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Abstract 

Photodetectors (PDs) transform incident optical energy into electronic signal. It has been 

successfully integrated into various engineering systems and applications like optical 

communications, environmental monitoring and scientific research. However, the traditional 

semiconductors and devices fail to support emerging applications such as artificial eyes and low-

cost wearable electronics, mainly due to their rigidity and high fabrication cost. Intensive research 

effort has been put in developing next-generation semiconductors and device structures to fulfil 

the new requirements. Among those materials, organic-inorganic hybrid perovskites (OIHPs) and 

two-dimensional conjugated metal–organic frameworks (2D c-MOFs) show huge potential due to 

their unique physical properties. 

In this thesis, high-performance PDs based on novel OIHPs and 2D c-MOFs are fabricated 

through solution processing. Comprehensive device measurements are provided with detailed 

materials characterizations. The device physics are carefully studied. Those materials include a 

Sn-based perovskite, a quasi-2D perovskite and two promising new 2D c-MOF materials. 

A low-cost solution-processed high-performance PD based on Sn-based perovskite/organic 

semiconductor vertical heterojunction is developed. The device exhibits broadband response from 

UV to NIR. The responsivity and gain are up to 2.6 × 106 A/W and 4.7 × 106, respectively. 

Moreover, much faster response speed and higher detectivity can be achieved by reducing the 

thickness of organic semiconductor. This work opens up a window for enhancing device 

performance of Sn-based perovskite PDs by vertical heterojunctions. 

Then, another sensitive phototransistor based on quasi-2D perovskite/single-walled carbon 

nanotubes (SWCNTs) have been fabricated. The high optical absorption, direct band gap nature 
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and self-constructed gradient heterojunction of the quasi-2D perovskite synergize well with the 

high mobility of SWCNTs. The resultant responsivity and detectivity are as high as 2 × 106 A/W 

and 7 × 1014 Jones, respectively. In addition, high on/off ratio of ~103 is obtained. The promising 

potential of such phototransistors for next-generation PDs has been demonstrated. 

Next, high-quality wafer-scale thin film of a promising 2D c-MOF, Cu3(HHTT)2 (HHTT: 

2,3,7,8,12,13-hexahydroxytetraazanaphthotetraphene) is demonstrated. Its semiconducting nature 

and charge transport mechanism are carefully studied by various temperature direct current (DC) 

and frequency dependent alternating current (AC) measurements. Ultrabroadband flexible 

photoconductor based on Cu3(HHTT)2 is fabricated. Reliable response from UV to mid-IR can be 

obtained, outperforms previous solution-processed broadband PDs. The device also shows typical 

synaptic properties and outstanding data recognition efficiency in an artificial neural network 

(ANN). Furthermore, ultrathin Cu3(HHTT)2 thin films can be used as hole transporting layer (HTL) 

for perovskite solar cells, which significantly enhances the power conversion efficiency (PCE). 

This work paves the way for developing high-performance optoelectronic devices based on 2D c-

MOFs. 

Finally, the thin film form of another novel 2D c-MOF, Cu3(HHHAT)2 (HHHAT: 

Hexahydroxy-hexaaza-trinapthylene). Materials characterizations clearly show that high quality 

oriented thin film is obtained. Broadband PDs from UV to NIR based on Cu3(HHHAT)2 is 

fabricated with reliable photo-response. The field-effect modulation of channel conductivity and 

more importantly ferroelectric memory effect is then demonstrated through top-gated device 

structure for the first time. This work opens up a window for the development of high-performance 

(opto)electronic devices based on Cu3(HHHAT)2 thin film. 
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Chapter 1: Introduction 

1.1 Background 

PDs are exemplary optoelectronic devices that transform optical signals (energy-carrying 

electromagnetic radiations) into electrical signals (often in the form of photocurrents or 

photovoltages) based on various mechanisms.[6] For a wide range of scientific and commercial 

applications, including optical communication, medicinal and video imaging, space exploration, 

environmental monitoring, military and security, this class of optoelectronic devices serves as 

essential building blocks.[7] The performance of such devices are strongly rely on the functional 

semiconductor material to effectively absorb incident optical energy and create electron-hole pairs 

in the material based on photo-electric effect. After that, an internal or external electric field are 

used to effectively separate photo-carriers to provide an electrical output.[8] PDs based on 

traditional inorganic semiconductors currently dominate the commercial market in the ultraviolet 

(UV)-visible to near-infrared (NIR) spectrum range nowadays. For instance, GaN detects light 

efficiently in the UV region between 250 and 400 nm, Si responds in the visible-NIR range 

between 400 and 1100 nm strongly, and InGaAs as well as the related heterostructures are 

responsible for the NIR regime between 900 and 1700 nm.[9] Despite the success of the traditional 

devices in the market, they have severe limitations for emerging demands which require more 

advanced functionalities. First, due to the limited optical absorption coefficient and optoelectrical 

conversion efficiency, the devices usually need a relatively thick film to absorb enough light, 

which make the devices bulky and fragile so they are not suitable for emerging applications like 

wearable integrated systems, which require electronic devices to be flexible, stretchable and 

lightweight. Moreover, the large amount of materials used, and the complicated fabrication 

procedures heighten the overall cost.[10] 
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A great deal of research has been conducted to search for next-generation optoelectronic 

materials to fulfil the modern demand of PDs. Numerous new optoelectronic materials, including 

as organic semiconductors, 0D, 1D and 2D nanomaterials, were developed in recent years to serve 

as photoactive layers for optoelectronic devices.[11] It is undeniable that these materials, despite 

their unique qualities, have drawbacks of their own. For instance, 1D and 2D nanomaterials have 

problems with unsatisfactory uniformity and reproducibility, organic semiconductors have issues 

with poor thermal/long-term stability and low charge carrier mobility.[12] In order to overcome the 

challenges, more novel materials with all-rounded properties are desperately needed. These novel 

materials must exhibit properties including high optical absorption efficiency across a wide 

wavelength range, high charge carrier mobility, simplicity in production, solution processability 

and stability towards mechanical stress and moisture. 

In the past few years, halide perovskites emerged as a brand-new family of ground-

breaking optoelectronic materials which have huge potential for next-generation 

optoelectronics.[13] The huge research interest of these materials was triggered by the first report 

of perovskite solar cell with only less than 4% efficiency.[14] The efficiency rapidly enhanced to 

11% in 2012.[15] Since then, significant research effort has been put into developing perovskite 

materials and solar cells as well as understanding basic material properties as well as device 

operating principles. Up till now, more than 25% of efficiency has already been achieved.[16] Other 

optoelectronic devices, such as light-emitting diodes (LEDs), semiconductor lasers, and PDs, have 

also shown great promise for this group of extraordinary materials in addition to their enormous 

success in photovoltaics.[9] This is mainly due to their appealing optoelectronic properties, 

including tunable bandgap, high optical absorption coefficient in the UV-NIR regime, high charge 

carrier motilities, and long charge carrier diffusion length.[17] More importantly, the high defect 



Chapter 1 

 

3 
 

tolerance enables the thin film to be easily formed by simple solution processes, which make it 

particularly suitable for emerging applications.[18] In particular, halide perovskites have been 

extensively used in PDs with various geometries and working on a variety of operational 

mechanisms (such as photoconductors, phototransistors, and photodiodes).[19] Excellent device 

performance surpassing that of similar devices based on commercial Si and traditional 

photosensing materials has already been reported.[9] However, the typical perovskites still have 

several severe drawbacks which largely limit their further applications. For instance, the common 

perovskites contain a large amount of toxic Pb element, which are extremely harmful for human 

body and the environment. Moreover, their thin films are extremely unstable in ambient 

environment, which largely hinder their practical applications. In view of this, lead-free 

perovskites which avoids the use of Pb and quasi‐2D perovskites which are much more stable are 

developed to tackle the problems.[20] However, the study of these materials and their optoelectronic 

applications, especially in PDs, are still in early stage. More in-depth research should be conducted 

in order to realize satisfactory device performance and understand the underlying device 

mechanisms. 

Besides the halide perovskites, a different class of materials, known as 2D c-MOFs, are 

also considered as a potential candidate for next-generation optoelectronics.[21] MOFs are a 

significant type of porous crystalline materials in which organic ligands are interconnected by 

metal nodes. Due primarily to their large porosity, great specific surface area, and largely adaptable 

chemistry[22], they have long been regarded as attractive candidates for a variety of applications, 

including catalysis[23], gas sensor[24], and storage[25]. However, the low conductivity of traditional 

MOFs precludes them for the (opto)electronic applcations.[26] Fortunately, the newly developed 

2D c-MOFs display remarkable electrical transport capabilities in addition to their distinctive 
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qualities of ordinary MOFs, such as high porosity and tailorability of crystal structure owing to 

their strong in-plane conjugation and tight inter-layer stacking.[27] Despite their tremendous 

potential in optoelectronic applications, only a handful of research works have been conducted so 

far. 

The above-mentioned candidates successfully fulfil many of the requirements for next-

generation optoelectronic materials, but their tremendous potential has not been fully revealed. 

Therefore, the research on developing of high-performance PDs based on those materials is urgent. 

 

1.2 Objectives 

As mentioned above, the traditional semiconductors reach their limit in providing desired 

PD performance and functionalities. Novel materials and device designs are urgently demanded to 

fulfil the ever-growing and changing demand of people. The major motivation of this thesis is 

therefore to develop high-performance PDs with various functionalities based on novel functional 

materials, including lead-free perovskite and 2D c-MOFs. The fundamental device and material 

physics is studied, and the performance is optimized, by utilizing various processing technologies, 

characterization methods, and materials combination strategies. 

Particularly, the first objective of this thesis is to develop a highly sensitive PD based on a 

Sn-based lead-free perovskite by a vertical heterojunction with an organic semiconductor. With 

the suitable hand alignment, excellent optical properties of the Sn perovskite and high mobility of 

organic semiconductor, much enhanced performance than controlled devices would be expected. 

The second objective is to fabricate a low-cost and sensitive broadband phototransistor based on 

quasi-2D perovskite/SWCNTs heterostructure. The unique gradient type-II heterojunction 

combined with strong broadband light absorption and excellent transport properties of SWCNTs 
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would lead to superior device performance. The third objective is to study the fundamental physics, 

especially the thin film transport mechanisms, of a newly developed 2D c-MOF Cu3(HHTT)2 and 

utilizing it for applications including ultra-broadband PD, synapse, and solar cell. The study would 

shed light on further exploration of high-performance optoelectronics based on 2D c-MOFs. The 

last chapter is to develop high-quality thin film of another novel 2D c-MOFs, Cu3(HHHAT)2, and 

fabricate PDs as well as top-gated ferroelectric transistor based on Cu3(HHHAT)2. The high 

electrical conductivity of Cu3(HHHAT)2 and the use of high-k dielectric would lead to high-

performance optoelectronic devices. 

 

1.3 Outline of Thesis 

The organization of this thesis is shown as following: 

Chapter 1: Introduction. A brief explanation on PDs and the limitations of commercial PDs are 

discussed. Then, hybrid perovskites and 2D c-MOFs are introduced. The objectives and outline of 

this thesis are presented. 

Chapter 2: Literature review. The general working mechanism of PDs is presented. After that, 

important parameters are listed and explained. Then, different common device designs are 

reviewed. Next, a brief summary on material properties and historical development of perovskites 

and 2D c-MOFs as well as previous effort of PDs based on those materials are given. 

Chapter 3: Lead-Free Perovskite/Organic Semiconductor Vertical Heterojunction for Highly 

Sensitive PDs. In this chapter, comprehensive materials characterization for the Sn-based 

perovskite thin film and the vertical heterojunction are provided. Then the device performance is 

measured and the device physics are studied. Finally, flexible devices are also demonstrated. 
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Chapter 4: High-Performance Quasi-2D Perovskite/Single-Walled Carbon Nanotube 

Phototransistors for Low-Cost and Sensitive Broadband Photodetection. In this chapter, materials 

characterization has been conducted. Especially, the existence of vertical gradient heterostructure 

in the Quasi-2D Perovskite film has been confirmed. Then, the gate-voltage dependent 

photodetection performance is measured. 

Chapter 5: 2D Metal–Organic Framework Cu3(HHTT)2 Films for Broadband PDs from 

Ultraviolet to Mid-Infrared. The growth mechanics of Cu3(HHTT)2 Films is discussed along with 

extensive material characterization. Next, the transport physics in the thin film Cu3(HHTT)2 is 

carefully studied. Then, ultrabroadband PDs are fabricated. Flexible PDs and optical synapses are 

then demonstrated. Perovskite solar cell with Cu3(HHTT)2 Film as hole transporting layer (HTL) 

and related first-principle simulation is also presented. 

Chapter 6: 2D Metal–Organic Framework Cu3(HHHAT)2 films for broadband PD and 

ferroelectric memory. The Cu3(HHHAT)2 thin film is characterized carefully. Broadband PDs 

with response from visible to NIR are subsequently fabricated. More importantly, top-gated 

resistive memory effect has been demonstrated for the first time with the aid of an organic 

ferroelectric dielectric. 

Chapter 7: Conclusions and Perspectives. In this chapter, summary of the work in this thesis is 

presented. Then, remaining challenges and opportunities are discussed. 
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Chapter 2: Literature Review 

2.1 Introduction 

PDs are critical sensing components in modern engineering systems. It bridges optical 

signal to electric current and enables various functionalities, such as optical communication, 

environmental monitoring, healthcare and scientific research.[20] Although such research field has 

been started since 1990s,[6] it still attracts tremendous research attention nowadays due to the ever-

growing technological needs. The development of PDs is closely related to the evolvement of 

novel functional materials. The device performance of PDs is heavily driven by device design and 

the optoelectronic properties of the functional material(s). Depending on the type of devices and 

functional materials used, different performance could be achieved. To accomplish the increasing 

requirements of modern society, the traditional semiconductors for photodetectors need to be 

replaced by novel functional materials for achieving cost-effective, high-performance and multi-

functional photodetectors which are wearable and flexible. Among different kinds of novel 

materials, OIHPs and 2D c-MOFs show the most promising potential as functional layer for next-

generation photodetectors. 

In this review, the device classification and their working mechanisms will be first 

introduced. Then, the material properties and development of novel OIHPs and related devices 

will be review. Next, the physical properties and evolvement of 2D c-MOFs will be discussed. 

 

2.2 Working Mechanisms of Photodetectors 

There are two major categories of PDs: thermal detectors and photon detectors.[6] Thermal 

detectors detect the temperature difference when optical energy is absorbed on their dark surface. 
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They are suitable for some specific applications like far-infrared detection. The photo detectors 

are on the other hand based on quantum photoelectric effect, in which a photon excites a photo-

carrier and generate photo-current. Photon detectors are majority of PDs in the market nowadays 

and are suitable for broader applications. This thesis will focus on photon detectors based on 

semiconductors. 

PDs are semiconductor-based devices which can detect optical signals through a series of 

electronic processes.[6] Generally, a PD works through the following three fundamental processes: 

1) photo-carrier generation by incident optical signal, 2) carrier transport and/or multiplication by 

gain mechanism if any, 3) collection of photo-carriers and generate output photo-current. 

The quantum photoelectric effect in semiconductor is based on a photon with sufficient 

energy to excite a carrier to its excited state. The relationship between wavelength and transition 

energy can be expressed as:[6]  

λ = ℎ𝑐𝑐
∆𝐸𝐸

= 1.24
 ∆𝐸𝐸 (𝑒𝑒𝑒𝑒)

,         

where λ is wavelength, h is planck constant, c is vacuum light speed, ∆E is transition energy. The 

photo-response drops dramatically when the energy of incoming photon is less than transition 

energy. The transition energy is generally the band gap energy in a typical semiconductor. 

However, it may be the barrier height in a metal-semiconductor photodiode, energy between 

impurity level and one of the band edges in a PD based on extrinsic semiconductor or even the 

energy between highest occupied molecular orbital (HOMO) and lowest unoccupied molecular 

orbital (LUMO) in organic semiconductors.[6, 28] The device type and functional materials are 

optimized depending on the specific requirements. 
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2.3 Important Parameters 

As will be mentioned in the coming section, different types of PDs or materials exhibit 

their respective advantages and disadvantages. It is therefore important to objectively quantity 

those performance using a series of performance indicators. PDs are usually characterized by 

photoresponsivity, gain, specific detectivity, response time and spectral response. 

Photoresponsivity (R) is an indicator of sensitive of a PD under a given optical power. It is 

defined as the ratio between photocurrent and incident optical power:[29] 

𝑅𝑅 = 𝐼𝐼𝑝𝑝ℎ
𝑃𝑃𝑖𝑖𝑖𝑖

, 

where Iph is photocurrent and Pin is incident optical power. 

Gain (G) is a parameter which closely related to photoresponsivity and is a measurement 

of how many photo-carriers are generated per incident photon. It can be calculated by the following 

equation:[30] 

𝐺𝐺 = 𝑅𝑅ℎ𝑐𝑐
𝑒𝑒λ

, 

where e is Elementary charge. 

Specific detectivity (D*) is a figure-of-merit to quantify the sensitivity of a PD and can be 

considered a generic performance indicator. It normalizes signal-to-noise ratio (NEP), device 

active area and the bandwidth (B):[9] 

𝐷𝐷∗ = √𝐴𝐴𝐴𝐴
𝑁𝑁𝐸𝐸𝑃𝑃

, 

𝑁𝑁𝑁𝑁𝑁𝑁 = 𝚤𝚤𝑖𝑖2���
1
2�

𝑅𝑅
,           
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where A is the active region of the PD, B is bandwidth, ın2�
1
2�  is root mean square value of noise 

current. NEP is generally defined as the signal power which gives a signal-to-ratio of one at 

bandwidth of 1Hz. If the dark current is dominated by shot noise, D* can be expressed as: 

𝐷𝐷∗ =  𝑅𝑅

�2𝑒𝑒(
𝐼𝐼𝑑𝑑
𝐴𝐴 )

           

where Id is dark current. 

Response time measures the time needed for the channel current responses to incident 

light.[20] Rise (decay) time is usually defined as the time for photocurrent change from 10% (90%) 

to 90% (10%). The response time is closely related to carrier lifetime in the device. A longer carrier 

lifetime leads to higher photo-response but longer response time, and vice versa. Therefore, a 

trade-off between response and speed of a PD has to be made. 

 

2.4 Device Classification 

To accommodate various specific photodetection requirements like fast or sensitive 

detection, different design strategies are employed to fabricate PDs. Three major types of PDs will 

be introduced in this section, namely photoconductor, photodiode, and phototransistor. The 

schematic diagrams of three respective structures are shown in Figure 2.1.  
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Figure 2.1. Device structures for photoconductors, photodiode and phototransistors. [1] 

 

2.4.1 Photoconductor 

A photoconductor is simply a slab of semiconductor in thin film or bulk form, with a pair 

of opposite ohmic contacts. When incident light falls onto the semiconductor surface, photo-

carriers are generated either through band-to-band transition (intrinsic) or through transition 

involving impurity levels (extrinsic). It can be shown easily that the gain of a photoconductor can 

be expressed as:[6] 

𝐺𝐺 = 𝜏𝜏( 1
𝑡𝑡𝑟𝑟𝑖𝑖

+ 1
𝑡𝑡𝑟𝑟𝑝𝑝

),  

where 𝜏𝜏  is carrier lifetime, 𝜏𝜏𝑟𝑟𝑟𝑟  and 𝜏𝜏𝑟𝑟𝑟𝑟  are electron and hole transit times between the two 

electrodes. To have a high gain, a long carrier lifetime is needed while short electrode spacing 

should be short and carrier mobility should be high. Notably, a gain of 1000-106 can be achieved 

in commercial devices. On the other hand, high response speed needs short carrier lifetime. A 

trade-off between sensitivity and response speed has to be made. Photoconductors usually exhibits 

much longer response time than photodiode.  

When extrinsic semiconductors are used, mid-infrared or even longer wavelength detection 

can also be achieved without using very narrow band gap materials. 

Overall, photoconductors have the advantages of simple structure, low cost and convenient 

fabrication, but suffer mainly from slow response speed. 
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2.4.2 Photodiode 

Photodiode consists of a carrier depleted region where a high built-in electric field is used 

to effectively separate photo-generated electrons and holes.[31] For high-speed operations, the 

depleted region should keep thin so that a short carrier transit time is achieved. However, the 

depleted region must be thick to absorb more photons if a high responsivity is needed. Again, a 

trade-off between photo-response and speed has to be made.  

For visible and near-infrared region detection, photodiode is usually operated in moderate 

reversed-biased such that a shorter transit time and lower diode capacitance can be obtained. 

Unlike photoconductors which have relatively high gain, the gain in photodiode is capped by unity 

due to the lack of any gain mechanism. 

There are many types of photodiodes, including p-n photodiode, p-i-n photodiode, 

heterojunction photodiode and metal-semiconductor photodiode. They differ by how the depleted 

region is constructed. For instance, p-n photodiode consists of a p-n homojunction, and p-i-n 

photodiode consists of an additional insulator in between the p-n homojunction. 

In summary, they are satisfactory candidates for high frequency and low noise applications 

where high sensitivity is not critical. 

 

2.4.3 Phototransistor 

Phototransistors are very similar to ordinary transistor. In phototransistors, not only 

electrical gate, but also the incident light can be used to modulate the channel conductivity.[9] The 

electrical gate can be open-circuited or applied to control the channel conductivity in addition to 

incident light. They are generally characterized by very high gain and gate-tunable performance. 
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There are two major kinds of phototransistors: photo-field-effect transistor (photo-FET) and photo-

bipolar junction transistor (photo-BJT). 

