface has led to a passivated 

MAPbI3/Nb2CTx interface resulting in an efficient and speeded charge transfer. 

Overall, our results show that heterostructures offer a platform to design new 

devices with   improved performance. 

The large-scale preparation of high-quality perovskite films is regarded as a crucial 

step to fabricate the mixed-dimensional heterostructures. A high-quality perovskite film is 

the guarantee of the successful preparation of heterostructures and the accurate 

investigations of properties and devices. Therefore, a fundamental direction is to grow 

large-scale, thin, and single-crystalline perovskite to replacing films with one or several 

imperfections like small-size, thick, and poly-crystalline as shown in Figure 5.1a. So far, 

intense efforts have been engaged in synthesizing large-scale single-crystal thin films. For 

example, Wei et al. prepared large-scale, single-crystalline MAPbBr3 films (1 μm) from a 

solution method as shown in Figure 5.1b. Also, Jie et al. synthesized large-scale, single-

crystalline CsPbBr3 films (1 μm) from the CVD method Figure 5.1c. These films show 

better optoelectronic and electric properties compared to their counterparts, which are 

polycrystal films here. However, the thickness is large, reaching micrometer-level 

thicknesses. Such large thicknesses can exceed the carrier diffusion lengths, outpace the 

junction width, and diminish the field effect, which leads to the poor regulation of 

properties and low performance of devices. Therefore, besides large-scale, single-

crystalline, being thin should be another concern to be high-quality films for 

heterostructures. To achieve high-quality films on demanded substrates, growth conditions 

5.2 Growth of high-quality perovskite film 
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and surface properties like hydrophilicity and hydrophobicity can be tuned. Our 

experiments have shown that it is possible to grow large-scale and thin CsPbBr3 films (less 

than 100 nm) on mica substrates by adjusting the growth temperature and pressure in the 

CVD method as shown in Figure 5.2a. However, aligned grain boundaries still exist in the 

films with the perovskite grains in sizes of a few micrometers as shown in Figure 5.2b. 

Characterizations like XRD patterns and PL spectrum in Figure 5.2c-d show the successful 

growth and well-aligned growth direction and textures. The fabricated photodetectors 

reveal good photoresponses as shown in Figure 5.2e-f. Therefore, it is possible to grow 

large-scale, thin, single-crystalline perovskite films if all parameters are further optimized.  

 

Figure 5.1 Preaperation of high-quality metal-halide perovksite films. (a) Requirements of 
high-quality metal-halide perovskite films. (b) Large-scale thick MAPbBr3 single-
crystalline films prepared from a solution method.180 (c) Large-scale thick CsPbBr3 single-
crystalline films prepared from a vapor method.181 
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It is very impactful if we can achieve patterning of these heterostructures on 

selected substrates. The patterning can be accomplished either by top-down 

Figure 5.2 CsPbBr3 film on mica and other substrates. (a) (b) Digital and optical 
microscopy images of CsPbBr3 film on mica, respectively. (c) XRD patterns. (d) PL 
spectrum. (e) (f) Photodetector device and performance, respectively. 

5.3 Patterning of heterostructures 

Figure 5.3 Patterning of metal-halide perovskites. (a) Top-down micro-pattern method 
using PDMS.182 (b) Bottom-up selective growth method by modifying the surface 
wettability.183 
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photolithography or bottom-up selective growths. For metal-halide perovskites, their 

instability to polar solvents like acetone and water makes it hard to use normal 

photolithography processes and solvents. Thus, special techniques are usually demanded 

for the photolithograph of metal-halide perovskites.184 The so-called micro-pattern method 

is another option, in which patterns can be fabricated on polydimethylsiloxane (PDMS) 

first and then transferred to the perovskite as shown in Figure 5.3a.182 Therefore, the top-

down method needs particular conditions and extra efforts for patterning, although it could 

be a general method. Besides, bottom-up methods like selective growth on SiO2 substrates 

by modifying the surface wettability can also be achieved as shown in Figure 5.3b.183 In 

this method, the substrate are patterned to hydrophilic and hydrophobic regions and the 

perovskites tend to grow on the former one. In our work, we also achieved selective growth 

of MAPbBr3 platelets on patterned graphene. However, the bottom-up growth is not a 

general method and each case needs its own techniques. For example, it is different and 

hard to make MoS2 surface hydrophilic without introducing damage compared to SiO2. We 

think that mature techniques should be explored in different materials, which needs 

tremendous efforts. 

5.4 More types of 2D materials 
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At last, we believe it is significant to prepare metal-halide perovskites on more 

types of 2D materials. There are enormous 2D materials reported. Some of them have 

special properties and can be formed potential heterostructures with perovskites with 

distinct functionalization. For example, In2Se3 is ferroelectric, and it may have unique 

carrier tunability. In recent years, a new class of 2D materials named MXenes has attracted 

increasing attention. MXenes have the general chemical formula Mn+1XnTx, in which M 

stands for early transition metals, X can be carbon or nitrogen, T represents surface 

terminated groups like -O, -OH, -F and -Cl, and n = 1 – 4.144, 185 More than 20 different 

MXenes have been experimentally synthesized until now and even more are predicted as 

shown in Figure 5.4a. They are thin 2D sheets with hydrophilic surface groups due to their 

Figure 5.4 MXene spices and synthesis processes. (a) MAX and MXene spice by changing 
different elements. (b) Synthesis of MXenes from MAX phases using M3X2Tx as an 
example. 
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synthesis process shown in Figure 5.4b. The large amount of MXenes renders wide ranges 

of properties like surface tunability, work function, surface plasmon, capacitance, and 

conductivity. Consequently, it gives many combinations for heterostructures with 

perovskites. In our work, we proved that the plasmonic Nb2CTx and MAPbI3 

heterostructures for visible-NIR photodiodes. We believe more MXenes should be tried, 

and it is promising to find suitable combinations with desired properties for high-

performance devices. 

As mentioned in Chapter 1, the developing history of metal-halide perovskite-based 

electronic and optoelectronics demonstrates that they can be applied in many types of 

devices. Although we have made some progress in improving the performance and 

broadening the operation band of photodetectors, more efforts and researches are desired 

to make new designs of devices with specific functionalities. For example, artificial 

synapses are gaining many research efforts as they can mimic human neuron.186, 187 The 

neuromorphic networks built with these elementary blocks possess abilities of perception, 

memory, and learning. Among them, optoelectronic synapses own the ability of visual 

perception since their photoresponse capability, which means the light stimuli can be 

converted to the electrical signal.186 As a kind of extremely photo-sensitive material, metal-

halide perovskites show great potential in optoelectronic artificial synapses. From the angle 

of our view, a possible way to apply perovskites is to form heterostructures with 2D 

materials as shown in Figure 5.5. Since we can choose either metallic or semiconducting 

2D materials, Schottky or P-N junctions can be formed between perovskites and 2D 

5.5 New designs of devices 
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materials. Charges can be trapped due to bent bands and defects. Since the band bending 

and charge density can be tuned by external biases and light intensities, respectively, 

optoelectronic artificial synapses can be achieved. 

 

In real-life applications, each practical electronic device is made of many 

elementary ones, and some can even reach billions. In this way, those devices can possess 

abilities including form data capture, data storage, data analysis, and data display as shown 

in Figure 5.6. Therefore, the integration of elementary devices is essential to fabricate such 

complicate devices used in real life. Regarding metal-halide perovskites, they can be used 

in many different devices. However, these devices with a specific functionality are not 

integrated, which is not in favor of practically used devices. A likely reason is the 

patterning limitation as discussed above. Nevertheless, it is still important to integrate these 

devices with a low elementary device density. Previous works have demonstrated the 

P-N Junction

Schottky Junction

Pre-neuron Post-neuron

perovskites

2D materials

electrode 1

electrode 2

(a) (b) (c)

Figure 5.5 Peerovskite/2D material heterostructures applied in devices like optoelectronic 
synapses. (a) Possible device structure for the heterostructure. (b) Schottky and P-N 
junctions can be formed between perovskites and 2D materials. The purple spheres are 
trapped electrons due to the band bending and defects. (c) Schematic of a synapse including 
pre-neuron and post-neuron mimicked by the heterostructure. 

5.6 Integration of devices 
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integration of transistor-LED and photodetector-memory using organic materials and 

oxides,188, 189 respectively. Therefore, it is necessary to try to integrate all metal-halide 

perovskite electronic and optoelectronic devices. 

 

   

Data Storage Data DisplayData Capture
Photodetectors
Phototransistors
Artificial synapses

Resistive memory
Ferroelectrics

LEDs

(a)

(b) (c)

Figure 5.6 Integration of elementary devices. (a) Capabilities of practically used devices. 
(b) (c) Examples of transistor-LED and photodetector-memory integrations, 
respectively.189 
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