In photo-FETs, one kind of carriers is purposefully frozen in the device, whilst another 

type is free to move and contribute to photocurrent, depending on the material characteristics and 

device design. This is called photo-gating effect and is considered special case of photoconductive 

effect.[31] In the simplest case, the device structure is similar to typical FET. In this case, the 

channel semiconductor must simultaneously exhibit high carrier mobility, optical absorption 

coefficient and direct band gap. Moreover, the channel material must be a thin film so that full 

depletion of carriers can be achieved by applying electrical gate voltage, such that low dark current 

can be obtained. In some devices, there is an additional photo-absorbing layer on top of a carrier 

transporting layer, such that the optical and transport properties of the channel material can be 

decoupled.[32] However, such design requires on the other hand a type-II band alignment between 

the two materials to achieve the photo-gating effect. 

On the other hand, photo-BJT is similar to normal BJT. It is actually a BJT without the 

base lead, but instead has a window and lens for incident light as well as a much wider depletion 

region at base-collector junction for photo-carrier generation. The photocurrent generated in the 

depletion region then acts as base current in normal BJT and subsequently get amplified according 

to the gain of the device.[6] 

To sum up, phototransistors usually have very high sensitivity with easily tunable 

performance, but the fabrication processes are relatively complicated. 
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2.5 Organic-Inorganic Hybrid Perovskites 

OIHPs are represented by the general chemical formula ABX3, where A stands for an 

organic or inorganic cation (for example, methylammonium (MA), formamidinium (FA), cesium, 

or rubidium), B for a divalent metal cation (for example, lead, tin, or germanium), and X for a 

monovalent halide (for example, chlorine, bromine or iodine) anion.[33] They have easily tunable 

direct band gap, high optical absorption coefficient, superior intrinsic carrier mobility and also 

excellent defect tolerance (which allows them to be easily prepared by solution processes).[34] All 

of these properties allow them to be excellent candidate as functional material for next-generation 

PD. Indeed, intensive research has been done for typical perovskites. For instance, Hu and his 

colleagues developed a first photoconductor based on MAPbI3 with a responsivity of 3.49 A/W.[35] 

Later, a great deal of research has been conducted to improve the device performance and 

understand the device physics. Lately, responsivity of 109 A/W, specific detectivity of 1016 Jones 

and response time of nano-second can be achieved.[9] However, the typical perovskites contain 

toxic lead and are very unstable in ambient air.[36]  

To replace the toxic Pb in perovskites, Sn has been proposed to be the most appropriate 

candidate since it has the most similar properties with Pb. PDs based on Sn perovskites are still in 

its blooming stage. For instance, Waleed et. al reported a MASnI3 photoconductor with porous 

aluminum template.[37] The responsivity and detectivity are only 0.47 A/W and 8.80 × 1010 Jones. 

Tong and his group developed a red-light photoconductor based on CsBi3I10 with a responsivity 

of 21.8 A/W.[38] Notably, we fabricated a high-performance photoconductor based on FASnI3 with 

exceptional responsivity and detectivity of 105 A/W and 1012 Jones, much higher than that based 

on typical perovksites.[20] However, more advanced device designs like phototransistors have not 
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been demonstrated yet, leaving a large research space for further improving the device 

performance.  

 

 

Figure 2.2. Structure of 3D and 2D perovskites. Typical crystal structure of (a) 3D perovskites 

and (b) 2D as well as quasi-2D perovskites. (c) Common spacer cations used in previous reports.[2] 

 

On the other hand, quasi-2D perovskites are developed for improving the stability of 

perovskites. Their general formula can be expressed as (RNH3)2An+1BnX3n+1, where RNH3 is a 

large organic spacer cation to encapsulate n layers of [BX6]4− octahedral layers within it.[36] Figure 

2.2 shows the typical crystal structure of normal 3D perovskites and quasi-2D perovskites as well 

as the typical spacer cations used in previous reports. The band structure and therefore 

optoelectronic properties are highly dependent on the number of n. Figure 2.3 reveals the detection 
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range and band structure of different perovskites as well as the comparison of performance for 

PDs based on different novel functional materials. The air stability dramatically improved due to 

the encapsulation of water- and oxygen-unstable [BX6]4− octahedral layers by the hydrophobic 

spacers. The transport and optical properties can be resolved due to the ordered arrangement of the 

[BX6]4− octahedral layers.[39] It is also worth noting that these perovskites tend to form vertical 

gradient heterojunction upon spin-coating because of the relatively heavy spacer cation. Intensive 

research on PDs based on these perovskites are ongoing. For instance, Wang and his coworkers 

developed a series of (C4H9NH3)2 (CH3NH3)n−1PbnI3n+1 single crystal membranes for PD 

applications.[40] When n = 1, very low dark current and high on/off ratio of ~104 along with 

relatively low responsivity (~0.01 A/W). Shao et al. reported a (BA)2(MA)n–1PbnI3n+1/graphene 

phototransistor (BA+ = CH3(CH2)3NH3
+) with decent responsivity of ~105 A/W along with 

response time of <200ms and relatively low detectivity (~1010 Jones).[41] Wei et. al developed a 

flexible quasi-2D perovskite/indium gallium zinc oxide (IGZO) phototransistor with responsivity 

of ~105 A/W and detectivity of 1016 Jones.[17] Although phototransistors based on vertical 

heterojunctions are fabricated, low-cost solution-processable transporting layer which effectively 

couples with the quasi-2D perovskites is still yet to be developed, hindering the practical 

application of these materials. 
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Figure 2.3. (a) Spectral range of different perovskite PDs. (b) Comparison of device performance 

of PDs and various 2D materials. (c) Band structures for some typical perovskites.[3] 

 

2.6 Two-Dimensional Conjugated Metal-Organic Frameworks 

MOFs have long been considered important materials for a series of applications, including 

electro/photo-catalysis, gas sensing and energy storage due to a number of their unique 

properties.[42] They are porous materials in which metal ion nodes interconnect organic ligands. 

Such structure grants them special properties, like high porosity, large specific surface area and 

extremely wide chemical tunability.[43] However, the lack of electrical conductivity in traditional 

MOFs significantly hinders their applications in optoelectronic devices.  
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Figure 2.4. Various designs of 2D c-MOFs. (a) hexagonal lattice (hxl), (d) honeycomb (hcb) lattice, 

and (g) square lattice (sql). Common building blocks of 2D c-MOF networks. (b) benzene-based 

(HXB, X = H, A, T, and Se) and coronene-based (PXC, X = T) ligands for hxl lattice, e) 

triphenylene-based (HXTP, X = H, A, T, and Se) and tetraazanaphthotetraphene-based (HXTT, X 

= H) ligands for hcb lattice, h) phthalocyanine- (MPc(XH)8, M = Fe, Ni, Cu, and Zn; X = O and 

NH) and naphthalocyanine-based (MNPc(XH)8, M = Ni; X = O) ligands for sql lattice. The as-

formed 2D c-MOFs, including c) M3(HXB) (M = Cu and Ag) and M3(PXC) (M = Fe, Ni, and Cu) 

with hxl lattice, (f) M3(HXTP)2 (M = Fe, Ni, Cu, Co, and so on) and M3(HXTN)2 (M = Cu) with 

hcb lattice, and (i) M’2(MPcX8) (M’ = Fe, Ni, Cu, Co, and Zn) and M’2(MNPcX8) (M’ = Ni, and 

Cu) with sql lattice.[4] 
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Lately, 2D c-MOFs have been developed for such applications. They not only have all the 

advantages of conventional MOFs like high porosity and rich chemical tailorability but also 

exceptional electrical conductivity. The superior electrical conductivity is primarily due to the in-

plane-π-conjugation and compact interlayer π-π interaction.[44] Figure 2.4 displays the common 

structure and network design of 2D c-MOFs. Most of the MOFs are synthesized in powder form 

by hydrothermal/ solvothermal methods, which are not compatible for optoelectronic 

applications.[45] To this end, various approaches have been developed to fabricate thin film 2D c-

MOFs, such as liquid-liquid interface method, liquid-air interface method, face-to-face confined 

growth and liquid-solid layer-by-layer assembly.[4] Figure 2.5 reveals different common 

fabrication methods for 2D c-MOF thin films. Layer-by-layer assembly is the most feasible 

method for growing large area 2D c-MOF thin film on a dielectric substrate thanks to the self-

assembly feature of 2D c-MOFs on OH-functionalized surface.  

 

 

 

Figure 2.5. Examples of different fabrication methods for 2D c-MOF thin films. (a) Gas-liquid 

interface method. (b) Liquid-liquid interface method. (c) Liquid-solid interface method.[5]  
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Despite their huge potential, there are only very few reports on optoelectronic devices 

based on 2D c-MOFs up till now. Arora et al. first demonstrated a PD based on Fe3(THT)2(NH4)3 

(THT: 2,3,6,7,10,11-triphenylenehexathiol) with broadband response from 400 to 1575nm and a 

detectivity of 7 ×107 Jones at 77K.[46] There are many emerging novel 2D c-MOFs which have 

promising physical properties in powder form synthesized through solvothermal method, but the 

thin film physical properties and optoelectronic device performance have not been studied yet.[5] 

For commercial solid state optoelectronics, thin films are the most important form of functional 

materials due to the feasibility of large-scale fabrication and component integration. Therefore, the 

study of thin film 2D c-MOFs is indeed critical for future applications.
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Chapter 3: Lead-Free Perovskite/Organic Semiconductor 

Vertical Heterojunction for Highly Sensitive Photodetectors 

In recent years, PDs based on organic-inorganic lead halide perovskites have been studied 

extensively. However, the inclusion of lead in those materials can cause severe human health and 

environmental problems, which is undesirable for practical applications. Here, we report high-

performance PDs with a tin-based perovskite/PEDOT:PSS (poly-(3,4-ethylenedioxythiophene): 

poly(styrenesulfonate)) vertical heterojunction. The device demonstrates broadband photo-

response from NIR to UV. The maximum responsivity and gain are up to 2.6 × 106 A/W and 4.7 

× 106, respectively. Moreover, a much shorter response time and higher detectivity can be achieved 

by reducing the thickness of PEDOT:PSS. The outstanding performance is due to the excellent 

optoelectronic properties of the perovskite and the photo-gating effect originated from the 

heterojunction. Furthermore, devices fabricated on flexible substrates can demonstrate not only 

high sensitivity but also excellent bending stability. This work opens up the opportunity of using 

lead-free perovskite in highly sensitive PDs with vertical heterojunctions. 

 

3.1 Introduction 

OIHPs exhibit superior physical properties, such as high light absorption coefficient, long 

carrier lifetimes, suitable and tunable band gap.[47] Perovskite thin films can be prepared by low 

cost solution processes, which are beneficial to large-scale production.[48] Moreover, many studies 

indicated that flexible perovskite devices can be easily realized on plastic substrates.[35, 49] These 

features make OIHPs a promising candidate for next generation optoelectronic devices such as 

PDs (PDs), which are expected to be low-cost, high-performance and flexible. OIHPs possess a 

common chemical formula of ABX3, where the monovalent A site cation can either be organic 
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such as CH3NH3
+ (MA+) and (NH2)2CH+ (FA+) or inorganic like Cs+ and Rb+, B denotes a 

divalent metal cation (e.g., Pb2+ and Sn2+) and X represents a halide anion (e.g., Cl-, I- or Br-).[50] 

The first perovskite PD is based on MAPbI3, which shows an initial responsivity of 3.49 

A/W.[35] After that, many new methods were adopted to enhance the performance. A MAPbI3 

ambipolar phototransistor based on vapor-assisted solution process has developed by Li and his 

coworkers. The device exhibits an improved responsivity of 320 A/W.[51] Later on, hybrid 

structures was employed to achieve even higher responsivity. For instance, a MAPbI3 

nanowire/graphene hybrid phototransistor was fabricated, owing to the outstanding optoelectronic 

properties of perovskite, the engineered perovskite/graphene interface and high mobility of 

graphene, a responsivity of 2.6 × 106 A/W was obtained.[52] Our group also fabricated a PD based 

on a multi-heterojunction of CH3NH3PbI3-xClx/P3HT/graphene.[32] Upon illumination, the photo-

generated holes transfer to graphene effectively, while electrons are blocked by P3HT. The 

reduced recombination and increased carrier lifetime leads to a very high responsivity of 1.91 × 

109 A/W. Peng et al. reported a MAPbI3–MoS2 nanoflakes BHJ film/rGO phototransistor.[53] The 

MoS2 flakes incorporated in the perovskite film act as electron accepter for more efficient photo-

carrier separation. A responsivity of 1.08 × 104 A/W was measured. A Schottky barrier-controlled 

MAPbI3-xClx/black phosphorus phototransistor was recently developed by our group.[54] Owing to 

the pronounced photo-gating effect and a field-assisted detrapping process derived from the 

schottky barrier at source electrode, a superior responsivity up to 108 A/W along with a response 

time of ~10ms was obtained. Although PDs based on Pb-containing perovskites are studied widely 

and demonstrates excellent device performance, the high toxicity of Pb in those perovskites can 

severely hinder their potential for practical applications.[55] Thus, the development of high 

performance PDs based on lead-free perovskite is crucial.  
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Studies about PDs based on lead-free perovskites are very limited due to the challenge of 

preparing stable lead-free perovskite materials.[56] Waleed et. al presented a MASnI3 nanowire-

array PD by vapor phase chemical reaction method with porous alumina template, exhibiting a 

responsivity of only 0.47 A/W.[37] A (TMHD)BiBr5 (TMHD = N,N,N,N-tetramethyl-1,6-

hexanediammonium) double perovskite photoconductor was demonstrated with a low responsivity 

of only 0.15 A/W.[57] Qian et al. developed a flexible PD based on (PEA)2SnI4 2D perovskite, 

which also exhibits a limited responsivity of 16 A/W.[49a] Yang et al. reported a PD based on 

MA3Sb2I9 microcrystals with a slightly higher responsivity of 40 A/W.[58] The lead-free 

perovskite PDs reported so far has limited responsivity and the performance of the devices are far 

below the requirement of sensitive photo-detection. In addition, the concept of vertical 

heterojunction has not been employed to these devices, which are important for achieving ultra-

high performance and multi-functional devices. Therefore, studies about this issue are urgently 

needed for developing ultrahigh-performance lead-free perovskites PDs. 

Here, we report a lead-free perovskite PD based on a vertical heterostructure of FASnI3 

and PEDOT:PSS. Due to the photo-gating effect, the device demonstrates outstanding photo-

response over a broad range of wavelength from 300nm to 1000nm. The maximum responsivity 

and gain of the device are 2.6 × 106 A/W and 4.7 × 106 respectively. In addition, shorter response 

time and higher detectivity can be obtained by decreasing the thickness of PEDOT:PSS layer. 

Besides, this PD can be assembled as a flexible PD on a polyimide (PI) substrate. The flexible PD 

exhibits excellent bending stability as well as high photo-response. This study paves the way for 

the further development on environmental-friendly PDs with ultrahigh performance. 
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3.2 Results and discussion 

3.2.1 Working Mechanisms 

Figure 3.1a shows the schematic diagram of the device. The PD is based on a vertical 

heterojunction of FASnI3 and PEDOT: PSS. FASnI3 has moderate band gap which enabling 

broadband detection and suitable band positions for forming type-II heterojunction with 

PEDOT:PSS. The perovskite layer is used as a light absorbing layer while PEDOT:PSS film is 

adopted as an efficient charge transport layer. Figure 3.1b illustrates the corresponding energy 

level diagram. A type-II band alignment is obtained for the perovskite/PEDOT:PSS 

heterojunction. Upon incident light, electron-hole (e-h) pairs and excitons are generated in the 

perovskite film. Due to the low exciton binding energy of perovskite, excitons would dissociate 

into e-h pairs rapidly.[59] The photo-generated holes would then diffuse into PEDOT:PSS since the 

highest occupied molecular orbital (HOMO) of PEDOT:PSS has lower energy than valence band 

maximum (VBM) of perovskite for holes.[60] On the other hand, the electrons would be locked in 

the perovskite because the lowest unoccupied molecular orbital (LUMO) of PEDOT:PSS is much 

higher than the conduction band maximum (CBM) in perovskite for electrons. The diffusion of 

photo-carriers is typically fast enough so that the lateral carrier transport in the light absorbing 

layer can be neglected.[61] Due to the efficient carrier separation achieved by the vertical built-in 

electric field at perovskite/PEDOT:PSS interface, the carrier lifetime could be significantly 

increased. In addition, the hole mobility of PEDOT:PSS is much higher than that of the underneath 

perovskite films.[49c, 62] Thus, holes transport in PEDOT:PSS channel for multiple times before 

recombining with electrons being trapped in perovskite, leading to a high gain and responsivity. 

 



Chapter 3 

 

25 
 

 

Figure 3.1. Device schematics and material characterizations. (a) Schematic diagram of the 

FASnI3/PEDOT:PSS PD. (b) Relative energy band diagram of the PD and illustration of carrier 

transfer mechanism in it.  

 

3.2.2 Materials Characterization 

To reveal its optical properties, FASnI3 perovskite films were characterized by photo-

luminescent (PL) and Ultraviolet-Visible (UV-Vis) spectroscopy. Figure 3.1c displays the 

corresponding spectrums. As expected, the absorption spectrum displays a sharp rising edge near 

890nm. the PL peak also occurs around the same position.  These results indicate that the band gap 

of the FASnI3 is ~1.4 eV, which is consistent with that reported in literature.[63] To obtain the 

structural information, a FASnI3 perovskite film on glass substrate was also characterized by X-

ray diffraction (XRD), as shown in Figure 3.1d. The XRD pattern indicates that the perovskite is 

in α-phase of Orthorhombic structure, with lattice parameters a = 6.33 Å, b = 8.96 Å, c = 8.95 Å, 

which is the desirable phase for PDs.[47c]  Scanning Electron Microscopy (SEM) was also 

employed to study the surface morphology and estimate the thickness of each layer. As displayed 

in Figure 3.1e and 3.2, the grain size for perovskite film coated on PEDOT:PSS is ~200nm, while 
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that coated on SiO2/Si is ~500nm. This can be attributed to the higher wettability of the perovskite 

precursor solution on the PEDOT:PSS surface than on the SiO2/Si.[64] The smaller grain size here 

should not severely affect the device performance since the photo-generated holes in perovskite 

transport to PEDOT:PSS vertically and the photo-current contributed by electrons in perovskite is 

negligible. The cross-sectional SEM image (Figure 3.1f) reveals that the thicknesses of perovskite 

films are ~80nm. On the other hand, the thicknesses of PEDOT:PSS films were measured by 

surface profiler. The thickness of the PEDOT:PSS layer is controlled to be 30 nm unless otherwise 

specified.  

 

Figure 3.1. (a) PL and absorption spectra of perovskite film. (b) XRD pattern of the perovskite 

film. (c) SEM image of a FASnI3 film coated on PEDOT:PSS. (Scaler bar: 1 µm) (d) Cross-

sectional SEM image of a FASnI3/PEDOT:PSS bilayer coated on SiO2/Si. (Scaler bar: 300 nm) 
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Figure 3.2. SEM image of perovskite surface for a film coated on SiO2/Si. (Scaler bar: 1 µm)  

 

3.2.3 PD Performance 

 

Figure 3.3. Device performance of a FASnI3/30 nm-PEDOT:PSS PD. (a) Photo-current vs. drain 

voltage and (b) average responsivity vs. drain voltage under various intensity of light. Wavelength: 

685nm. (c) Average responsivity as a function of light intensity for three different wavelengths. 

The dashed lines are fitting curves using equation (3). (d) Average normalized spectral responsivity 

and gain of the PD. Error bar was calculated from the standard deviation. 
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Figure 3.4. Supplementary device performance of the FASnI3/30 nm-PEDOT:PSS PD. (a) Photo-

current vs. drain voltage and (b) average responsivity vs. drain voltage under various intensity of 

420nm wavelength light. (c) Photo-current vs. drain voltage and (d) average responsivity vs. drain 

voltage under various intensity of 850nm wavelength light. Error bar indicates the standard 

deviation. 

 

Figure 3.3a shows the photo-current as a function of drain voltage under various light 

intensities for a FASnI3/30 nm-PEDOT:PSS device. The wavelength of the light is 685nm. At 

different light intensities, the photo-current increases linearly with applied bias voltage. This 

means that ohmic contact is obtained in the device. It is observed that the transistor transfer 

characteristics cannot be measured, which could be due to the dipole disorder and gate screening 

from surface charge-trapping sites. Further study of interfacial properties using transmission 
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electron microscopy (TEM) and computer simulation would lead to more insight, like surface 

energy and interface binding energy. 

 

Responsivity is one of the most important parameters to quantify the photo-response. 

Figure 3.3b displays the responsivity as a function of drain voltage. The maximum responsivity 

of the device is 2.6 × 106 A/W, which is the highest among PDs based on lead-free perovskites 

reported so far.[20, 37, 49a, 57-58] The photo-current and responsivity of the same device under light 

with wavelengths of 850nm and 420nm are presented in Figure 3.4.  Actually, such responsivity 

value is even higher than or comparable to many PDs based on Pb-containing perovskites 

employing vertical heterojunctions.[41, 52, 65] The highest gain is 4.7 × 106. Such high gain can be 

attributed to the photo-gating effect induced by the FASnI3/PEDOT:PSS type-II heterojunction.  

The relationship between responsivity and light intensity for three different wavelengths 

of light are shown in Figure 3.3c. Notability, the responsivity of the device exponentially decays 

with increased illumination intensity according to a relation:[66] 

𝑅𝑅 ∝ 𝑁𝑁𝑒𝑒𝛼𝛼,            

where α is fitting constant which is typically negative. Because high light intensity dramatically 

increase photo-carriers accumulated in perovskite film, the high density of accumulated carriers 

greatly increases the recombination rate in perovskite layer before the holes can transfer to 

PEDOT:PSS, leading to the lower responsivity. 
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Figure 3.5. Noise measurement and analysis of a perovskite/30-nm PEDOT:PSS PD. (a) Current 

as a function of time in dark. (b) Analysis of noise spectral density of the device based on the FFT 

of the dark current noise. 

 

Detectivity is also an important parameter for PDs. To obtain NEP of the PD, the time 

domain noise current was measured (Figure 3.5a). Subsequently, Fast Fourier Transform (FFT) 

was performed to acquire the noise spectral density as a function of frequency (Figure 3.5b). The 

noise current at bandwidth of 1Hz can be found to be 2.9 nA. The corresponding NEP is 8.4 × 10-

14 W/Hz1/2. A detectivity of 3.2 × 1012 Jones can be therefore calculated, which is comparable to 

or higher than many other perovskite-based PDs.[41, 65b, 67] As will be discussed later, the detectivity 

can be further improved.by reducing the PEDOT:PSS thickness in the device. 

Another key concern for PDs is their spectral photo-response. Figure 3.3d shows the 

spectral responsivity and gain. The PD exhibit broadband photo-response from UV to NIR. 

Notably, there is an obvious extension of photo-response for wavelength beyond bandgap 

(>890nm), which can be attributed to light absorption by the trap states in the bandgap.[68] These 

trap states are originated from the detects within the perovskite crystals or at the grain boundaries.  

Electrons are activated by NIR photons from the valence band to the traps states of the perovskite 
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film and generate holes that transfer to PEDOT:PSS.  Since the perovskite layer has abundant deep 

states, significant amount of photons with energy smaller than band gap can still be absorbed and 

converted to photo-carriers.[49c] Similar effect has been reported before in some perovskite-based 

lateral PDs.[20, 49c]  

 

 

Figure 3.6. (a) Temporal response of PEDOT:PSS device under two on-off illumination cycle of 

685nm wavelength light with 370 µW/cm2. (b) Average responsivity as a function of light intensity 

of light with 685nm wavelength for FASnI3/PEDOT:PSS with different PEDOT:PSS thicknesses 

and perovskite PD. Error bar represents the standard deviation. The dashed lines are fitting curves 

using equation (3). (c) Temporal response for various FASnI3/PEDOT:PSS and FASnI3 PDs under 

four illumination on-off cycles. (d) enlarged view and fitting of falling edge of the temporal 

response of the FASnI3/30-nm PEDOT:PSS device. 
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Figure 3.7.  (a) Average spectral responsivity and gain as well as (b) detectivity in real scale for a 

perovskite/30-nm PEDOT:PSS PD. Intensity used for the measurement is ~500µW/cm2. Error bar 

represents the standard deviation.   

 

 

Table 3.1. Device performance of perovskite/PEDOT:PSS PDs with different PEDOT:PSS 

thicknesses and perovskite-only PDs. Three devices for each conditions were characterized. 

Device structure R (106 A/W) D* (1012 Jones) Rise/Fall time (s) 

#1 Perovskite/10 nm-PEDOT:PSS 1.1 9.6 48/169 

#2 Perovskite/10 nm-PEDOT:PSS 0.91 8.4 59/182 

#3 Perovskite/10 nm-PEDOT:PSS 0.77 7.3 41/153 

#1 Perovskite/30 nm-PEDOT:PSS 2.6 3.2 128/226 

#2 Perovskite/30 nm-PEDOT:PSS 2.2 4.3 115/205 

#3 Perovskite/30 nm-PEDOT:PSS 1.9 3.6 107/188 

#1 Perovskite 0.0063 0.22 9/61 

#2 Perovskite 0.0054 0.29 11/71 

#3 Perovskite 0.0047 0.19 8/57 
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To verify the role of the heterojunction, control devices with only PEDOT:PSS or 

perovskite layers are characterized. As displayed in Figure 3.6a, the PEDOT:PSS device 

demonstrated a photo-current of only ~100nA, which is several orders of magnitude lower than 

the bilayer device under the same light intensity. The control device with only a perovskite layer 

also shows a much lower responsivity than the device with the vertical heterojunction (Table 3.1). 

Therefore, the high photo-response is not contributed solely by the organic semiconductor or the 

perovskite layer. To have a more comprehensive understanding on the hybrid PD, we fabricated 

devices with a thinner PEDOT:PSS layer (~10nm). The performance of the devices is listed in 

Table 3.1. The detectivity is improved up to 9.6 × 1012 Jones due to the decreased noise level. 

  

  

Table 3.2. Mean and standard deviation (Mean ± SD) of the performance parameters for 

different devices. 

Device structure R (106 A/W) D* (1012 Jones) Rise time (s) Fall time (s) 

Perovskite/10 nm-PEDOT:PSS 9.3 ± 0.17 8.4 ± 1.2 49 ± 9.1 168 ± 15 

Perovskite/30 nm-PEDOT:PSS 2.2 ± 0.35 3.7 ± 0.56 117 ± 11 206 ± 19 

Perovskite 0.0055 ± 

0.00080 

0.23 ± 0.051 9 ± 1 63 ± 7 
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Figure 3.8. Enlarged view and fitting of falling edge of the temporal response of a (a) 

perovskite/10-nm PEDOT:PSS PD and (b) perovskite-only device. 

 

 

Figure 3.6b shows responsivity as a function of light intensity for the devices with different 

PEDOT:PSS thicknesses and pure perovskite. The devices for each condition are measured and 

represented by the data points with error bars.  It can be found that the responsivity is enhanced by 

at least two orders after introducing PEDOT:PSS as a transporting layer. Such improvement is due 

Table 3.3. Falling times for representative perovskite/PEDOT:PSS and perovskite 

devices. 

Device structure τ1 (s) τ2 (s) 

Perovskite/10 nm-PEDOT:PSS 9 110 

Perovskite/30 nm-PEDOT:PSS 11 130 

Perovskite 5 90 
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to the synergetic effect of the vertical heterojunction that leads to a photo-gating effect of the 

devices. The devices with 10 nm-thick PEDOT:PSS show relatively lower responsivity than that 

with 30nm-thick PEDOT:PSS.  

Figure 3.6c shows the transient behavior of three types of devices measured at the same 

condition. Notably, the response time reduces with the decrease of PEDOT:PSS thickness (See 

Table 3.1), which can be attributed to more rapid carrier recombination in a thinner device. With 

the same light intensity, thinner PEDOT:PSS film should have higher carrier density and the 

balance between hole injection and recombination thus occurs earlier, leading to a lower 

responsivity and a shorter response time.[49c] The transient behavior can be fitted with a double 

exponential falling function: 

𝐼𝐼𝑟𝑟ℎ = 𝐴𝐴1 𝑒𝑒𝑒𝑒𝑒𝑒 �−
𝑡𝑡
𝜏𝜏1
�+ 𝐴𝐴2 𝑒𝑒𝑒𝑒𝑒𝑒 �−

𝑡𝑡
𝜏𝜏2
�,      

where τ1 and τ2 are fast and slow time constants and A1 and A2 are magnitudes for the two decay 

components. As shown in Figure 3.6d and Figure 3.8, the falling process can be fitted very well 

with equation (6). The falling times of the PDs are extracted and shown in Table 3.3. The short 

falling time in the first stage is due to the rapid recombination of the photo-carriers under built-in 

electric field by accumulated carriers. After that, recombination of remaining carriers was slowed 

down for decreased built-in electric field. For a thinner film, more rapid recombination of carriers 

occurs since most of the holes are near the vertical heterojunction, causing a shorter falling time. 

The trade-off between gain and response time of the device can be reflected by gain-

bandwidth product (GBP) given below:[69] 

𝐺𝐺𝐺𝐺𝑁𝑁 =  𝐺𝐺 × 𝑓𝑓3𝑑𝑑𝐴𝐴,        

𝑓𝑓3𝑑𝑑𝐴𝐴 ≈
0.36
𝜏𝜏𝑟𝑟

,          
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where 𝑓𝑓3𝑑𝑑𝐴𝐴  and 𝜏𝜏𝑟𝑟  are the 3dB bandwidth and rise time from 10% to 90% of saturated photo-

current. The maximum GBP for the hybrid PDs with PEDOT:PSS thicknesses of 10nm and 30nm 

are 15kHz and 14kHz, while that for the perovskite-only device is 0.4kHz. The much higher GBPs 

for the hybrid PDs than the perovskite-only device once more indicate the overall performance 

enhancement brought by the PEDOT:PSS transporting layer. Although the values of GBP for our 

hybrid devices are relatively low compared with some high-performance PDs, they are already 

higher than many perovskite-based PDs.[70] 

For a phototransistor, the gain is given by 𝐺𝐺 =  𝜏𝜏𝑟𝑟
𝐿𝐿/𝜇𝜇ℎ𝐸𝐸

= 𝜏𝜏𝑟𝑟𝜇𝜇ℎ𝑒𝑒𝑑𝑑
𝐿𝐿2

, where µh is the hole 

mobility in PEDOT:PSS, E is the electric field in the channel and Vd is the drain voltage.[6] Thus 

the GBP is given by: 𝐺𝐺𝐺𝐺𝑁𝑁 = 0.36 𝜇𝜇ℎ𝑒𝑒𝑑𝑑
𝐿𝐿2

. So it is reasonable to find that the value of GBP is not 

related to the thickness of the PEDOT:PSS layer. To further improve the GBP value, we can 

increase the drain voltage Vd or decrease the channel length L of the device. On the other hand, 

the incorporation of an organic semiconductor layer with a high hole mobility in the device can 

result in a higher GBP of the device. 

 

3.2.4 Flexible PD Performance 

In recent years, flexible optoelectronic devices have attracted much attention due to many 

potential applications, such as artificial eyes and sensory skins.[71] To fully demonstrate the 

potential of the perovskite/PEDOT:PSS PD, a flexible device was fabricated on a PET substrate. 

Figure 3.9a shows the photo-current vs. bias voltage under different light intensity for 685nm 

wavelength. Figure 3.9b displays the responsivity as a function of drain voltage under various 

light intensity before and after bending test. Figure 3.9c shows the responsivity vs. light intensity 

under fixed applied voltage of 0.5V before and after a bending test. The maximum responsivity of 
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the flexible is measured to be ~8.7× 105 A/W, which is comparable to the device prepared on a 

rigid substrate. The slightly lower photo-response of the flexible device than that on SiO2/Si may 

be due to the lack of back-scattered light from the substrate.  

 

Figure 3.9. Device performance of the FASnI3/PEDOT:PSS PD fabricated on flexible substrate. 

(a) photo-current vs. drain voltage of the as-fabricated device. (b) Average responsivity as a 

function of applied voltage for the PD before and after bending test. Circle dots and solid lines are 

for device before bending, while triangular dots and dash lines are for device after bending test. (c) 

Average responsivity vs. light intensity for the flexible device before and after bending test. The 

dashed lines are fitting curves using equation (3). Error bar indicates the standard deviation.  (d) 

Temporal response of the PD before and after the bending test for two illumination on-off cycles. 
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Figure 3.10. Illustration of the bending test for the flexible PD.  

 

 

Figure 3.11. Dark current for perovskite/PEDOT:PSS PDs with different PEDOT:PSS thicknesses. 
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The bending test is done by curving the flexible device to the surface of a bottle with 8-

mm radius (which corresponds to a bending degree of 8.6° for an individual device) for 300 times, 

as illustrated in Figure 3.10. Notably, responsivity at low intensity remains almost unchanged. 

Figure 3.9d displays the temporal response of the device before and after bending, respectively. 

The shape of the response curve and magnitude of photo-current also keep unchanged. Therefore, 

the bilayer PD fabricated on flexible substrate can maintain the high photo-response as well as 

excellent bending stability, which can be promising for future applications.  

 

3.3 Conclusion 

In summary, a high-performance lead-free perovskite PD has been realized based on a 

vertical heterojunction of FASnI3 and PEDOT:PSS. Owing to the photo-gating effect, the device 

exhibits a high responsivity up to 2.6 × 106 A/W, gain of 4.7 × 106, specific detectivity of 3.2 × 

1012 Jones. The PD also exhibits a broadband photo-response from UV to NIR. Notably, it 

maintains reasonable responsivity even at NIR light illumination (980nm and 1050nm) where the 

photon energy is lower than band gap of perovskite, which could be attributed to the traps in the 

bandgap of perovskite films. Additionally, higher detectivity and faster response speed can be 

achieved by simply reducing the PEDOT:PSS thickness in the device. Moreover, this PD can be 

fabricated on flexible plastic substrates and shows robust stability upon bending tests and high 

responsivity. This work demonstrates the feasibility of utilizing lead-free perovskites in 

environmentally friendly, low-cost, sensitive and flexible PDs in various applications.  
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3.4 Experimental Section 

3.4.1 Materials Characterization 

The thickness of PEDOT:PSS films were measured using Dektak XTL Stylus Profiler 

System. X-Ray diffraction (XRD) patterns of the perovskite films were measured using Rigaku 

SmartLab X-Ray diffractometer. JEOL JSM 6335F SEM (SEM) was employed to capture the 

SEM images. The absorbance of the FASnI3 film was recorded with Hitachi UH5300 

spectrophotometer. PL spectra was recorded using Edinburgh FLSP920 fluorescence 

spectrophotometer with an excitation wavelength of 635 nm. 

 

3.4.2 Device Fabrication 

Deposition of electrodes: First, 10-minute Ultrasonication baths of deionized water, acetone and 

IPA were applied to 300nm-SiO2/Si or 50 µm-PI substrates. Then, nitrogen gas was used to dry 

those substrates. After that, the electrode area was defined by photolithography. Finally, Cr/Au 

(10nm/100nm) electrodes were deposited by thermal evaporation followed by an acetone lift-off 

process. The channel width (W) and length (L) were 6 and 800 μm, respectively.  

Formation of PEDOT:PSS films on SiO2/Si or PI: A PEDOT:PSS aqueous solution (Clevios 

PH 500, Heraeus Precious Metals GmbH & Co. KG, Leverkusen, Germany) was used as 

PEDOT:PSS source for this work. To enhance the wettability for PEDOT:PSS solution, the 

patterned substrates were first subjected to an oxygen plasma treatment for 10 minutes. Then, The 

PEDOT:PSS films were formed by spin coating the solution onto the substrates in ambient 

environment. The thicknesses of the PEDOT:PSS films can be controlled by changing the spinning 

speed and concentration of the PEDOT:PSS aqueous solution. After that, the substrate was taken 

into glovebox which filled with high purity nitrogen gas and annealed at 120°C for 30 minutes. 
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Formation of FASnI3 film: To obtain the precursor solution, 1M Tin(II) Iodide (SnI2) (Youxuan 

tech., 99,99%), 1 M Formamidinium iodide (FAI), 0.1 M Tin(II) Chloride (SnCl2) (Aladdin, 99%), 

0.1 M Dimethyl sulfoxide (DMSO) and 0.015M hydroquinone sulfonic acid (KHQSA) was mixed 

in a suitable amount of N,N-dimethylformamide (DMF). The two additives, namely KHQSA and 

excess SnCl2, are used to improve the air stability of perovskite film. The detailed mechanism has 

been studied by our group before.16 Briefly, the Sn2+ ion can interact with sulfonate group in 

KHQSA, inducing a SnCl2-additive complex layer. The layer can encapsulate the perovskite 

grains and dramatically enhance the antioxidant ability for the perovskite film. Then, the solution 

was magnetically stirred for several hours to produce the perovskite precursor solution.  After that, 

spin-coating for 30 seconds at 5000rpm was used to form a uniform film. 10s after the spin-coating 

started, 100µL of Chlorobenzene was dropped onto the substrate. Finally, the sample was annealed 

at 70 °C for 5 minutes. 

 

3.4.3 Device Measurements 

A semiconductor characterization system (Keithley 4200) was used to measure the 

electrical and opto-electrical performance of the devices. The light sources used to measure the 

photo-response of the devices are LEDs with wavelengths of 370, 420, 530, 685, 760, 850, 980 

and 1050 nm. The measurement was conducted in a Nitrogen-filled glovebox. The light intensity 

used for the spectral responsivity, gain and detectivity measurement was ~500µW/cm2. 

The device performance of the flexible device was first measured using the above-

mentioned equipment. After that, the devices were subjected to a bending test. They were curved 

against a glass bottle with 8-mm radius for 300 times. The corresponding bending degree for one 

individual device is 8.6 °. After that, the same measurement was conducted again. Notably, all the 
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measurements for the flexible PD were performed in glove box to make sure the degradation of 

the device was solely caused by the bending test.  
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Chapter 4: High-Performance Quasi-2D Perovskite/Single-Walled 

Carbon Nanotube Phototransistors for Low-Cost and Sensitive 

Broadband Photodetection 

quasi-2D Ruddlesden–Popper perovskites (RPPs) have emerged as promising functional 

materials for optoelectronics due to the highly tunable optoelectronic properties and have been 

considered as alternative candidates for semiconductors in PDs. However, RPPs normally show 

low carrier mobilities, which is unfavorable for the performance of PDs. Here, a solution-

processed hybrid phototransistor based on RPP/SWCNT heterostructure is reported. A vertical 

composition gradient is formed upon RPP film preparation, which leads to a gradient type-II 

heterojunction in the film. More importantly, the high carrier mobility of SWCNTs can result in 

ultrahigh responsivity and detectivity of 2 x 106 A W-1 and 7 x 1014 Jones, respectively. In addition, 

high on/off ratio of ~103 can be achieved in the phototransistors. This work demonstrates the high 

potential of RPP/SWCNT hybrid phototransistors as next-generation PDs with superior sensitivity.  

 

4.1 Introduction 

PDs play a crucial role in many modern systems, such as optical communication, wearable 

electronics, healthcare and environmental monitoring.[1, 72] Due to expensive fabrication and 

material cost, high fragility and rigorous operating condition, the traditional PDs based on III-V 

semiconductors and Silicon fail to meet the ever increasing requirement of those applications.[9, 73] 

In recent years, OIHPs have emerged as promising candidate materials for next-generation PDs 

because of their unique properties, such as high optical absorption coefficient, easily tunable band 
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gap, high carrier diffusion length and excellent defect tolerance.[1, 9, 74] However, the simple 

photoconductors based on typical OIHPs are relatively limited due to the absence of external gain 

mechanism and the abundant grain boundaries in perovskite thin films, despite the fact that they 

can be fabricated very conveniently.[9, 35, 75] For instance, Hu and his co-workers developed a 

photoconductor based on MAPbI3 with a responsivity of 3.49 A W-1.[35] Besides, the low formation 

energy of typical perovskites lead to highly unstable devices in ambient condition.[76]  

A feasible way to introduce the external gain mechanism to the perovskite PDs is to 

construct a hybrid phototransistor by inserting an additional transporting layer with higher carrier 

mobility.[31, 70b, 77] The photo-gating effect induced by suitable band alignment between the 

functional materials can effectively prolong the carrier lifetime. Such hybrid phototransistors thus 

generally exhibit much higher photo-response than simple photoconductors, with certain sacrifice 

on response speed. Actually, many 2D materials have been adopted as transporting layers, such as 

graphene, 2D Transition Metal Dichalcogenides (TMDs) and black phosphorus.[31-32, 41, 67b, 78] 

Impressive responsivity of 109 A W-1 and detectivity of 1016 Jones can be achieved in some 

devices.[32, 79] Although excellent results were obtained, lack of low cost and large area fabrication 

techniques of 2D materials in those devices limits their potentiality towards practical 

applications.[49c] On the other hand, a great deal of research effort has been put on improving the 

stability of perovskite, such as compositional engineering and the development of all-inorganic 

perovskites.[18, 80]  Recently, a new type of perovskites has been developed, namely quasi-2D quasi-

2D RPPs, which share a common chemical formula of (RNH3)2An−1MnX3n+1, where RNH3 

represents an organic long-chain spacer cation, A is a regular monovalent organic cation, M is a 

divalent metal cation and X is a halide anion.[36, 81] The number of n indicates how many [MX6]4- 

octahedral layers are inserted between the two large spacer cations. The quantum well structure 
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due to the encapsulation of [MX6]4- layers by the spacers not only leads to a series of unique 

optoelectronic properties, but also ensures the excellent photo- and chemical stability.[41] More 

importantly, the RPP thin films tend to consist of phases with gradient n values throughout the 

whole film,[41, 82] which can significantly enhance the optoelectronic properties of the resultant 

PDs. Since the large insulating spacer groups can hinder the carrier transport, organic intercalation 

engineering has been performed to shorten the interlayer distance between the inorganic layers and 

thereby improving the mobility.[37] However, the RPPs in those cases are still polycrystalline, 

which limits the carrier lifetime. A more serious gate-field screening effect may also exist due to 

the lighter spacer cations, which hampers the observation of field-effect transistor (FET) behaviors 

in those RPPs.[83] Therefore, the incorporation of high mobility transporting layer is still necessary 

to obtain excellent device performance. 

In this work, a solution-processed high performance hybrid phototransistor based on 

RPP/SWCNT heterostructure has been developed. It is found that the occurrence of vertically 

conpositional gradient heterojunction nature in RPP thin film effectively enhances the carrier 

separation. Together with the high quality RPP film on SWCNTs and the excellent transport 

properties of SWCNT thin film, excellent device performance is achieved. The resultant 

phototransistors have decent responsivity and detectivity of up to 2 x 106 A W-1 and 7 x 1014 Jones, 

which are one order of magnitude higher than those of a hybrid phototransistor based on a typical 

3-dimensional (3D) provksite MAPbI3 and SWCNT. Furthermore, the maximum transistor and 

PD on/off ratio are measured to be as high as ~103. This work sheds light on the development of 

high-performance and low-cost PDs for practical applications based on RPPs and SWCNT thin 

films. 
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4.2. Results and discussion 

4.2.1 Working Mechanisms 

 

Figure 4.1. Illustration of device mechanism for RPP/SWCNT hybrid phototransistor and SEM 

images for RPP films. (a) Device design of the RPP/SWCNT hybrid phototransistor. (b) Band 

alignment of SWCNTs and the RPP with different layer numbers. (c) Schematic diagram for 

explaining photo-carrier transport mechanism in the device. 

 

As illustrated in Figure 4.1a, the device channel consists of a layer of SWCNT at the 

bottom as a charge transport layer and a RPP layer at the top as photosensitive layer. The RPP 

used here is (PEA)2(MA)n-1PbnI3n-1 (PEA = Phenethylamine) with a stoichiometric n value of 3, 

which has been optimized for efficient charge separation and film quality in our recent work.[82] 

During film formation, the inorganic [MX6]4- octahedral network tends to spread parallel to the 

substrate, while the large heavy spacer cations tend to diffuse from top to bottom. The resultant 

RPP film consists of RPP layers with decreasing n values towards the film rear.  Figure 4.1b 
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displays the schematic band alignment between RPPs and SWCNTs. The band energy levels of 

different RPPs and SWCNTs are referenced from previous studies.[84] The RPPs in the film tend 

to form a gradient type-II heterojunction with n value decreases from top to bottom. Such effect 

significantly enhances the photo-carrier separation and hence the carrier recombination lifetime. 

The schematic diagram in Figure 4.1c illustrates the charge transport in such hybrid 

phototransistor. Upon light illumination, most of the incident photons absorbed within tens of 

nanometres beneath the perovskite film surface owing to the high optical absorption coefficient of 

the perovskites. Afterwards, excessive electron-hole pairs near the film surface are rapidly 

generated owing to low exciton binding energy and efficient photoelectric conversion.[36] 

According to the relative band alignment, the photo-generated electrons will be trapped near the 

perovskite surface while holes can be effectively transferred into SWCNT layer due to strong built-

in electric field provided by the band alignment. The carrier lifetime is therefore prolonged 

significantly. Since the vertical travelling distance for the photo-carriers are relatively short, most 

of the photo-generated holes are transferred to SWCNTs before recombining at the grain 

boundaries of perovskite layer. On the other hand, the carriers in SWCNT layer can have a short 

transit time owing to its high mobility. The gain (G) of a PD can be represented by: G = τ/ttran, 

where τ and ttran are carrier lifetime and carrier transit time in the channel.[85] Therefore, increasing 

τ and reducing ttran can effectively improve the gain in the devices. 
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4.2.2 Materials Characterization 

 

Figure 4.2. SEM images of RPP films spin-coated on (a) SiO2/Si and (b) SWCNTs. Scale bars are 

500nm. 

 

Figure 4.3. Materials characterization. (a) SEM image and (b) Raman spectra of SWCNT thin 

film on SiO2/Si. Scale bar is 500 nm. (c) XRD spectra and (d) absorption spectra of RPP films. (e) 

PL spectra of a RRP film excited from top or bottom as well as that of a typical 3D perovskite 

MAPbI3 film. (f) The zoomed view of the same PL spectrums for wavelengths below 650nm. The 

excitation source is a 488 nm laser. 
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The SEM images (Figure 4.1d) for a RPP film spin-coated on SiO2/Si directly reveals that 

such film contains some pin holes and large grains. These makes the film relatively rough. On the 

other hand, the film spin-coated on SWCNTs are much smoother and without any pinhole (Figure 

4.1e), which is highly desirable for photo-electric conversion and carrier transport.[41,42] The 

smoother RPP film on SWCNTs than on SiO2/Si surface may be due to the more uniform 

nucleation. The SWCNTs are uniformly distributed on SiO2/Si surface and tend to attract MA+ 

and PEA+ ions when precursor solution is spin-coated on it.[86] Those evenly and densely attached 

ions then act as nucleation seeds so that the grown RPP crystals can have uniform grain size and 

specific phase distribution after annealing. Finally, a dense RPP film can be formed. On the other 

hand, the RPP crystals nonuniformly grow without uniform nucleation seeds on SiO2/Si, resulting 

in a rougher surface with many pinholes and relatively random distribution of RPP phases. To 

ensure the excellent FET performance, SWCNTs with >99.9% semiconducting purity is used.[87] 

Moreover, the SEM image of a SWCNT layer (Figure 4.2a) reveals that the SWCNTs are densely 

connected to form a conductive network, which is necessary for high performance FETs.[87b, 88] 

The length and diameter of a single nanotube are about 1-2 µm and 1.2-1.7 nm, respectively. 

Raman spectra of the SWCNT thin film is displayed in Figure 4.2b. The characteristic peaks are 

consistent with previous studies.[89] In the X-ray diffraction (XRD) spectra of RPP film (Figure 

4.2c), diffraction peaks for RPP phases of different n values are measured in a single sample, 

indicating the multiphase characteristics of the perovkite film. Similar conclusion can be drawn 

from the absorption spectra (Figure 4.2d), where multiple absorption peaks for RPPs with 

different n numbers can be found. PL spectra were acquired from both top and bottom of a RPP 

film as well as a typical 3D perovskite MAPbI3 film (Figure 4.2e and 4.2f). It can be noted that 
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the PL response for RPP film is highly dependent on excitation direction, that is, the intensities of 

the important peaks are different when the film is excited from top or bottom.[82] Specifically, an 

intensive 3D peak and weak 2D peaks are acquired when the film is excited from the top, whereas 

a weaker 3D peak and stronger 2D peaks are acquired when it is excited from the bottom. Such 

observations are consistent with the gradient multiphase nature of the film. The thicknesses of RPP 

and MAPbI3 on the SWCNTs was measured to be ~1 µm.  

 

4.2.3 Phototransistor Performance 

 

Figure 4.4. (a) linear plot of transfer curves in dark for different kinds of devices. Inset graph is 

the semi-log plot for the transfer curves. (b) Transfer curves and (c) Photocurrent vs. applied gate 

voltage for a RPP/SWCNT phototransistor under 598 nm light illumination of various intensities. 

(d) Responsivity as a function of light intensity for devices under 598 nm light illumination. 
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For all the device measurements, the drain voltage was fixed at 0.5V unless otherwise 

specified. As displayed in Figure 4.3a, the pristine SWCNT FET has a well-defined ambipolar 

transfer characteristics. The field-effect mobility can be calculated according to the equation:[6]  

𝜇𝜇 =  𝐿𝐿
𝑊𝑊×𝐶𝐶𝑂𝑂𝑂𝑂×𝑒𝑒𝐷𝐷𝐷𝐷

× 𝑑𝑑𝐼𝐼𝐷𝐷𝐷𝐷
𝑑𝑑𝑒𝑒𝐺𝐺

,         

where L, W and COX are channel length, width and specific capacitance of SiO2, respectively. The 

hole and electron mobility are calculated to be 17.5 and 1.2 x 10-2 cm2V-1s-1, respectively. The 

high hole mobility is beneficial for photo-electron transport in the channel. After the incorporation 

of perovskites onto the SWCNTs, the charge neutrality point shifts from the negative to the positive 

side, indicating p-type doping in the SWCNT (Figure 4.3a). The obviously higher p-doping in 

RPP-based sample than that in MAPbI3-based sample is due to the gradient heterojunction which 

favours the hole transporting to SWCNTs. The mobility values of RPP/SWCNT and 

MAPbI3/SWCNT devices can be extracted from Figure 3a and calculated to be 9.7 and 7.4 cm2V-

1s-1, respectively. These values are much higher than those in previously reported FETs with 

perovskite-only channels.[51, 90] The slightly reduced mobility after perovskite coating may be due 

to partial gate-field screening in perovskite films. The higher mobility in RPP/SWCNT device than 

that in MAPbI3/SWCNT could thus be attributed to the suppressed field-induced ion migration in 

RPP film by the large spacer cations. The additional SWCNT thin film underneath the perovskite 

films can enhance mobility of the system. Since the hole mobility of SWCNT is much higher than 

perovskites and the holes in perovskites spontaneously transfer to SWCNTs, the SWCNT film 

becomes the dominant channel to determine the mobility of the system and the carrier transport in 

perovskites is negligible. 
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The device performances for RPP/SWCNT and MAPbI3/SWCNT were measured and 

compared carefully. It was found that RPP/SWCNT device exhibits the obviously better overall 

PD performance. Figure 4.3b shows the transfer curves for a representative RPP/SWCNT 

phototransistor in dark and under 598nm light illumination with different light intensity. The 

photocurrent increases monotonically with light intensity and the transistor on/off ratio gradually 

reduces from ~103 to ~2 as light intensity increases. This is due to the increased number of holes 

accumulated in the SWCNT channel, which leads to p-doping in the channel. Notably, under a 

gate voltage of 50V, the PD has an on/off ratio of ~103. 

The relation between photocurrent (Iph) and gate voltage can be extracted from Figure 4.3b 

and has been plotted in Figure 4.3c. The gate voltages for maximum photocurrent gradually shift 

to positive side as light intensity increases, which indicates the higher photo-doping in the SWCNT 

layer. Responsivity (R) is a direct parameter to quantitatively characterize the photo-response of a 

phototransistor. Figure 4.3d reveals the maximum responsivity as a function of light intensity for 

devices based on RPP and MAPbI3. Notably, the responsivity of RPP/SWCNT device reaches its 

maximum value at 2 x 106 A W-1. Such value is impressive even comparing to other reported 

perovskite-based hybrid devices.[41, 91] The gain represents how many effective photo-carriers can 

be generated upon absorbing one photon. The corresponding maximum gain for RPP/SWCNT 

device can be calculated to be 4.1 x 106. Notably, the responsivity and gain for the RPP/SWCNT 

device are one order of magnitude higher than that for the MAPbI3/SWCNT device (1.6 x 105 

A/W for responsivity and 3.6 x 105 for gain). The much higher performance for RPP/SWCNT 

phototransistor is due to the existence of multiple type-II heterojunction formed by vertical RPP 

composition gradient, which significantly enhances the photo-gating effect. Although typical 2D 

RPPs has larger exciton binding energy than MAPbI3 and consist of insulating spacer cations, the 
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surface of our RPP film is actually 3D perovskite. Since the photo-electric conversion happens 

near the film surface due to the high absorption coefficient and the photo-carriers are separated 

immediately by the vertical built-in electric field, the large exciton binding energy of 2D RPPs is 

actually irrelevant. On the other hand, although the density of spacer cation increases as the holes 

drift drift from film surface towards bottom, the band bending near RPP/SWCNT interface is 

strong enough to drive the holes to tunnel from RPP to SWCNTs. Therefore, the higher 

responsivity and gain in RPP/SWCNT device compared to MAPbI3/SWCNT device is not 

surprising. It is also notable that the responsivity and hence the gain reduces with increasing light 

intensity. Such phenomenon can be attributed to the increased accumulated holes in SWCNT and 

electrons in perovskites. The greater number of carriers in respective layers, the higher the 

recombination rate, leading to the lower responsivity and gain. 

Detectivity (D*) is a figure of merit to measure the sensitivity of a PD. The stable time-

dependent dark current is plotted for VG at -13V (Figure 4.4a) and 50V (Figure 4.4b), which are 

corresponding to the points where highest responsivity and lowest dark current, respectively. Noise 

level per unit bandwidth at 1Hz can be found by performing FFT to the dark current (Figure 4.4c). 

The resultant detectivity for VG = -13V and 50V are calculated to be 1 x 1014 and 7 x 1014 Jones, 

respectively. Such detectivity values are also superior to many other reported perovskite-based 

hybrid devices.[24,53,54,56] The enhancement of detectivity at a more positive gate voltage is due to 

the lower dark current, which is originated from the less p-doping in the SWCNT transporting 

layer.  
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Figure 4.5. Dark current analysis for detectivity characterization, spectral response for 

RPP/SWCNT device and supplementary electrical characterization of the devices. Stable dark 

current vs. time for VG = -13V (a) and VG = 50V (b). (c) Noise spectral density as a function of 

frequency extracted from (a) and (b) by FFT. (d) Spectral gain and responsivity. I-V curves under 

various gate voltages for (e) RPP/SWCNT, (f)MAPbI3/SWCNT and (g) SWCNT devices, 

respectively. 

 

Spectral response is also an important characteristic for a phototransistor. Figure 4.4d 

reveals the normalized gain and responsivity as a function of wavelength. The phototransistor 

exhibits photo-response across UV to NIR (370 nm to 1200 nm). Notably, the gain rapidly 

increases from 980nm to 760nm, revealing the band edge of 3D perovskite. This is because the 

perovskite film surface consists of mainly 3D perovskite and most of the incident light is absorbed 
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near it. After that, it keeps increasing up to 420 nm. On the other hand, the responsivity reaches its 

maximum at 598 nm and then gradually reduces for shorter wavelengths. This is because the 

number of higher energy photon is less than that of lower energy ones in a given optical power. 

Therefore, even though the gain near UV region is higher, the number of absorbed photons is 

actually lower, leading to a lower responsivity in higher energy region. Additionally, it can be 

noted that there is an obvious extension of photo-electric conversion even beyond the band gap of 

3D perovskite. This can be attributed to the excitation of electrons from the traps close to the 

valence band to the conduction band or from the valence band to the traps near the conduction 

band.[92] Since shallow traps typically have high capture cross-section, the response is stronger 

near the band edges and rapidly decays for longer wavelengths.[6]  

Figure 4.5a shows the time-dependent photo-response of the RPP/SWCNT and 

MAPbI3/SWCNT phototransistors, respectively. The devices exhibit stable and repeatable photo-

response under periodic light on/off cycles. Response time is the standardized parameter to 

characterize the dynamic response of a phototransistor. The rise (decay) time can be defined as the 

time width between 10% and 90% of the rising (decaying) edge of the dynamic response (Figure 

5b). The response times of the devices are listed in Table 4.1 together with other performance 

parameters. It can be noted that the RPP/SWCNT phototransistor has longer rising and decay time. 

This is due to the much longer carrier lifetime in the devices caused by the gradient heterostructure 

in RPP film.[32, 49c, 91b] High gain PDs typically exhibit relatively slow response.[20, 49c] Incidentally, 

although the gain in MAPbI3/SWCNT device is much lower than that in RPP/SWCNT device, it 

is still higher or comparable to other MAPbI3-based hybrid phototransistors.[65a, 93] To have a 

deeper understanding on this phenomenon, the decaying edge of the dynamic response for the 

three devices are fitted with a double exponential function with two relaxation times: 
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𝐼𝐼𝑟𝑟ℎ = 𝐴𝐴𝑓𝑓 exp �− 𝑡𝑡
𝜏𝜏𝑓𝑓
� + 𝐴𝐴𝑠𝑠 exp �− 𝑡𝑡

𝜏𝜏𝑠𝑠
�,       

where 𝐴𝐴𝑓𝑓 and 𝜏𝜏𝑓𝑓 are magnitude and time constant for the fast component of the decay process, 

while 𝐴𝐴𝑠𝑠 are 𝜏𝜏𝑠𝑠 are magnitude and time constant for the slow component of the decay process. As 

revealed in Figure 4.5c and d, the curves are fitted very well by this exponential function. In the 

first stage of the decaying process, a large number of excessive photo-carriers accumulated in 

respective layers can screen the internal electric of the vertical heterojunctions. The carriers thus 

undergo rapid recombination, which is represented by the first component of the fitting function.  

After that, the screening effect is gradually weakened due to reduced excessive photo-carriers. 

Hence, the electric field builds up again and reduces the recombination rate. This is represented 

by the second component of the function. The time constants for different devices are summarized 

in Table 4.1. The two time constants of 3D perovskite-based device are smaller than that of the 

RPP-based one, which is due to the different characteristics of the two films. The gradient 

heterojunction in RPP-based sample results in a stronger vertical internal electric field. Thus, the 

internal electric field in such sample builds up immediately after the first decaying stage. The 

remaining trapped carriers are strongly prohibited for recombination at perovskite/SWCNT 

interface. By contrast, there is only a single MAPbI3/SWCNT heterojunction in MAPbI3-based 

sample. The internal electric field is thus weaker, and the carriers are less prohibited from 

recombination. 
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Figure 4.6. Transient response of the phototransistors. (a) Photocurrent vs. time under four on-off 

cycles of 598 nm light illumination. (b) Normalized photocurrent vs. time under one on-off 

illumination cycle. Experimental and fitting curves for the time-dependent photo-response 

decaying edge of (c) RRP/SWCNT and (d) MAPbI3/SWCNT phototransistors. 

 

Table 4.1. Performance parameters of the devices. 

Device Architecture Responsivity 

(A/W) 

Detectivity at depletion 

(Jones) 

Rise/Decay time 

(s) 

𝜏𝜏𝑓𝑓 (s) 𝜏𝜏𝑠𝑠 (s) 

RPP/SWCNT 2.0 x 106 7.1 x 1014 49/75 7.2 91 

MAPbI3/SWCNT 1.6 x 105 1.9 x 1013 3.6/16 3.9 17 
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4.3. Conclusion 

To conclude, a solution-processed high performance RRP/SWCNT broadband phototransistor has 

been developed. Owing to the spontaneously formed vertical composition gradient in the RPP film, 

a gradient type-II heterojunction can be obtained. The resultant device exhibits responsivity and 

detectivity of up to 2 x 106 A W-1 and 7 x 1014 Jones, which are one order of magnitude higher 

than those of 3D perovskite/SWCNT device. Moreover, transistor and photo-response on/off ratio 

of ~103 can be achieved. The outstanding performance is primarily due to the vertically gradient 

heterojunction in RRP film and the high carrier mobility of SWCNT thin film. This work paves 

the way towards solution-processed high-performance PDs based on RRPs and semiconducting 

CNTs for next-generation PDs. 

 

4.4 Experimental Section 

4.4.1 Materials Characterization 

The crystal structure information was acquired by an X-Ray diffractometer (Rigaku 

SmartLab). The surface morphology of RPP and SWCNT films on SiO2/Si were obtained using a 

field-emission SEM (Hitachi S-4300) and a SEM (Zeiss Supra 55), respectively. The 

Photoluminescence measurements were performed fluorescence Spectrometer (Edinburgh 

FLSP920) with a 485 nm laser as excitation light source. The absorption spectra were collected 

with a UV–vis–NIR spectrometer (Perkin elmer). The thicknesses of RPP and MAPbI3 films on 

SWCNTs was measured using a Bruker DektakXT Surface Profiler. 
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4.4.2 Phototransistor Fabrication 

SWCNT FET fabrication: SWCNT FETs were fabricated with a method described in previous 

studies.[87b] Briefly, high quality semiconducting SWCNT solution (Beijing Huatan Technology 

Co., Ltd., China) was first dispersed in chloroform. After that, CNTs were dip-coated on SiO2 

(300 nm)/Si substrates cleaned by standard procedure. Next, FETs were fabricated by typical 

photolithography process. SiO2 and Si is used as gate dielectric and electrode, respectively. The 

channel area was patterned using oxygen plasma etching. Ti/Pd (0.3 nm/40 nm) electrodes were 

deposited onto the CNT film by electron beam evaporation. Finally, a conventional lift-off process 

was performed.  

Perovskite precusor solution preparation: 1.5M (PEA)2(MA)2Pb2I10 precursor solution was 

prepared by dissolving stochiometric amount of PEAI (Greatcell Solar Ltd), MAI (Greatcell Solar 

Ltd), and PbI2 (Sigma-Aldrich) in a mixed solvent of DMSO (Sigma-Aldrich)/DMF (Alfa Aesar) 

(1:14 volume ratio). The obtained precursor solution was subsequently magnetically stirred at 70 

oC overnight. On the other hand, 1.5M MAPbI3 precursor solution was prepared by dissolving 

stochiometric amount of MAI (Greatcell Solar Ltd), and PbI2 (Sigma-Aldrich) in a mixed solvent 

of DMSO (Sigma-Aldrich)/DMF (Alfa Aesar) (1:8 volume ratio). The obtained precursor solution 

was subsequently magnetically stirred at room temperature overnight. The processes mentioned 

above were all performed in a glove box filled with N2 gas. 

Hybrid phototransistor fabrication: For devices consist of RPP film, the precursor solution was 

preheated at 70 oC for 30 minutes prior to spin-coating. In the spin-coating process, about 60 µL 
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of precursor solution was dropped onto a SWCNT film followed by spin-coating at 4000 rpm for 

30s. After spin-coating, the samples with RPP and MAPbI3 were annealed at 70 oC for 30 minutes 

and 100 oC for 20 minutes, respectively. Again, the processes were all conducted in a nitrogen-

filled glove box. 

 

4.4.3 Device Measurements 

The device performance was recorded with a semiconductor parameter analyser (Keithley 

4200) and a probe station equipped with LEDs of various wavelengths. All the devices are 

measured in a glovebox filled with nitrogen gas. When acquiring spectral gain and responsivity, 

the intensity for all measured wavelengths was fixed at about 500 µW cm-2. 
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Chapter 5: 2D Metal–Organic Framework Cu3(HHTT)2 Films for 

Broadband PDs from Ultraviolet to Mid-Infrared 

Cu3(HHTT)2 is a novel two-dimensional conjugated metal-organic framework (2D c-MOF) 

with efficient in-plane d-π conjugations and strong interlayer π-π interactions while the growth of 

Cu3(HHTT)2 thin films has never been reported until now. Here, we present the successful 

fabrication of highly oriented wafer-scale Cu3(HHTT)2 thin films with a layer-by-layer growth 

method on various substrates. Its semiconducting behavior and carrier transport mechanisms are 

clarified through temperature and frequency dependent conductivity measurements. Flexible PDs 

based on Cu3(HHTT)2 thin films exhibit reliable photo-response at room temperature in a 

wavelength region from ultraviolet (UV) to mid-infrared (MIR), which is much broader than those 

of solution-processed broadband PDs previously reported. Moreover, the PDs can show a typical 

synaptic behavior and excellent data recognition accuracy in artificial neural networks. This work 

opens a window for the exploration of high-performance and multi-functional optoelectronic 

devices based on 2D c-MOFs. 

 

5.1. Introduction 

MOFs represent an important class of porous crystalline materials, in which organic ligands 

are interconnected by metal nodes.[27, 43, 94] They have long been considered as promising 

candidates for a wide range of applications, such as catalysis[23, 44, 95], gas sensor[24, 95b, 96] and 

storage[23, 25, 97], mainly due to their high porosity, excellent specific surface area, and highly 

tailorable chemistry.[98] However, the low conductivity of conventional MOFs precludes them 

from optoelectronic applications.[94, 99] Recently, a new type of MOFs, namely two-dimensional 

conjugated MOFs (2D c-MOFs), was discovered. They have not only the unique properties of 
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conventional MOFs like high porosity and tailorability of crystal structure but also outstanding 

electrical transport properties due to high in-plane-π-conjugation and compact interlayer π- π 

stacking in their crystals.[2, 13 them.[94, 100] Recently, various electronic devices based on 2D c-MOF 

thin films have been developed, such as field-effect transistors[42, 101], supercapacitors[102], 

chemiresistors[96, 103] and batteries[97d, 104]. Different bottom-up schemes have been adopted to grow 

2D c-MOFs thin films, such as layer-by-layer assembly, liquid-air interface, liquid-liquid interface 

and face-to-face confined growth methods.[46, 96b, 101a, 105] 2D c-MOF Cu3(HHTT)2 (HHTT: 

2,3,7,8,12,13-hexahydroxy tetraazanaphthotetraphene) has been reported to be an efficient 

electrocatalyst for CO2 reduction and electrode materials for Li storage, [21, 44, 94] which features 

excellent in-plane and out-of-plane crystallinity due to the large ligand core with heteroatoms. The 

2D c-MOF is expected to have high conductivity because of the efficient in-plane d-π conjugations 

and strong interlayer π-π interactions.[94] However, the preparation of Cu3(HHTT)2 thin films has 

never been reported until now, which prohibits the study of its transport mechanisms and 

applications in thin-film electronic devices. 

Traditional PDs based on Si and typical III-V semiconductors suffer from high fabrication 

cost, narrow detection range and fragility. [9]  Therefore, PDs with broadband detectable range, 

mechanical flexibility and convenient fabrication are highly desirable for many emerging 

applications like wearable electronics and medical imaging. On the other hand, optical synapse, 

which can receive external optical stimuli and transform the signal to postsynaptic current, is an 

essential building block of highly efficient neuromorphic computing, which cannot be realized 

based on conventional semiconductor PDs.[106] Considering the high tunability of their 

optoelectronic properties, 2D c-MOFs may have tremendous potential for these applications, 

which have been rarely reported until now. [46, 107] 
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In this work, wafer-scale Cu3(HHTT)2 thin films are prepared by a convenient layer-by-

layer solution growth technique for the first time. By optimizing the growth conditions such as 

precursor concentrations and solvents, highly oriented, smooth, and uniform Cu3(HHTT)2 thin 

films are obtained. A small band gap of 0.55 eV is acquired from light absorption spectrum. Based 

on temperature dependent conductivity measurements, the carrier transport mechanism in the films 

can be attributed to phonon-assisted hopping process. PDs based on Cu3(HHTT)2 thin films are 

fabricated, which exhibit reliable broadband photo-response from UV to mid-infrared (MIR) (370 

nm to 3400 nm) at room temperature due to the small bandgap and broadband light absorption of 

the 2D c-MOF. The extended response to MIR light with a photon energy less than the bandgap is 

due to the activation of carriers from the mid-gap states, which may find applications in medical 

imaging and chemical monitoring. Moreover, Cu3(HHTT)2 thin films can be conveniently 

prepared on plastic substrates, leading to flexible PDs with excellent mechanical stability. Notably, 

an optical synapse based on a Cu3(HHTT)2 thin film is also demonstrated, which shows excellent 

synaptic responses and outstanding data recognition accuracy in an artificial neural network 

(ANN) simulation. This work paves a way for the applications of 2D c-MOF thin films in high-

performance and multi-functional optoelectronics. 
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5.2 Results and Discussion 

5.2.1 Thin Film Growth Mechanisms and Material Characterization 

 

Figure 5.1. Fabrication and properties of Cu3(HHTT)2 thin films. (a) Synthetic route and 

crystal structure of Cu3(HHTT)2. (b) Fabrication procedure of Cu3(HHTT)2 thin films. (c) AFM 

image of a Cu3(HHTT)2 thin film with a thickness of 132 nm. (d) Out-of-plane (left) and in-plane 

(right) GIXRD patterns of a 132-nm thick Cu3(HHTT)2 thin film. (e) HRTEM image of a 

Cu3(HHTT)2 film and the corresponding FFT image (inset). (f) Tauc plot of the absorption 

spectrum of a 132-nm thick Cu3(HHTT)2 thin film. 
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Figure 5.1a shows the formation of Cu3(HHTT)2 through the reaction between HHTT 

ligands and Cu2+ ions by a layer-by-layer growth method.[42] The processing details are presented 

in Experimental Section and graphically illustrated in Figure 5.1b. Briefly, an -OH functionalized 

pre-patterned substrate is firstly immersed into a solution of Cu(OAc)2, where the Cu ions are 

anchored by -OH groups. Next, the substrate is transferred to a HHTT solution to complete the 

formation of a Cu3(HHTT)2 film. Such processes are then repeated for many times until a desired 

film thickness is obtained. The resultant 2D c-MOF shows a planar honeycomb structure with a 

pore size of about 2.5 nm and an interlayer distance of about 0.32 nm according to the literature 

(Figure 5.1a).[44, 94]  In comparison with the strong in-plane covalent bonds, the inter-planar 

interactions are dominated by π-stacking interactions,[94] which can enable well-oriented thin film 

growth from the substrate.  

 

 

Table 5.1: Thickness, root mean square (RMS) surface roughness and roughness-to-thickness ratio 

of Cu3(HHTT)2 films prepared from same cycle number but different precursors concentration and 

solvent. 

Condition Thickness 

(nm) 

RMS Surface Roughness (nm) Roughness-to-Thickness Ratio 

(%) 

5 mM (Cu(OAc)2)/0.5 mM 

(HHTT) (Ethanol) 

227 11.8 5.21 

1 mM (Cu(OAc)2)/0.1 mM 

(HHTT) (Ethanol) 

132 4.86 3.68 

0.2 mM (Cu(OAc)2)/0.02 mM 

(HHTT) (Ethanol) 

21 0.882 4.20 

1 mM (Cu(OAc)2)/0.1 mM 

(HHTT) (IPA) 

71 4.12 5.80 

1 mM (Cu(OAc)2)/0.1 mM 

(HHTT) (DMF) 

31 8.1 26.1 
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Figure 5.2. Thickness of 12-cycle Cu3(HHTT)2 thin films prepared from various conditions. (a) 

5 mM (Cu(OAc)2)/0.5 mM (HHTT) (Ethanol);(b) 1 mM (Cu(OAc)2)/0.1 mM (HHTT) (Ethanol); 

(c) 0.2 mM (Cu(OAc)2)/0.02 mM (HHTT) (Ethanol); (d) 1 mM (Cu(OAc)2)/0.1 mM (HHTT) 

(IPA). (e) 1 mM (Cu(OAc)2)/0.1 mM (HHTT) (DMF). 

 

To obtain high-quality 2D c-MOF films, the processing conditions have been optimized. 

First, we used an ethanolic solution to prepare the films since ethanol is a common solvent for 

fabricating many 2D c-MOF thin films.[43, 108] The concentration of precursor solutions was tuned 

to three levels, including 5 mM (Cu(OAc)2)/0.5 mM (HHTT), 1 mM (Cu(OAc)2)/0.1 mM (HHTT) 

and 0.2 mM (Cu(OAc)2)/0.02 mM (HHTT). Next, the solvent effect on thin film growth was 

studied by replacing ethanol with isopropyl alcohol (IPA) and DMF. The thicknesses of the films 

under various conditions after 12-cycle growth are depicted in Figure 5.2 and listed in Table 5.1. 

It is reasonable to find that the film thickness increases with precursor concentrations. In terms of 

the solvent effect, the films prepared from ethanol show the fastest growth rate while DMF the 
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slowest, which could be attributed to the difference in precursor solubility. It was found that it 

takes the longest time (~30 min) to completely dissolve HHTT in ethanol under continuous 

stirring, whereas HHTT can be dissolved almost instantaneously in DMF. The intermolecular 

forces experienced by precursor molecules in solvent can affect their tendency to adsorb on a 

substrate.[109] With a high solubility, the strong intermolecular interactions between precursor and 

solvent molecules make HHTT molecules more difficult to be adsorbed on a substrate. Therefore, 

it is reasonable to find that ethanol solvent provides the fastest grow rate among the three. 

AFM images for the films are shown in Figure 5.1c and 5.3. The thickness, surface 

roughness and roughness-to-thickness ratio of the films are presented in Table 5.1 in the 

Supporting Information. Films prepared at different concentrations exhibit similar roughness-to-

thickness ratios. Ethanol and IPA yield films with similar roughness-to-thickness ratios, while 

DMF results in a much higher roughness-to-thickness ratio. Such observation could be correlated 

to the different sizes of solvent molecules. It has been reported that the morphology of c-MOF 

films can be significantly changed by solvents with different molecular sizes.[110] During crystal 

growth, solvent molecules can incorporate into the pores of Cu3(HHTT)2 as guest molecules and 

act as a template.[110] Larger solvent molecules which have bigger steric hindrance lead to a more 

pronounced template effect. If the template effect is too large, uniform growth of the desired phase 

of 2D c-MOF could be significantly hindered and the resultant films would become highly 

inhomogeneous. Such effect explains the high roughness-to-thickness ratio in DMF-derived films. 
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Figure 5.3. AFM images of 12-cycle Cu3(HHTT)2 thin films with different conditions. (a) 5 mM 

(Cu(OAc)2)/0.5 mM (HHTT) ethanolic solutions. Thickness: 230 nm. (b) 0.2 mM 

(Cu(OAc)2)/0.02 mM (HHTT) ethanolic solutions. Thickness: 20 nm. (c) 1mM 

(Cu(OAc)2)/0.1mM (HHTT) IPA solutions. Thickness: 70 nm. (d) 1 mM (Cu(OAc)2)/0.1 mM 

(HHTT) DMF solutions. Thickness: 30 nm. 
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Figure 5.4. Supplementary XRD results of Cu3(HHTT)2 thin films. (a) W-H plot of Cu3(HHTT)2. 

(b) Out-of-plane GIXRD spectra of a film prepared from 5 mM (Cu(OAc)2)/0.5 mM (HHTT) 

Ethanolic solutions. Thickness: 230 nm.  

 

 

Figure 5.5. Thicknesses of Cu3(HHTT)2 thin films prepared from 1 mM (Cu(OAc)2)/0.1 mM 

(HHTT) ethanolic solutions with different number of growth cycles. (a) 4 cycles;(b) 6 cycles; (c) 

8 cycles; (d) 12 cycles. (e) Thickness as a function of number of growth cycle. 
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Figure 5.6. AFM images for Cu3(HHTT)2 films prepared from 1 mM (Cu(OAc)2)/0.1 mM 

(HHTT) ethanolic solutions of different thicknesses. (a) 4 cycles; Thickness: 40 nm. (b) 6 cycles; 

Thickness: 60 nm. (c) 8 cycles. Thickness: 80 nm. 

 

 

The orientation of 2D c-MOF films can be revealed by grazing incidence X-ray diffraction 

(GIXRD) measurements. Figure 5.1d depicts the out-of-plane (left) and in-plane (right) XRD 

diffraction patterns for a film prepared from 1 mM (Cu(OAc)2)/0.1 mM (HHTT) ethanolic solution 

on a SiO2/Si wafer. The peak assignments are done by checking the peak positions from previously 

reported powder XRD patterns.[21, 44, 94] Only one peak at 2θ = 27.9o can be observed in the out-of-

Table 5.2.  Thickness, RMS surface roughness and roughness-to-thickness ratio of Cu3(HHTT)2 

films with different cycle numbers using the same 1 mM (Cu(OAc)2)/0.1 mM (HHTT) ethanolic 

solutions.  

Condition Thickness (nm) RMS Surface Roughness (nm) Roughness-to-Thickness Ratio (%) 

4 cycles 37 1.26 3.4 

6 cycles 62 2.43 3.92 

8 cycles 83 2.98 3.59 

12 cycles 132 4.86 3.68 
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plane XRD pattern, which can be assigned to (001) diffraction. In contrast, three peaks at 2θ = 

4.2o, 8.5o, 13.6o can be found in the in-plane XRD pattern, which can be indexed as (100), (200), 

(220) planes. The obtained XRD peaks are all consistent with those reported in the literature.[21, 44, 

94] The significant difference between in-plane and out-of-plane XRD profiles indicates the highly 

oriented Cu3(HHTT)2 thin films prepared by this method. The relatively weak XRD signal can be 

attributed to small grain size and thin thickness of the film, which is similar to XRD spectra of 

other 2D c-MOF films.[108, 111] All the peaks can be fitted very well with Gaussian functions. Based 

on uniform deformation model (UDM) of Williamson-Hall (W-H) method (See Experimental 

Section and Figure 5.4a)[112], the average crystalline size and mircostrain are estimated to be 6.3 

nm and 4.1% respectively, which indicates the polycrystalline nature of the Cu3(HHTT)2 films. 

The relatively large macrostrain could be attributed to the soft property of Cu3(HHTT)2 which has 

a large amount of organic ligands. In comparison, a film prepared from 5 mM (Cu(OAc)2)/0.5 mM 

(HHTT) ethanolic solution shows random orientation because its out-of-plane XRD pattern shows 

several peaks, including (100), (200), (210) and (001) peaks at 2θ = 4.2o, 8.4o, 10.6o, 27.9o, 

respectively (Figure 5.4b). Hence, highly oriented films can be formed only with a slow enough 

crystallization process so that the orientation of a new c-MOF layer can be directed by the previous 

one through interlayer π-π interactions during the immersion steps. Films prepared from 1 mM 

(Cu(OAc)2)/0.1 mM (HHTT) ethanolic solutions exhibit the best quality and reasonable growth 

speed, which is the optimum growth condition for the 2D c-MOF films. As shown in Figure 5.5, 

the growth speed of the film at this condition is estimated to be ~11nm/cycle. The roughness-to-

thickness ratio is about 3.5% for all measured thicknesses, as shown in Figure 5.6 and Table 5.2. 



Chapter 5 

 

72 
 

 

Figure 5.7. AFM images for a 12-cycle Cu3(HHTT)2 film prepared from 1 mM (Cu(OAc)2)/0.1 

mM (HHTT) ethanolic solutions taken at different positions on a 4-inch SiO2/Si wafer. Thickness: 

130 nm. The numbers at bottom-left corners of the AFM images are the RMS roughness values 

(in nm), respectively. (a-h) AFM images taken at different positions on the wafer. (i) A photograph 

of the wafer-scale film to show the positions where respective AFM images (a-h) are taken.  

 

The uniformity of a large-area 2D c-MOF film on a 4-inch SiO2/Si wafer was examined 

under AFM, which indicated identical surface roughness at different positions on the wafer 



Chapter 5 

 

73 
 

(Figure 5.7). In addition, smooth surfaces without any pinhole can be observed under SEM (SEM) 

on all samples with different thicknesses (Figure 5.8). High resolution transmission electron 

microscopy (HRTEM) was further employed to observe the crystal structure of the films detached 

from substrates (Figure 5.1e). The corresponding FFT image clearly shows a hexagonal crystal 

structure of the film. 

 

 

Figure 5.8. SEM images for (a) 4-cycle (thickness: 40 nm), (b) 8-cycle (thickness: 80 nm) and (c) 

12-cycle (thickness: 130 nm) Cu3(HHTT)2 films prepared from 1 mM (Cu(OAc)2)/0.1 mM 

(HHTT) ethanolic solutions. (d) cross-section SEM for a 12-cycle Cu3(HHTT)2 film prepared 

under similar conditions. 

 



Chapter 5 

 

74 
 

 

Figure 5.9. (a) Absorption spectrum of a Cu3(HHTT)2 film. Thickness: 130 nm. UPS spectrum in 

the (b) secondary cut-off region and (c) valence band region of a Cu3(HHTT)2 film on an ITO 

substrate. 

 

Figure 5.1f and 5.9a show the absorption spectra and the corresponding Tauc plot ( (αhν)2 

~ hν) of a Cu3(HHTT)2 thin film, where α is the absorption coefficient, ν frequency and h Planck's 

constant. Being different from the results reported before,[21, 44, 94] the 2D c-MOF shows a narrow 

band gap of only ~0.55eV. The linear relationship between (𝛼𝛼ℎν)2 and the photon energy hν at 

the absorption edge clearly indicates the direct bandgap nature of Cu3(HHTT)2. The major reason 

for the different bandgap energies and absorption spectra between our work and the previously 

reported results could be attributed to the different crystallinity and quality of the samples. 

Ultraviolet photoelectron spectroscopy (UPS) (Figure 5.9b and c) was employed to 

investigate the position of Fermi level and valence band edge. The secondary cut-off region of 

UPS spectra (Figure 5.9b) indicates that the binding energy of Cu3(HHTT)2 is 16.04 eV. With an 

UV light source of 21.2 eV, the Fermi level is calculated to be 5.16 eV, which is comparable with 

the work function of Au. Besides, the valence band edge is below Fermi level by ~0.27 eV, as 

indicated by the valence band region of UPS spectra (Figure 5.9c). Hence, the Fermi level is close 

to the mid-gap of the Cu3(HHTT)2 films. 
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5.2.2 Transport Mechanisms in Cu3(HHTT)2 thin films 

 

Figure 5.10. Temperature dependent transport property and derived schematic band 

diagrams. (a) σ vs. 1000/T relationship in two regions with different thermal activation energy 

(300K-90K). (b) ln(σ) vs. 1/T1/4 relationship at low T (90K-10K), showing the Mott variable range 

hopping behavior (55-10K). (c) Double-logarithm plot of I-V curves at various temperatures. The 

red and blue regions correspond to ohmic and space-charge-limited current (SCLC) conductions, 

respectively. (d) SCLC Mobility vs. 1000/T relationship (255K-120K). (e) Schematic band 

diagram used to explain the temperature-dependent conductivity. (f) Illustration of different 

transport mechanisms. Red, blue and orange dashed lines correspond to carrier transport between 

tail states by nearest-neighbor hopping, nearest neighbor hopping between mid-gap states and 

variable-range hopping between mid-gap states near Fermi level, respectively. 

 

To further confirm the semiconducting property and verify its transport mechanisms of 2D 

c-MOF Cu3(HHTT)2, we characterized the DC conductivity (σ) of a film as a function of 
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temperature (T). The Cu3(HHTT)2 film was grown on a SiO2/Si substrate with pre-patterned two 

Au electrodes with the channel length and width of 5 and 800 μm, respectively. As shown in 

Figure 5.10a, the rapid drop of conductivity from 295K to 120K shows a thermal activation 

behavior, which is a characteristic of a semiconductor.[113] Another thermal activation process with 

a lower activation energy can be found between 120K and 90K. The temperature dependent 

conduction processes can be understood under the framework of polycrystalline semiconductors. 

From 295K to 120K, the activation process is due to thermal activation of carriers from localized 

mid-gap states close to the Fermi level (EF) to localized tail states near conduction band edge (EC) 

and carrier hopping between nearest tail states. The conductivity in this temperature region can be 

described by:[113] 

σ = σ0exp (− Ea1
kBT

),           

Ea1 = EA − EF + W1,           

where σ0, kB, EA, are a prefactor, Boltzmann constant, minimum tail state energy, respectively, 

W1 is the average nearest-neighbor hopping activation energy between tail states, respectively. 

𝑁𝑁𝑎𝑎1 is extracted to be 0.193 eV, which is much smaller than the band gap energy.  

Another thermal activation process from 120K to 90K is due to nearest-neighbor hopping 

of carriers between localized states near Fermi level with the following relationship:[114] 

σ = σ1exp (− Ea2
kBT

),           

Ea2 = W2,           

where σ1  is another prefactor and W2 average nearest-neighbor hopping activation energy 

between the trap states, respectively. W2 is extracted to be 0.094 eV, which is consistent with 

theoretical values.[115] 
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As shown in Figure 5.10b, another distinct conduction mechanism dominates at a lower 

temperature region (55 K-10 K), which shows a ln σ ∝ 1/T1/4 dependence that can be assigned 

to Mott variable-range hopping.[116] At the low temperature range, the carriers in mid-gap states 

near Fermi level can only perform phonon-assisted hopping to another mid-gap states with similar 

energy levels, which are not necessarily the nearest neighbors.[113, 116] 

The effective electron mobility in the temperature range corresponding to carrier hopping 

between nearest tail states is also investigated. When the bias voltage is high enough, a nonlinear 

current-voltage relationship can be observed, which can be attributed to space-charge-limited 

current (SCLC) of the device. The I-V curves are fitted by SCLC equation (Figure 5.10c):[117] 

I = 9ε0εrμAV2

8L3
,           

where ε0 is vacuum permittivity, εr is dielectric constant, μ is mobility, A is channel cross-section, 

V is potential drop between two electrodes, L is channel length. The dielectric constant is assumed 

to be 1.5 since the typical values of dielectric constant for MOFs range from 1.2-2.[118] As shown 

in Figure 5.10d, the mobility shows a thermally activated behaviour with an activation energy of 

0.075 eV, indicating that the carrier transport is a localized hopping process.[119] 

 

 

Figure 5.11. Double-logarithm plot of AC Conductivity vs. frequency and the linear fitting. 
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AC conductivity as a function of frequency was then conducted to further verify the 

conduction mechanism of the 2D c-MOF film at room temperature. We found that the frequency 

dependent AC conductivity follows the below expression from 1kHz to 20kHz:[120] 

σ(ω) ∝ Aωs,          (6) 

where A is a constant, 𝜔𝜔 is angular frequency and s is a characteristic parameter. Such relationship 

can be found in many hopping systems with s ranging from 0.5 to 1, depending on the interactions 

between charge carriers and their surrounding lattices.[120] It is found from the experimental data 

and linear fitting that s equals to 0.95 (Figure 5.11, Supporting Information) in our Cu3(HHTT)2 

film, which is a clear indication of phonon-assisted hopping process among localized tail states in 

the 2D c-MOF film at room temperature. Notably, such fitting cannot be perfect because it is an 

empirical model for complicated hopping systems. 

From the above analysis, a schematic band diagram is depicted in Figure 5.10e. The carrier 

transport mechanisms are graphically illustrated in Figure 5.10f. There are three different carrier 

transport processes from high to low temperatures, including (1) phonon-assisted hopping between 

tail states; (2) nearest-neighbor hopping between mid-gap trap states near the Fermi level, and (3) 

variable-range hopping between mid-gap trap states. Therefore, the conduction mechanism of 

Cu3(HHTT)2 is dominated by different conduction processes at three different temperature regions. 
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5.2.3 PD Performance 

 

Figure 5.12. Device performance of PDs based on Cu3(HHTT)2 thin films. (a) schematic 

diagram of the device structure. (b) I-V curves of the devices with different cycle numbers. The 

films with 4, 6, 8, 12 cycles have the thicknesses of 37nm, 62nm, 76nm, and 132 nm, respectively. 

(c) Responsivity as a function of light intensity for three different wavelengths. (d) Spectral 

response for different light wavelengths from 370nm to 3400nm. Error bars were calculated from 

4 devices. (e) Transient response for a PD under three 650 nm laser light on-off cycles.  

 

Next, the performance of PDs based on Cu3(HHTT)2 films shown in Figure 5.12a was 

characterized. All the device measurements were conducted in a glove box filled with inert N2. As 

shown in Figure 5.12b, the channel current of the device increases with the increase of the film 

thickness. In the first few cycles, the conductance is relatively low, which is presumably due to 

the substrate effect like the interfacial trap states and the carrier interaction with the substrate.[121] 

As the cycle number further increases, it is reasonable to find that the film conductance is 
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approximately proportional to the film thickness. Notably, the devices with different thicknesses 

all exhibit linear I-V curve (Figure 5.12b and 5.13), indicating Ohmic contacts between Au 

electrodes and Cu3(HHTT)2 layers. As expected, the film fabricated by 1 mM (Cu(OAc)2)/0.1 

mM (HHTT) ethanolic solution yields the highest current due to its ideal growth speed and the 

best quality. The relatively thinner films prepared from lower precursor concentration and 

unoriented films prepared from higher precursor concentrations (as indicated by XRD spectra, 

Figure 5.4b) both result in lower currents. Notably, the current of the device prepared from IPA 

solvent is similar to that prepared from ethanol solvent for similar film thickness, indicating their 

similar film quality. On the other hand, it is reasonable to find that the rough and thin (31 nm) 

films prepared from DMF have much lower conductivity than the films prepared with ethanol and 

IPA. 

 

 

Figure 5.13. I-V curves of 12-cycle Cu3(HHTT)2 devices prepared under various conditions. (a) 

Different Cu(OAc)2/HHTT concentrations;(b) different solvent. 
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Figure 5.14. Photocurrent as a function of VDS for various intensities under illumination of 

different wavelengths. (a) 370 nm. (b) 685 nm. (c) 980 nm. (d) 1450 nm. 

 

The photo-response behavior of devices prepared under the optimum conditions with a film 

thickness of ~130 nm (12 cycles) was then characterized. The photocurrent increases with light 

intensity at different wavelengths (370 nm, 685 nm, 980 nm and 1450 nm) (Figure 5.14, 

Supporting Information). Responsivity is a parameter to quantify the sensitivity of a PD. Figure 

5.12c shows the relationship between responsivity and light intensity for different wavelengths 

with the maximum responsivity of 3.2 mA/W under 685 nm illumination. The responsivity 

decreases with increase in light intensity at any wavelength, which can be attributed to faster carrier 
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recombination under a higher light intensity due to the increased density of photo-carriers in the 

Cu3(HHTT)2 channel.  

 

Table 5.3. Comparison of spectral response of solution-processed broadband PDs based on 

different materials.  

Active Material Spectral Range (nm) Reference 

Hybrid perovskite FASnI3 (FA: formamidinium) film 370-980 [20] 

2D c-MOF Fe3(THT)2(NH4)3  400-1575 [46] 

Organic semiconductor poly(thiophene 

[1,2,5]thiadiazolo[3,4-g]quinoxaline(2-butyloctyl)) film 

350-1400 [122] 

quantum dots PbS film 800-1600 [123] 

2D c-MOF Cu3(HHTT)2 film 370-3400 This work 

 

Spectral response of a PD is critical to its applications. Figure 5.12d depicts the 

responsivity of a device as a function of wavelength under an identical light intensity of ~200 

µW/cm2. Remarkably, the device exhibits obvious photo-response across a broad wavelength 

range from UV (370nm) to MIR (3400nm), which significantly outperforms the reported solution-

processed broadband PDs based on other 2D c-MOFs[46], quantum dots[123], hybrid perovskites[20] 

and organic semiconductors[124] (Table 5.3). Besides the wide range of applications in visible to 

near-infrared (NIR) range, PDs with MIR photo-response are useful in various applications, 

including thermal and medical imaging, air pollutant and dangerous chemical monitoring.[125] 
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Figure 5.15. Transient response of the Cu3(HHTT)2 PD under three (a) 370 nm, (b) 685 nm and 

(c) 980 nm LED light on-off cycles. 

 

 

Figure 5.16. The transient responses of the Cu3(HHTT)2 PD under one light on-off cycle for (a) 

LED (685 nm, 840 µW/cm2) and (b) laser (650 nm, 83.5mW/cm2) illumination. (c) Decaying edge 

of the device under LED illumination and the exponential fitting curve. (d) Decaying edge of the 

device under laser illumination and the exponential fitting curve. 
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The responsivity remains almost unchanged in the short wavelength region while decreases 

with the increase of wavelength from 1450 nm to 3400nm. Considering the small band gap of 

Cu3(HHTT)2 with an absorption edge of ~2300 nm, the extended detection range can be attributed 

to the carriers excited from the mid-gap states to the conduction band or tail states. Notably, the 

spectral responses of four devices located at different positions of the SiO2/Si substrate show little 

variation, further confirming the high uniformity of the 2D c-MOF film in a wafer scale.  

Moreover, the 2D c-MOF PDs exhibit stable transient response for different wavelengths 

(Figure 5.12e and 5.15). The transient responses of a device under light illuminations (685 nm: 

840 µW/cm2, 650 nm: 83.5mW/cm2) have been characterized (Figure 5.16a-b). The rise and decay 

time, which are defined as the time duration of photocurrent changed from 10% to 90% and 90% 

to 10% of maximum, are indicated in the figures. It is obvious that the response is faster under 

higher light intensity. The decaying edges of the transient response under light illumination are 

fitted very well with a double exponential function:[49c] 

Iph = Ad1 exp �− t
τd1
� + Ad2 exp �− t

τd2
�,       

where Ad1 and Ad2 are magnitudes for the two decaying components, and  τd1 and  τd2 are the fast 

and slow relaxation times. As shown in Figure 5.16d, the extracted relaxation time  τd1 and  τd2 

are 0.662s and 7.25s, respectively. The fast component could be due to the carrier recombination 

between conduction band and valance band, whereas the slow component could be attributed to 

the carrier recombination between localized states. Similar observation was previous found in PDs 

based on inorganic 2D materials with a similar band structure.[126] 
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5.2.4 Flexible PD Performance 

 

Figure 5.17. Device performance of flexible PDs based on Cu3(HHTT)2 thin films. (a) 

Responsivity as a function of light intensity for 685nm light wavelength. (b) Transient response 

for a flexible PD under three 650 nm laser light on-off cycles. (c) photocurrent of a device as a 

function of bending cycle under bending tests. Error bars are calculated from 4 devices. Inset: the 

photographs demonstrate the device subjected to bending tests. 

 

Flexible PDs based on Cu3(HHTT)2 thin films can be fabricated by were replacing SiO2/Si 

substrates with 50µm-thick polyimide (PI) substrates. The similar performance of the devices 

fabricated on PI and SiO2/Si (Figure 5.17a-b) indicates the comparable quality of the 2D c-MOF 

films prepared on the two different substrates. Bending tests were performed on the devices to 

study the performance against mechanical deformation. The tests involve bending of the devices 

against a glass bottle with 8 mm radius for 600 times and then a tube with 5 mm radius for another 

600 times. As depicted in Figure 5.17c, photo-response remains unchanged after 600 times of 

bending with 8 mm radius and show only slight decrease after additional 600 times of bending 

with 5mm radius, indicating the excellent mechanical stability of the devices.  
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Figure 5.18. Calculated energy difference of a Cu3(HHTT)2 unit cell as a function of applied 

strain along a and b directions (they are symmetric). Solid line is the parabola fitting, which gives 

Young's modulus. A 2x2x1 cell of Cu3(HHTT)2 is shown in the figure. 

  

Table 5.4. Comparison of Young’s modulus of some typical and emerging optoelectronic 

materials 

Material Young’s modulus (GPa) Reference 

Si 169 [127] 

GaAs 116 [127] 

MAPbI3 (MA: Methylammonium) 22.8 [128] 

monolayer MoS2 238/270 [129] 

graphene 1050 [130] 

poly(3-hexylthiophene) (P3HT) 0.1-1 [131] 

2D c-MOF Cu3(HHTT)2 34.6 This work 
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To gain more insight into the mechanical property of Cu3(HHTT)2, we calculated its 

Young’s modulus (Y) by performing Density Functional Theory (DFT) simulation (see 

Computational Methods in Experimental Section and Figure 5.18). The calculated Y is 34.6 GPa, 

which is much lower than traditional optoelectronic materials[127] and is among the lowest in 

emerging optoelectronic materials[128-131] (Table 5.4). Such a low value of Y explains the high 

flexibility of the devices and further demonstrates their possible applications in flexible electronics. 

 

 

5.2.5 Optical Synapse Performance 

 

Inspired by the relatively long relaxation time under low light intensity in our devices, an optical 

synapse based on Cu3(HHTT)2 is demonstrated (Figure 5.19a). The photocurrent of the device 

can be defined as postsynaptic current change (∆PSC). Figure 5.19b shows the gradual decrease 

of ∆PSC after light illumination (685nm, 840µW/cm2), which is analogous to the short-term 

plasticity (STP) behavior in biological synapse. The persistent photocurrent is due to the trapping 

of photo-carriers by defects, as explained above. Paired pulse facilitation (PPF) is an important 

form of STP in recognizing and decoding temporary information.[132] Such behavior can be 

simulated by applying two consecutive optical pulses (Figure 5.19c). The ∆PSC after the second 

pulse is higher than that after the first pulse, which is due to the accumulated photo-carriers 
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trapped in Cu3(HHTT)2 film. 

 

Figure 5.19. Device performance of an optical synapse device based on Cu3(HHTT)2 thin 

films. (a) Schematic illustration of a biological synapse. (b) Gradual decrease of ∆PSC after 

triggered by an optical signal (685 nm, 840µW/cm2). (c) PPF behavior under stimulation of two 

consecutive optical signals. (d) LTP/LTD characteristics under continuous light on/off cycles 

(685nm, 370 µW/cm2). On/off times of 8s/2s and 2s/8s are used to mimic LTP and LTD side of 

the curve, respectively. (e) Schematic illustration of the three-layer neural network for data type 

analysis. (f) Data type recognition accuracy as a function of training epoch. 
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Figure 5.20. Recognition accuracy for handwritten digits with 8 × 8 pixels as a function of training 

epoch. 

 

A LED (685nm, 370 µW/cm2) with the same on/off frequency (0.1Hz) but different duty 

cycle was used to simulate LTP and LTD. Specifically, on/off times of 8s/2s and 2s/8s are 

implemented to mimic the long-term potentiation (LTP) and long-term depression (LTD), 

respectively. Figure 5.19d depicts LTP and LTD characteristics of the Cu3(HHTT)2 optical 

synapse at relatively high ∆PSC levels. The accuracy and efficiency for recognition are crucial for 

neuromorphic computing.[133] To further demonstrate the potential of the Cu3(HHTT)2-based 

optical synapse and provide an objective comparable data, the LTP/LTD characteristics of the 

device are employed to simulate the performance of a three-layer (256 × 512 × 9) ANN with one 

hidden layer. Synaptic weights are defined as different ∆PSC levels of the potentiation and the 

depression behaviors. Such network is adopted to perform data type recognition after training by 

a Sandia file classification dataset via backpropagation (Figure 5.19e). As shown in Figure 5.19f, 
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the classification accuracy of Cu3(HHTT)2 synapse achieves over 90% with 7 training epochs. It 

finally reaches 92.1% after 40 training epochs, which is only 1.3% lower than the value obtained 

by ideal numerical training. Another ANN simulation with a smaller network size (64 × 36 × 10) 

was performed on the “Optical Recognition of Handwritten Digits” dataset consisting of 8×8 pixels 

handwritten digits (Figure 5.20). Again, the devices show recognition accuracy very close to ideal 

numerical calculations. The obtained data recognition efficiencies are among the best when 

compared to other synaptic devices used in ANN simulation.[134] These results indicate the great 

potential of our Cu3(HHTT)2 optical synapse for future applications.  

 

5.2.6 Ultrathin Cu3(HHTT)2 Film as HTL in Perovskite Solar Cells 

Furthermore, the Cu3(HHTT)2 film can be employed as hole transporting layer in 

perovskite solar cell. The 2D c-MOF films prepared by the self-assembly deposition method are 

used in ideal-bandgap Pb−Sn mixed PSCs. The ultrasmooth surface of the Cu3(HHTT)2 film can 

facilitate perovskite growth and enable defect passivation on the perovskite surface. The self-

assembly approach is suitable for preparing large-area films conformally on a substrate, enabling 

the application of the film in large-area devices. Encouragingly, an efficiency over 22% is obtained 

from ideal-bandgap PSCs.  

 

To avoid light absorption of Cu3(HHTT)2 in the devices, we prepared ultrathin films by a 

single cycle. The film prepared under the optimum condition, which will be addressed later, has a 

thickness of ~ 6 nm (Figure 5.21a and 5.21b). The optical transmission spectra of 

glass/ITO/Cu3(HHTT)2 and glass/ITO/NiOx substrates are shown in Figure 5.22, which 

demonstrate similar transmittance in the visible region. The AFM image of a Cu3(HHTT)2 film 
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grown on a SiO2/Si substrate reveals that the film is continuous and has a surface roughness of 

0.28 nm, which is even lower than the layer distance (0.32 nm) (Figure 5.21c). 

 

 

Figure 5.21. (a) AFM image of the edge of MOF on SiO2. (b) AFM height profile of MOF. (c) 

AFM image of a Cu3(HHTT)2 thin film on an SiO2/Si substrate with a roughness of 0.28 nm. 

Scale bar is 300 nm. SEM images of perovskite films on (d) NiOx and (e) Cu3(HHTT)2. 

 

 

Figure 5.22. Transmittance spectra of ITO, MOF/ITO and NiOx/ITO films. 
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Figure 5.23. (a) Device structure of an inverted PSC. Band bending at (b) NiOx/perovskite 

interface and (c) MOF/perovskite interface. J-V curves of PSCs based 2D c-MOF HTL with 

different (d) metal ions and (e) ligand molecules dipping periods. Labels: CuxHy: x min for Cu 

and y min for HHTT dipping. (f) J-V curves of PSCs based on NiOx and 2D c-MOF as HTLs. (g) 

EQE spectra of PSCs based on different HTLs. (h) J-V curves of flexible PSCs based on different 

HTLs. Inset: photo of a flexible PSCs. (i) Bending stability of flexible PSCs under a bending radius 

of 5 mm. 
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Figure 5.24. Statistics of PCE distribution of PSCs with different dipping period of metal ions.  

 

After Cu3(HHTT)2 films were grown on ITO substrates, FA0.83Cs0.17Sn0.35Pb0.65I2.9Br0.1 

perovskite films were prepared on the top by an antisolvent method[80b, 135]. The perovskite active 

layer has an optimized thickness. If the film is too thick, most photo-carriers are recombined before 

arriving to respective electrodes; if the film is too thin, light harvesting is not at optimum. In 

addition, perovskite films (control samples) were also prepared on glass/ITO/NiOx substrates 

under the same processing conditions. The perovskite films were characterized under SEM, as 

shown in Figure 5.21a and b. It is interesting to find that the perovskite film grown on a 

Cu3(HHTT)2 film shows larger grains and fewer grain boundaries than the control sample, 

implying a better crystallinity of the perovskite films on the Cu3(HHTT)2 surface. 

 
Table 5.5. The photovoltaic parameters of the J-V measurements from Figure 5.23d. 

HHTT 10 Bias VOC (V) JSC (mA cm-2) FF (%) PCE (%) 

Cu 2 Reverse 0.71 25.17 64.24 11.48 

 Forward 0.73 25.17 66.18 12.16 

Cu 5 Reverse 0.92 30.13 79.15 21.89 

 Forward 0.92 30.13 79.42 22.01 

Cu 10 Reverse 0.91 25.71 77.16 18.05 

 Forward 0.90 25.71 77.05 17.83 
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Table 5.6. Summary of parameters of ideal-bandgap Pb-Sn mixed PSCs. 

Perovskite MA free Eg (eV) VOC (V) JSC (mA cm-2) FF (%) PCE (%) 

MAPb0.7Sn0.3I3 No 1.38 0.85 25.3 71.7 15.42[135] 

Cs0.3FA0.7Sb0.3Pb0.7I3 Yes 1.34 0.804 29.4 81.8 19.3[136] 

MAPb0.5Sn0.5I2.4Br0.6 No 1.35 0.89 25.67 75 17.13[137] 

Cs0.17FA0.83Pb0.7Sn0.3I3 Yes 1.33 0.8 28.7 73.5 17.6[138] 

FA0.8MA0.2Pb0.8Sn0.2I3 No 1.33 0.899 30.88 81.17 22.51[139] 

This work Yes 1.33 0.92 30.13 79.42 22.01 

 

We optimized the MOF film thickness by adjusting the dipping periods in the solutions of 

metal ions and ligand molecules. Performance of 15 devices under each condition were measured 

and statistical data was extracted. First, we kept the dipping period for ligand molecules at 10 min 

and changed the dipping period for Cu ions to be 2, 5 and 10 min. Figure 5.23 shows the J-V 

characteristics of the devices with different dipping periods of metal ions and the photovoltaic 

parameters are summarized in Table 5.5. The statistical data of the photovoltaic parameters with 

different dipping periods of metal ions are shown in Figure 5.24. Notably, the device performance 

is dramatically influenced by the dipping period for metal ions. For the device with 2 min dipping, 

a low PCE of 12.16% is obtained with VOC of 0.73 V, JSC of 25.17 mA cm-2 and FF of 66.18%, 

which can be ascribed to the poor coverage of Cu3(HHTT)2 on the ITO substrate. As the dipping 

period of metal ions is increased to 5 min, the device shows high efficiency of 22.01% together 

with VOC of 0.92 V, JSC of 30.13 mA cm-2 and FF of 79.42%, which is one of the highest values 

among ideal-bandgap PSCs (Table 5.6). However, when the dipping period is 10 min, the 

efficiency decreases to 18.05% with VOC of 0.91 V, JSC of 25.71 mA cm-2 and FF of 77.16%. 
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Table 5.7. The photovoltaic parameters of the J-V measurements from Figure 5.23e. 

Cu 5  VOC (V) JSC (mA cm-2) FF (%) PCE (%) 

HHTT 5 Reverse 0.89 26.27 66.60 15.57 

 Forward 0.90 26.27 67.72 16.01 

HHTT 10 Reverse 0.92 30.13 79.15 21.89 

 Forward 0.92 30.13 79.42 22.01 

HHTT 20 Reverse 0.92 28.67 78.88 20.81 

 Forward 0.92 28.67 78.15 20.60 

 

 

Figure 5.25. Statistics of PCE distribution of PSCs with different dipping period of ligand 

molecules.  

 

 

Figure 5.26. Statistics of PCE distribution of PSCs based on different HTLs.  
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Then, we optimized the device performance by keeping the dipping period for metal ions 

at 5 min and changing the dipping period for ligand molecules to be 5, 10 and 20 min. As shown 

in Figure 5.23e, the champion device is obtained when the dipping period is 10 min. The 

photovoltaic parameters with different dipping periods of ligand molecules are summarized in 

Table 5.7 and the statistical data of the photovoltaic parameters are shown in Figure 5.25. Hence, 

the optimum conditions for preparing the Cu3(HHTT)2 film are 5min and 10 min for metal and 

organic ligand dipping, respectively, leading to an ultrathin film of ~6 nm thickness (Figure 5.21a 

and 5.21b). We also prepared PSCs based on NiOx HTL as a control. As shown in Figure 5.23f, 

the control device exhibits a moderate PCE of 20.17% with VOC of 0.90 V, JSC of 28.73 mA cm-2 

and FF of 78.03%. The corresponding statistical photovoltaic parameters are shown in Figure 

5.26. The external quantum efficiency (EQE) of the champion devices based on different HTLs 

and integrated JSC are shown in Figure 5.23g, which agree well with the values from the J-V 

curves. 

 

To find the interface property between Cu3(HHTT)2 and perovskite layers, density-

functional theory (DFT) calculations are conducted. To simplify the calculation while remaining 

the generality, a cell of MAPb0.5Sn0.5I3 perovskite with PbI2/SnI2 surface is constructed. It is 

reported that defects involving Pb, Sn and I are critical to the band structure since band edges of 

such perovskites are dominated by their orbitals[140]. Specifically, antisite defects related to those 

ions are detrimental to carrier lifetime since they can lead to deep traps that may act as carrier 

recombination centers[141]. It is reported that C-N group in organic molecules can effectively 

passivate antisite defects in mixed perovskite by bonding with Sn2+.[142] We therefore suspect that 
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the C-N component in Cu3(HHTT)2 possesses similar functions. Figure 5.27a-d shows the 

perovskite supercells with SnI and PbI antisite defects passivated with Cu3(HHTT)2, respectively. 

To verify the nature of these defect states before and after passivation, density of states (DOS) of 

perfect supercells and defective supercells with and without the coverage of Cu3(HHTT)2 are 

simulated (Figure 5.28). As depicted in Figure 5.27e and f, mid-gap trap states can be induced 

by antisite defects while the traps move to the valence band edge after Cu3(HHTT)2 coating. 

Therefore, Cu3(HHTT)2 can effectively passivate the deep antisite defects and lead to low defect 

density at the HTL/perovskite interface, which is consistent with our experimental results. 

 

Figure 5.27. Perovskite supercells with (a,c) SnI and (b,d) PbI antisite defects passivated with 

MOF. DOS of (e) SnI and (f) PbI antisite defect surfaces. 
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Figure 5.28. (a) Perovskite with SnI defect. (b) Perovskite with PbI defect. (c) Perovskite without 

defect. 

 

5.3 Conclusion 

In summary, large-area Cu3(HHTT)2 2D c-MOF thin films with high orientation and 

uniformity are successfully prepared by using a facile layer-by-layer assembly method under 

ambient condition. The carrier transport in the Cu3(HHTT)2 thin films can be attributed to a 

phonon-assisted hopping process of carriers between localized states. PDs based on Cu3(HHTT)2 

thin films show reliable photo response in a broad range from UV to MIR (370-3400 nm), which 

significantly outperform other solution-processed broadband PDs reported before. Such PDs with 

detectable regions to mid-infrared may find broad applications for thermal and medical imaging, 

air pollutant and dangerous chemical monitoring. Thanks to the intrinsic flexibility of the material, 

flexible PDs are fabricated on plastic substrates with excellent mechanical stability. Optical 

synapse based on the Cu3(HHTT)2 film is realized, which can achieve superior data recognition 

accuracy in ANN. Moreover, perovskite solar cell using the film as HTL has significantly 

improved performance when compared to traditional HTL, which is mainly due to the enhanced 

crystallinity of perovskite and the defect passivation effect of Cu3(HHTT)2 film on perovskite 
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layer. This work demonstrates the potential of Cu3(HHTT)2 thin films for high-performance and 

multi-functional optoelectronic devices. 

 

5.4 Experimental Section 

5.4.1 Materials 

All chemical reagents, solvents, and 4,5-dimethoxy-2-nitrobenzaldehyde for synthesizing 

HHTT were purchased from Dieckmann chemical company, China. Copper acetate was purchased 

from Sigma-Aldrich Co. 

Formamidinium iodide (99.99%) (FAI) was purchased from Dyesol. Lead iodide (99.99%) 

(PbI2), cesium iodide (99.99%) (CsI) and lead bromide (99.99%) (PbBr2) were purchased from 

Alpha Aesar. DMF (99.8%), DMSO (99.9%) and diethyl ether (99.9%) were purchased from 

Sigma-Aldrich, Inc. Phenyl-C71-butyric acid methyl ester (99%) (PCBM) was purchased from 

Nano-C. 

 

5.4.2 Synthesis procedure of HHTT ligand 

The powder of HHTT ligand was obtained through a multi-step synthetic scheme, which 

is illustrated in Figure 5.29. The reactions were performed with the standard vacuum-line and 

Schleck techniques under nitrogen. Colum chromatography was performed using the silica gel.  

The procedure started by synthesizing 5,6-Dimethoxyanthranil (2): Tin powder (13 g, 110 mmol) 

was added in portions to a stirred solution of 4,5-dimethoxy-2-nitrobenzaldehyde (1) (5 g, 23.7 

mmol) in glacial acetic acid (300 mL). The resulting mixture was stirred at room temperature for 

20 h before being worked up with ether and water. The organic layer was dried over anhydrous 

sodium sulfate and concentrated under vacuum. The residue was purified by silica gel column 
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chromatography eluted with 8:2 hexanes/ethyl acetate followed by recrystallization using 

hexanes/ethyl acetate, affording 1.84 g (44%) of 5,6-dimethyoxyanthranil (2) as white rod-like 

crystals. 1H NMR (400 MHz, CDCl3): δ = 8.81 (1H), 6.78 (1H), 6.64 (1H), 3.96 (3H), 3.90 (3H) 

ppm. Next, 2,3,7,8,12,13-Hexamethoxytricycloquinazoline (3) was synthesized: A mixture of 

sulfolane (100 mL) and glacial acetic acid (25 mL) was added ammonium acetate (12 g, 156 mmol) 

and 5,6-dimethyoxyanthranil 2 (4 g, 22.33 mmol). The reaction mixture was refluxed for 96 hours 

and cooled down to room temperature, after which water was added. The resulting greenish-yellow 

solid was collected by suction filtration, washed with water and methanol, and dried under air to 

give 789 mg (20% yield) of 2,3,7,8,12,13- hexamethoxytricycloquinazoline 3. 1H NMR (400 MHz, 

CDCl3): δ = 7.67 (3H), 6.88 (3H), 4.03 (9H), 4.00 (9H) ppm. Finally, 2,3,7,8,12,13-

Hexahydroxytricycloquinazoline (HHTT) (4) was obtained through the following process: A 

mixture of 2,3,7,8,12,13-hexamethoxytricycloquinazoline 3 (800 mg, 1.6 mmol) and pyridine 

hydrochloride (27 g, 234 mmol) was heated to 240 °C for 3 hours and then cooled down to room 

temperature. Water was then added to the mixture, and the resultant black precipitate was collected 

by suction filtration, washed with water, and dried under vacuum to yield 328 mg (50%) of 

2,3,7,8,12,13 hexamethoxytricycloquinazoline 4. 1H NMR (400 MHz, MeOD): δ = 7.48 (3H), 6.67 

(3H) ppm. 13C NMR (100 MHz, DMSO-d6): δ = 145.78, 143.92, 139.79, 111.05, 109.63 ppm. 

MALDI-TOF m/z, [M]+, 4: C21H12N4O6, calculated: 416.08, found: 416.96 
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Figure 5.29. Synthetic route of HHTT (4). 

 

 

Figure 5.30. 1H NMR of (a) compound 2 and (b) compound 3 in Figure 5.29. 
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Figure 5.31. Characterizations of HHTT. (a) 1H NMR and (b) 13C NMR spectra of HHTT. (c) 

MALDI-TOF spectrum of HHTT. (d) FTIR spectrum of HHTT. 

 

5.4.3 Materials Characterization 

HHTT: 1H NMR and 13C NMR spectra were recorded on Bruker AC 300 P using the deuterated 

solvents (CDCl3, and DMSO-d6) with the tetramethylsilane as the internal reference. High-

resolution MALDI-TOF mass spectra were obtained with a Bruker Autoflex MALDI-TOF mass 

spectrometer. Fourier transform infrared spectroscopy (FTIR) was performed on a Spectrum 100 

(Perkin Elmer, Inc., USA) spectrometer with a scan range of 4000-400 cm-1. 

Cu3(HHTT)2 thin film: The out-of-plane and in-plane XRD spectra was obtained by X-Ray 

diffraction (XRD), Rigaku SmartLab X-Ray diffractometer. SEM images were observed under a 

field emission scanning electron microscope (FESEM) (Tescan MAIA3). AFM images were 
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recorded using scanning probe microscope (Bruker NanoScope 8). The thicknesses of the MOF 

films were characterized by a surface profiler (Bruker DektakXT). The HRTEM image was taken 

using a field emission electron microscope (JEM-2100F). The absorption spectra were recorded 

with a LAMBDA 1050+ UV/Vis/NIR spectrophotometer (PerkinElmer). UPS spectra was 

recorded using a X-Ray Photoelectron Spectrometer System (Thermo Fisher Nexsa). 

 

5.4.4 Device Fabrication 

Pre-patterned substrate preparation: 300nm-SiO2/Si and PI substrates were cleaned by 

ultrasonication bath using deionized water, acetone, and IPA, followed by drying the substrate 

with stream of nitrogen gas. Next, 10nm-Cr/100nm-Au electrodes were deposited by sputtering 

after the desired area was patterned by standard photolithography process. The channel length and 

width of the devices used in this work are 5 and 800 μm, respectively. The substrates with 

electrodes were then replaced in glovebox for later use. 

Fabrication of Cu3(HHTT)2 thin film for PDs and optical synapse: The above patterned 

substrates were first functionalized using oxygen plasma for 30 minutes. Next, the substrates were 

used for preparing Cu3(HHTT)2 according to previous report.[42] The functionalized substrates 

were immersed alternatively into copper acetate and HHTT with various concentration for 20 

minutes and 40 minutes (Figure 5.1b). Ethanol, IPA and DMF were employed as solvents for both 

precursors. Devices fabricated by ethanolic solutions were used for most of the measurement. The 

substrates were washed with corresponding solvents to remove excessive precursor between each 

immersion step. The film thickness can be controlled by cycle numbers. The process is stopped 

after desired thickness is achieved, and the substrate is stored in a N2-filled glove box. 
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Fabrication of Perovskite Solar Cells: ITO glass substrates were ultrasonically cleaned by 

deionized (DI) water, acetone and isopropanol for 15 min, respectively. Cu3(HHTT)2 thin films 

are then synthesis through the above method but with immersion times mentioned in Section 5.2.6. 

For controlled devices, the process of preparing NiOx on ITO was similar to the previous report. 

NiOx dissolved in DI water (7.5 mg mL-1) was spin-coated on the ITO substrate at 4000 rpm for 

30 s in ambient air and then the films were annealed at 150 ℃ for 30 min in air. Then the films 

were transferred to N2 glovebox. The Pb-Sn mixed perovskite precursor was prepared by 

dissolving FAI (0.83 mmol), SnI2 (0.35mmol), SnF2 (0.035mmol), CsI (0.17 mmol), PbBr2 (0.05 

mmol), PbI2 (0.6 mmol) in mixed solvent (DMF:DMSO=4:1). 4-hydrazinobenzoic acid (HBA) 

was introduced to suppress the oxidation of Sn2+, and the molar ratio between HBA and SnI2 was 

3%. The perovskite precursor solution was spin-coated on the substrate at 1000 rpm for 10 s and 

5000 rpm for 20 s, and diethyl ether was dropped on the film at 10th s. Then, the perovskite films 

were annealed at 70 ºC for 1 min and 100 ºC for 10 min. Afterward, PCBM (20 mg mL-1) and BCP 

(0.5 mg mL-1) were spin-coated on the films. Finally, 100 nm silver electrodes were thermally 

evaporated onto the films. The electrode size is 0.048 cm2 unless stated otherwise. 

 

5.4.5 Estimation of grain size and mircostrain based on XRD data 

The grain size and macrostrain of the Cu3(HHTT)2 are estimated according to UDM of W-

H method, which assumes uniform strain in all crystilline directions and is used extensively for 

polycrystaline materials.[143] In this model, the peak broadening or full width at half maximum 

(FWHM) for each XRD peak can be expressed as:[143] 

𝛽𝛽ℎ𝑘𝑘𝑘𝑘 = � 𝑘𝑘𝑘𝑘
𝐷𝐷𝑐𝑐𝐷𝐷𝑠𝑠𝐷𝐷

� + 4𝜀𝜀𝜀𝜀𝜀𝜀𝜀𝜀𝜀𝜀,          
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where 𝑘𝑘, 𝐷𝐷 and 𝜀𝜀 are shape factor, crystal size and microstrain. Rearranging the equation yields 

the following: 

𝛽𝛽ℎ𝑘𝑘𝑘𝑘𝑐𝑐𝑐𝑐𝑐𝑐𝜀𝜀 = 𝑘𝑘𝑘𝑘
𝐷𝐷

+ 4𝜀𝜀𝑐𝑐𝜀𝜀𝜀𝜀𝜀𝜀.         

A W-H plot is obtained by ploting 𝛽𝛽ℎ𝑘𝑘𝑘𝑘𝑐𝑐𝑐𝑐𝑐𝑐𝜀𝜀 against 4𝑐𝑐𝜀𝜀𝜀𝜀𝜀𝜀 (Figure S6b). The value of k is 

assigned to be 0.94, which is a general value originally derived by Scherrer and used widely for 

thin films.[144] From linear fitting of the data, crystal size and microstrain can be estimated from 

the y-intercept and the slope.  

 

5.4.6 Device Measurements 

Temperature and frequency dependent conductivity measurements: The temperature 

dependent measurements were conducted using a cryogenic probe station (Lake Shore 

Cryotronics). The AC measurement was performed by connecting a probe station in glove box to 

an electrochemical workstation (VersaSTAT 3, Ametek). 

Electrical and optoelectronic measurements for the devices: A Keithley 4200 semiconductor 

parameter analyzer was employed for electrical and optoelectrical measurements for the devices. 

The devices were placed in a glovebox filled with N2 gas equipped with various LED light sources. 

LED with wavelengths of 370, 685, 850, 980, 1100, 1300, 1450, 1550, 2000, 2800 and 3400 nm 

were used in this work. The intensity was tuned to about 200 µW/cm2 when measuring spectral 

response. J-V curves were measured by a Keithley 2400 source meter with a solar simulator under 

AM 1.5 G one sun illumination (Newport 66902). The EQE of the PSCs was obtained from an 

EQE system under DC mode. UV-vis spectra were collected on a UV-vis spectrometer (Perkin 

elmer). 
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Bending stability assessment for flexible device: Device performance of the flexible devices was 

measured with the above equipment first. Then, the whole PI sheet with devices were curved 

against a little glass bottle with radius of 8 mm for different times. After specific times of bending, 

device measurement was performed.  

 

5.4.7 Computational Methods 

DFT simulation for Young’s modulus of Cu3(HHTT)2: All DFT calculations were performed 

using Quantum Expresso (ver. 6.5).[145] The initial lattice parameters of Cu3(HHTT)2 unit cell 

were obtained from previous literature.[94] Perdew, Burke and Ernzerhof (PBE) exchange-

correlation functionals[146] under an electronic convergence criterion of 1 x 10-6 eV were used to 

fully relax the structure. Projector augmented wave (PAW) method with a plane wave basis set of 

500 eV cut-off energy were applied. A k-grid of 4 x 4 x 4 was used. During Young’s modulus 

calculation, different amount of uniaxial strain along a-axis was applied to the unit cell of 

Cu3(HHTT)2. The cells are fully relaxed at each calculated strain points.  

DFT Simulation for interface property of perovksite/Cu3(HHTT)2: Quantum ESPRESSO 

software was used to perform all the DFT simulations. Before the simulation, we will construct 

and visualize the initial crystal structure using VESTA software. The initial atomic positions will 

be obtained by either referencing to existing literatures or estimated from independent bond 

lengths. Prior to the density of states (DOS) simulations, all the structures were relaxed under PBE 

exchange-correlation functions with an electronic convergence criterion of 1 x 10-6 eV. In the 

simulation, PAW method with a plane wave basis set of 450 eV cut-off energy was used. 
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Calculation of Young’s modulus: Figure 5.18 shows the energy difference of a unit cell as a 

function of applied strain along a and b-axis (they are symmetric). Then, Y can be extracted using 

the following equation:  

Y = 1
A0

∂2Es
∂ε2

,           

where A0 is equilibrium surface area of the unit cell and  ∂
2Es
∂ε2

 is the second partial derivative of 

strain energy with respective to applied strain. 

Neural network simulation: CrossSim[147] was used to simulate the device performance when 

implemented in a crossbar array.[148] During the simulation, the artificial synapse-based crossbar 

array is responsible for two crucial operations: a vector matrix multiply and parallel rank 1 outer 

product update. For the simulation with a Sandia file classification dataset and the “Optical 

Recognition of Handwritten Digits” dataset, a 256 × 512 × 9 and a 64 × 36 × 10 sized network 

were adopted respectively. The measured LTP and LTD characteristics of Cu3(HHTT)2 synapse 

were mapped to the numerical synaptic weights, and the non-linearity and write noise of the device 

were incorporated into the simulation through weight updating.[134b] Specifically, only weights 

corresponding to high ∆PSC levels are considered so that the influence of device nonlinearity and 

asymmetry on recognition accuracy can be minimized. 

 

5.4.8 Statistical Analysis 

The statistical data has not gone thought any pre-processing. The error bars in the graphs 

represent mean values and standard deviations of the data. As mentioned in the main manuscript, 

the sample sizes are 4 for PDs and 15 for solar cells in all statistical analysis. Statistical method: 

standard deviation was calculated to assess significant differences, which was processed in Excel. 
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Chapter 6: 2D Metal–Organic Framework Cu3(HHHAT)2 Films for 

Broadband Photodetector and Ferroelectric Memory 

Cu3(HHHAT)2 is a novel 2D MOF material which shows excellent physical and chemical 

properties. With the high conductivity and probability for thin film fabrication, it also has 

tremendous potential in optoelectronic applications. Herein, we demonstrated for the first time the 

high quality Cu3(HHHAT)2 thin films. With detailed materials characterizations, including 

GIXRD, SEM and AFM, indicate that the thin film is in high-quality with preferred orientation. 

Moreover, PDs with reliable broadband photo-response have been fabricated. More importantly, 

a top-gated transistor with resistive memory effect has been demonstrated for the first time in 2D 

c-MOF devices. The results clearly demonstrate the potential of using 2D c-MOFs for high-

performance optoelectronic applications. 

 

6.1. Introduction 

MOF is a type of porous materials which have a series of unique physical and chemical 

properties.[95c] They are organic networks interconnected by metal nodes. Due to the large specific 

surface area, tunable porosity, dense active sites and unlimited chemical tailorability, they have 

long been employed as functional materials for a series of applications, such as catalysis[23, 44, 95], 

gas sensor[24, 95b, 96], energy storage[23, 25, 97] and molecular filter[149]. Over the past decade, impressive 

progress has been indeed obtained in those traditional areas. However, optoelectronic applications 

using MOFs remains blank until recently due to their low electrical conductivity.[4] Lately, 

researchers have developed 2D c-MOFs, which exhibit 2D network structure and has exceptional 

conductivity with moderate band gap due to their strong in-plane conjugation and tight inter-layer 

stacking.[5, 45]  
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On the other hand, conventional PD functional materials such as Si and III-V 

semiconductors fail to provide desired functionalities like lost cost, stretchable and wearable 

optoelectronics.[71b, 150] Therefore, much research effort has been put in developing next-generation 

materials for advanced optoelectronic applications. For instance, OIHPs show excellent optical 

absorption coefficient, outstanding mobility and exceptional defect tolerance.[29] However, they 

are extremely unstable in ambient conditions.[151] 2D materials have superior transport and 

optoelectronic properties, but the effective large-area fabrication is still lacking.[152] Therefore, the 

search of novel optoelectronic materials still needs to continue. Considering the moderate band 

gap, high electrical conductivity, solution-processibility, air stability and intrinsic flexibility of 2D 

c-MOFs, it can be a potential candidate for next-generation PD functional materials. Despite their 

potential, only very few research have been done in this area. Arora et al. first reported a PD based 

on 2D Fe3(THT)2(NH4)3 at show a detectivity of 7 × 108 Jones at 77K.[46] Our group recently 

developed a flexible ultra-broadband PD based on Cu3(HHTT)2 with response from UV to MIR. 

We fabricated wafer-scale Cu3(HHTT)2 thin film for the first time and studied its carrier transport 

behaviour carefully.[45] The device also shows typical synaptic behaviours and excellent data 

recognition efficiency in ANN. Lately, another novel 2D c-MOF, Cu3(HHHAT)2 is developed in 

powder form for electrocatalytic reduction of CO2 to methane.[153] Cu3(HHHAT)2 shows excellent 

thermal and chemical stability as well as desirable π-π interactions, which shows potential for 

optoelectronic applications if thin film form of this material can be developed. 

Herein, we firstly report the fabrication of Cu3(HHHAT)2 thin film. By various materials 

characterizations, it is confirmed that the film is in high quality. Broadband PDs with response 

from UV to NIR are developed based on the Cu3(HHHAT)2 thin film, showing reliable photo-

response. More importantly, ferroelectric resistive memory effect is for the first time demonstrated 
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for 2D c-MOF devices based on a top-gated device structure with a ferroelectric organic dielectric 

layer. This work demonstrates the potential of using novel 2D c-MOF thin film for (opto)electronic 

devices. 

 

6.2 Results and Discussion 

6.2.1 Materials and Thin film Characterizations 

Figure 6.1 shows the synthetic scheme for the HHHAT powder. Figures 6.2 and 6.3 display the 

NMR spectra for intermediates and the final HHHAT product. The spectra indicate that reaction 

intermediates and products are pure without any contamination. Figure 6.4 shows the procedure 

of the layer-by-layer self-assembling growth of Cu3(HHHAT)2. The detailed experimental 

procedure is included in Experimental Section. Briefly, the substrate is first functionalized with 

hydroxyl groups. Next, the substrate is immersed into ethanolic solution of Cu(OAc)2. The Cu2+ 

ions can be anchored onto the hydroxyl groups. the substrate is then carefully washed with ethanol 

to avoid excess Cu2+ ions. After that, the substrate is immersed into ethanolic solution of HHHAT. 

The hydroxyl groups in HHHAT will bond with Cu2+ ions and form a continuous 2D c-MOF thin 

layer. After another washing step with ethanol, the process can be repeated until the desired 

thickness is obtained. 

Figure 6.5a displays the FTIR spectra for both HHHAT and Cu3(HHHAT)2. The broad 

peak at ~3400 cm-1 of HHHAT disappears after the formation of Cu3(HHHAT)2, indicating the 

complete reaction is achieved. Figure 6.5b reveals the absorption spectrum of Cu3(HHHAT)2. It 

is noted that the absorption tail extends to NIR range. Figure 6.5c displays the tauc plot obtained 

from the absorption spectrum, where the band gap is shown to be 1.46 eV, which lies within visible 

range. The extended absorption range can be attributed to the electronic transition from VBM to 
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mid-gap states or from mid-gap states to CBM. UPS is also employed to study the band structure 

of Cu3(HHHAT)2. As indicated in the secondary cut-off region of UPS spectrum (Figure 6.5d), 

the binding energy of Cu3(HHHAT)2 is 16.13 eV. Under a UV light source of 21.2 eV, the fermi 

energy can be calculated to be 5.07 eV. On the other hand, the energy difference from fermi level 

to VBM is 0.68 eV, as revealed in valance band region of UPS spectrum (Figure 6.5e). Combing 

the results from UPS and absorption spectrum, the band structure can be depicted and shown in 

Figure 6.5f.  
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Figure 6.1. Synthetic scheme of HHHAT. 
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Figure 6.2. (a) 1H NMR of compound 2 recorded in CDCl3. (b) 1H NMR of compound 3 recorded 

in CDCl3. 

 

 

Figure 6.3. (a)
 
1H NMR of compound HHHAT recorded in DMSO-d6. (b) 13C NMR of compound 

HHHAT recorded in DMSO-d6. High-resolution MALDI-TOF mass spectra of (c) compound 3 

and (d) HHHAT. 
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Figure 6.4. Schematic diagram illustrating the fabrication process of Cu3(HHHAT)2 thin film. 

 

 

Figure 6.5. (a) FTIR spectra of HHHAT and Cu3(HHHAT)2. (b) Absorption spectrum of 

Cu3(HHHAT)2. (c) Tauc plot obtained from absorption spectrum of Cu3(HHHAT)2. UPS 

spectrum in the (b) secondary cut-off region and (c) valence band region of a Cu3(HHHAT)2 film 

on an ITO substrate. 
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Figure 6.6. SEM images (a-c), AFM images (d-f) and measured thickness (g-i) of Cu3(HHHAT)2 

thin film after 4, 8 and 12 growth cycles. 

 

The thin film morphology is carefully studied by SEM, AFM and GIXRD. As indicated by 

the SEM image (Figure 6.6a-c), the smooth Cu3(HHHAT)2 film fully covers the substrate without 

any pinhole, which important for carrier transport. AFM is employed to further confirm the high 

quality of the thin film. Figure 6.6d-f reveals the AFM images of 25, 54 and 82 nm thick (Figure 

6.6g-i) Cu3(HHHAT)2 films. The RMS surface roughness are 1.2 nm, 2.6 and 3.9 nm, which are 

only less than 5% of the total film thickness. Such small surface roughness value further indicates 

its high quality and its potential for optoelectronic applications.  
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Figure 6.7. (a) Out-of-plane and (b) in-plane GIXRD spectrum of Cu3(HHHAT)2 film. (c) 

Simulated PXRD spectrum of Cu3(HHHAT)2 film. (d) W-H plot corresponding to the GIXRD 

spectra. 

 

Figure 6.7a and b the out-of-plane and in-plane GIXRD spectra of the Cu3(HHHAT)2 

film. All the measured peaks are in close agreement of the simulated PXRD spectrum. The out-of-

plane GIXRD only reveals a peak corresponding to (001) plane, while in-plane GIXRD only 

reveals peaks corresponding to a-b plane. This clearly indicates that the crystals in the film are 

well-oriented, further confirms the high quality of the thin film. The relatively broad XRD peaks 

are due to the small crystal size and such observation has been reported previously for 2D c-MOF 

thin films.[45, 108, 111] All the XRD peaks can be fitted reasonably well with Gaussian functions. 
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UDM of W-H method (See Experimental Section and Figure 6.7d)[112] can be used to estimate the 

crystal size and microstrain in the thin film. The calculated crystal size and microstrain for the 

Cu3(HHHAT)2 film are 5.7 nm and 6.7%, respectively. The relatively large mircostrain compared 

to inorganic thin films can be attributed to the large amount of soft organic ligand in the 

Cu3(HHHAT)2 film. The values are similar to Cu3(HHTT)2 we previously reported and is 

reasonable for 2D c-MOF thin films. 

 

6.2.2 PD performance 

PDs based on the Cu3(HHHAT)2 film is fabricated based on a typical photoconductor. The 

fabrication details and device geometry can be found in Experimental Section. The dark I-V curves 

of the devices show that ohmic contact (Figure 6.8a), which is desirable for photo-carrier transport. 

Under light illumination, the photons with sufficient energy incident on Cu3(HHHAT)2 film excite 

electrons near VBM and generate electron-hole pairs. When a bias voltage is applied between the 

electrodes, those photo-carriers will be collected in respective electrodes, contributing to 

photocurrent. Figure 6.8b shows the spectral response of the device. The response spans from UV 

(370 nmn) to NIR (980 nm), indicating a broadband photo-response. It is worth noting that the 

spectral response is in highly correspondence with the absorption spectrum (Figure 6.5b). The 

band gap of Cu3(HHHAT)2 is measured to be 1.46 eV which corresponds to a wavelength of 850 

nm. The extended photo-response from 850 nm to 1450 nm can be attributed to carriers excited 

from the mid-gap states to the conduction band or tail states. The similar effect is found for 

Cu3(HHTT)2 film and other polycrystalline materials.  
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Figure 6.8. (a) I-V curves of devices with different Cu3(HHHAT)2 thicknesses under dark 

environment. (b) Spectral response of the Cu3(HHHAT) PD. Responsivity as a function of light 

intensity of the device under light wavelength of (c) 420 nm, (d) 685 nm and (e) 850 nm. Time-

dependent photocurrent of the device. (g) enlarged view of one light on-off cycle, showing the 

rising and decaying time. 

 

The photoresponsivity measures the sensitivity of a PD. The maximum photoresponsivity 

of the device is calculated to be 0.94 A/W (Figure 6.8c). As revealed in Figure 6.8c-e, responsivity 

decreases with increased intensity for all measured wavelengths. This is expected and is due to the 

saturation of photocurrent under high light intensity. With a high light intensity, a large number of 

photo-carriers are accumulated in the Cu3(HHHAT)2 film. This significantly increases the 

recombination possibility and reduces the carrier lifetime, resulting in a lower responsivity. 
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Time-dependent photo-response is also important feature to understand the device working 

mechanism. The response is stable under multiple light on-off cycles (Figure 6.8f), indicating the 

high working stability of the device. As shown in the enlarged view of time-dependent photo-

response curve, the rising time and decay time are measured to be 13.2 s (Figure 6.8g). 

 

6.2.3 Top-Gated FET Performance 

 

 

Figure 6.9. (a) Schematic Diagram of the top-gated FET. (b) Transfer curve of the FET when 

P(VDF-TrFE-CFE) tripolymer is used as dielectric layer. (c) Transfer curve of the FET when 

P(VDF-TrFE) (65/35 mol%) copolymer is used as dielectric layer. (d) Leakage current as a 

function of gate voltage when P(VDF-TrFE) (65/35 mol%) copolymer is used as dielectric layer. 
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To further demonstrate the potential of Cu3(HHHAT)2 film in electronic applications, we 

developed a top-gated FET based on Cu3(HHHAT)2 thin film. By depositing a high-k dielectric 

P(VDF-TrFE-CFE) (56/36.5/7.5 mol%) (~600 nm) tripolymer on top of the 2D c-MOF film with 

Al gate electrode (Figure 6.9a), we successfully demonstrate the gate modulation of channel 

conductivity, which has never been done in 2D c-MOF devices. The transistor shows a typical 

ambipolar behaviour (Figure 6.9b) and the channel conductivity can be modulated effectively. 

The hole and electron mobilities are measured to be and ~0.039 cm2/V⋅s and ~0.022 cm2/V⋅s, 

respectively. 

 

  

Figure 6.10. Schematic diagrams illustrating the working mechanisms of the ferroelectric 

transistor working in (a) hole-conductive mode and (b) electron-conductive mode. 

 

Moreover, ferroelectric memory effect can be realized by replacing the P(VDF-TrFE-CFE) 

tripolymer with ferroelectric P(VDF-TrFE) (65:35) (~350 nm) copolymer. As shown in Figure 

6.9c, the device shows consistent transfer characteristics under multiple working cycles. It 

demonstrates counterclockwise hysteresis, which is due to the ferroelectric polarization switching 

in P(VDF-TrFE) film. The leakage current (Figure 6.9d) is negligible when compared to channel 

current, indicating the high quality of P(VDF-TrFE) film. The electron and hole mobilities are 
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calculated to be ~0.15 cm2/V⋅s and ~0.016 cm2/V⋅s, respectively. It is noted that the carrier 

mobilities are higher when P(VDF-TrFE) is used instead of P(VDF-TrFE-CFE). This can be 

attributed to the higher dielectric constant of P(VDF-TrFE-CFE) (~65)[154] than P(VDF-TrFE) 

(~12)[155], which can induce stronger remote phonon scattering.[156] Notably, hole mobility is 

higher in both configurations, which may be due to the higher intrinsic hole mobility in 

Cu3(HHHAT)2 film. The channel conductivity at off-state is lower in device with P(VDF-TrFE) 

than that with P(VDF-TrFE-CFE). This could be attributed to the combined effect of different 

interfacial properties at P(VDF-TrFE)/Cu3(HHHAT)2 and P(VDF-TrFE-CFE)/Cu3(HHHAT)2, 

like surface properties, dipole disorder and surface charge-trapping sites.[157] The interfacial effects 

can significantly affect bulk properties of bulk conductivity of Cu3(HHHAT)2 due to its highly 

porous nature. The device has two operation modes thanks to its ambipolar nature. The device 

works in hole-conductive mode with a negative gate voltage while it works in electron-conductive 

mode with a positive gate voltage. The threshold voltages for erased and programmed states in 

hole-conductive mode are extracted to be -33V and -19V, respectively. On the other hand, the 

threshold voltages for erased and programmed states in electron-conductive mode are extracted to 

be 36V and 18V, respectively. The channel current can be modulated by nearly 10 times in hole-

conductive mode and more than one time in electron-conductive mode. To operate the device in 

hole-conductive mode (Figure 6.10a), the gate voltage is swept from 0V to -49V, which first poles 

the P(VDF-TrFE) copolymer and make it in programmed state. The ferroelectric dipole in this case 

points from Al top gate towards Cu3(HHHAT)2, such that the holes in Cu3(HHHAT)2 will be 

accumulated at the Cu3(HHHAT)2/ P(VDF-TrFE) interface. The accumulated holes induce a 

highly conductive channel near the interface, largely increasing the channel conductivity. When 

the gate voltage sweeps from -60V to -33V, the P(VDF-TrFE) is depolarized and the device is in 
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erased state. When gate voltage sweeps through another direction (Figure 6.10b), the electron-

conductive mode is achieved and the whole process above is reversed for electrons.  

 

6.3 Conclusion 

In summary, the thin film form of Cu3(HHHAT)2 is developed for the first time. It is 

confirmed that by various characterizations that the thin film is in high quality and suitable for 

optoelectronic applications. Considering this, PDs based on Cu3(HHHAT)2 is fabricated. The 

device shows broadband photo-response from UV to NIR. Furthermore, gate-modulation of 

conductivity is first demonstrated for 2D c-MOF devices by a top-gate device configuration. This 

work clearly demonstrates the potential of high-performance optoelectronic devices based on 2D 

c-MOFs. 

 

6.4 Experimental Section 

6.4.1 Materials characterization 

HHHAT: 1H NMR and 13C NMR spectra were recorded on Bruker AC 300 P using the deuterated 

solvents (CDCl3, and DMSO-d6) with the tetramethylsilane as the internal reference. High-

resolution MALDI-TOF mass spectra were obtained with a Bruker Autoflex MALDI-TOF mass 

spectrometer. Fourier transform infrared spectroscopy (FTIR) was performed on a Spectrum 100 

(Perkin Elmer, Inc., USA) spectrometer with a scan range of 4000-400 cm-1. 

Cu3(HHHAT)2 thin film: The out-of-plane and in-plane XRD spectra was obtained by X-Ray 

diffraction (XRD), Rigaku SmartLab X-Ray diffractometer. SEM images were observed under a 

field emission scanning electron microscope (FESEM) (Tescan MAIA3). AFM images were 

recorded using scanning probe microscope (Bruker NanoScope 8). The thicknesses of the MOF 
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films were characterized by a surface profiler (Bruker DektakXT). The HRTEM image was taken 

using a field emission electron microscope (JEM-2100F). The absorption spectra were recorded 

with a LAMBDA 1050+ UV/Vis/NIR spectrophotometer (PerkinElmer). UPS spectra was 

recorded using an X-Ray Photoelectron Spectrometer System (Thermo Fisher Nexsa). 

 

6.4.2 Device Fabrication 

Pre-patterned Substrate preparation: 300nm-SiO2/Si and PI substrates were cleaned by 

ultrasonication bath using deionized water, acetone, and IPA, followed by drying the substrate 

with stream of nitrogen gas. Next, 10nm-Cr/100nm-Au electrodes were deposited by sputtering 

after the desired area was patterned by standard photolithography process. The channel length and 

width of the devices used in this work are 5 and 800 μm, respectively. The substrates with 

electrodes were then replaced in glovebox for later use. 

For the top-gated devices, glass substrates were used instead. The bottom and top electrodes 

are prepared by thermal evaporation through shadow masks. The bottom electrodes are 10nm-

Cr/100nm-Au and the top-electrode is 80-nm. The channel length and width of the devices are 100 

and 2000 μm, respectively. 

Fabrication of Cu3(HHHAT)2 thin film: The above patterned substrates were first 

functionalized using oxygen plasma for 30 minutes. Next, the substrates were used for preparing 

Cu3(HHHATT)2 according to previous report.[42, 45] The functionalized substrates were immersed 

alternatively into copper acetate and HHHAT with various concentration for 20 minutes and 40 

minutes (Figure 6.4). Ethanol, IPA and DMF were employed as solvents for both precursors. 

Devices fabricated by ethanolic solutions were used for most of the measurement. The substrates 

were washed with corresponding solvents to remove excessive precursor between each immersion 
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step. The film thickness can be controlled by cycle numbers. The process is stopped after desired 

thickness is achieved, and the substrate is stored in a N2-filled glove box. 

Fabrication of dielectric layers on Cu3(HHHAT)2 thin film: To fabricate P(VDF-TrFE-CFE) 

thin films, P(VDF-TrFE-CFE) (56/36.5/7.5 mol%) powder was dissolved into methyl ethyl ketone 

(MEK) at a concentration of 70 mg/ml and spin-coated onto the Cu3(HHHAT)2 thin film with a 

speed of 3000 rpm, followed by annealing at 60 degree for 2 hours. To fabricate P(VDF-TrFE) 

thin films, P(VDF-TrFE) (65/35 mol%) powder was dissolved into methyl ethyl ketone (MEK) at 

a concentration of 40 mg/ml and spin-coated onto the Cu3(HHHAT)2 thin film with a speed of 

3000 rpm, followed by annealing at 110 degree for 2 hours.  

 

6.4.3 Estimation of Grain Size and Mircostrain Based on XRD Data 

The grain size and macrostrain of the Cu3(HHHAT)2 are estimated according to UDM of 

W-H method, which assumes uniform strain in all crystilline directions and is used extensively for 

polycrystaline materials.[2] In this model, the peak broadening or full width at half maximum 

(FWHM) for each XRD peak can be expressed as:[2] 

𝛽𝛽ℎ𝑘𝑘𝑘𝑘 = � 𝑘𝑘𝑘𝑘
𝐷𝐷𝑐𝑐𝐷𝐷𝑠𝑠𝐷𝐷

� + 4𝜀𝜀𝜀𝜀𝜀𝜀𝜀𝜀𝜀𝜀,          

  (1) 

where 𝑘𝑘, 𝐷𝐷 and 𝜀𝜀 are shape factor, crystal size and microstrain. Rearranging the equation yields 

the following: 

𝛽𝛽ℎ𝑘𝑘𝑘𝑘𝑐𝑐𝑐𝑐𝑐𝑐𝜀𝜀 = 𝑘𝑘𝑘𝑘
𝐷𝐷

+ 4𝜀𝜀𝑐𝑐𝜀𝜀𝜀𝜀𝜀𝜀          

  (2) 

A W-H plot is obtained by ploting 𝛽𝛽ℎ𝑘𝑘𝑘𝑘𝑐𝑐𝑐𝑐𝑐𝑐𝜀𝜀  against 4𝑐𝑐𝜀𝜀𝜀𝜀𝜀𝜀  (Figure S6b). The value of k is 

assigned to be 0.94, which is a general value originally derived by Scherrer and used widely for 
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thin films.[3] From linear fitting of the data, crystal size and microstrain can be estimated from the 

y-intercept and the slope.  
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Chapter 7: Conclusions and Perspectives 

7.1 Conclusions 

In this thesis, high-performance PDs based on novel hybrid perovskites and 2D c-MOFs 

have been fabricated. The material and device physics are studied carefully. The results clearly 

indicated the huge potential for these materials being used in practical applications. 

First, a high-performance PD based on FASnI3/PEDOT:PSS have been developed. The 

device performance is largely improved when compared to bare FASnI3 and PEDOT:PSS devices 

thanks to the photogating effect. The resultant responsivity and gain is 2.6 × 106 A/W and 4.7 × 

106, respectively. Higher response time and detectivity can be further achieved by reducing the 

PDDOT:PSS thickness. Flexible devices can also be demonstrated with excellent mechanical 

stability. This work opens up the window for using vertical heterojunction to enhance PD 

performance. 

Then, a sensitive phototransistor based on quasi-2D perovskite/SWCNT vertical 

heterojunction is reported. Thanks to the excellent optical properties and self-constructed vertical 

gradient type-II heterostructure of quasi-2D perovskite and the outstanding transport properties of 

SWCNT, superior responsivity and detectivity of 2 × 106 A/W and 7 × 1014 Jones is obtained. High 

on/off ratio of 103 is also achieved. This work demonstrates the huge potential of quasi-2D 

perovskite/SWCNT phototransistor for next-generation PDs. 

After that, we first report the successful growth of high-quality Cu3(HHTT)2 thin film. The 

transport behavior is carefully studied through AC and temperature dependent conductivity 

measurements. Ultrabroadband photoconductor with reliable response from UV to Mid-IR under 

room temperature has been demonstrated. Moreover, the PD shows a typical synaptic behavior 

under light and exhibit outstanding data recognition accuracy in artificial neural networks. This 
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work clearly demonstrates the promising potential of 2D c-MOFs in high-performance and multi-

functional optoelectronic devices. 

Finally, the first report of the thin film form of another 2D c-MOF, Cu3(HHHAT)2 has 

been demonstrated. Materials characterization indicate the thin film is in desired quality for 

optoelectronic devices. PD with response from UV to NIR. Field-effect modulation of conductivity 

and more importantly, ferroelectric memory effect, are also demonstrated for the first time for 2D 

c-MOF thin films. The work opens up a window for further development of high-performance 

optoelectronic devices based on 2D c-MOFs. 

 

7.2 Perspectives 

Developing new material is a promising direction. As discussed in the thesis, 

semiconductor is one of the key elements in obtaining high-performance PDs. Although a great 

deal of research effort has been put in developing semiconductor materials with high mobility, 

excellent optical absorption coefficient, direct band gap, environmentally friendly, superior 

mechanical flexibility and outstanding air stability, all of those novel materials cannot 

simultaneously fulfil the requirements for ideal next-generation functional materials. For instance, 

the Sn-perovskites still suffer from the severe oxidation issue in ambient air; 2D c-MOFs 

nowadays have relatively low optical absorption coefficient. Therefore, it will be important for 

materials scientists and chemists play an important role for inventing even more suitable 

semiconducting materials for future optoelectronic devices. 

Constructing novel device structure is another possible way to enhance the device 

performance. As mentioned in the thesis, device design is also critical for device performance. 

Vertical heterojunction with a light absorbing layer and carrier transporting layer is a typical 
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example for enhancing performance by decoupling the requirements of the channel material, as 

demonstrated earlier in this thesis. However, the two materials still need to have suitable band 

alignment. The top-layer must also be fabricated on top of bottom-layer, which can sometimes 

cause technical difficulties. Therefore, more innovative design is urgently needed for better 

utilizing the materials properties of the channel materials. 

The better understanding of thin film physics based on the novel materials and/or the 

interfaces formed by these materials may lead to more rational device designs and higher material 

quality. For instance, the lack of knowledge in thin film growth severely limiting the thin film 

quality for 2D c-MOF thin films. The potential for practical applications of 2D c-MOFs in 

optoelectronics will be fully revealed only when thin films with large crystal size can be fabricated 

with feasible method. On the other hand, the transport and optoelectronic processes for the novel 

OIHP thin films are under active research, which may lead to further improved optoelectronic 

performance. 

Developing large area array of PDs is an essential step for commercialization. By 

optimizing fabrication processes and fine-tuning of materials properties, wearable sensitive PDs 

can be assembled into large area array for image capture and other advanced applications. Taking 

the advantages of excellent optoelectronic properties of novel functional materials like emerging 

hybrid perovskites and 2D c-MOFs, lightweight wearable optoelectronic system with multi-

functionalities such as healthcare and imaging recording can be developed. 

With the latest rapid development of semiconductors and novel device structure like 

artificial eye based on hybrid perovskites, PDs have been explored for tremendous emerging 

applications beyond the traditional ones. The continuous research in both device physics and 

exploration of innovative applications will no doubt lead to a world with convenience and safety.
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