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Flexible smart systems with functionalities of sensing and wireless communication 

have ignited worldwide interest. The main driving force behind this is the concept of 

Internet of Things (IoT), where the world is reshaped via digitalizing and connecting 

billions of smart devices. In this dissertation, we report on our research to advance the 

understanding and development of two-dimensional semiconductors for high performance 

robust flexible nano electronics and smart nano systems. Our interdisciplinary research 

approach involves nano characterizations, nano fabrication integrations, device physics, 

circuits, and thin-film mechanics. Specifically, this dissertation is composed with detailed 

discussion on following experimental works. In chapter 2, we discussed the ambient 

degradation of few layer black phosphorus (BP) and the development of effective dielectric 

encapsulation methodology for enhancing the air stability. In chapter 3, we presented the 

first few layer BP based flexible thin-film transistors and the circuit units realized from 

single and double BP TFTs. In addition, strong mechanical robustness was validated for 

the fully functional BP amplitude modulated AM demodulator. In chapter 4, we reported 

the first few layer BP flexible radio frequency (RF) transistor with cut-off frequency ~20 

GHz, which successfully expanded the application scenario of 2D RF devices. In chapter 
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5, a polymer low-k dielectric based highly stretchable substrate was developed for 

investigating the strain tunabilities of 2D semiconductors. For few layer BP, thickness 

dependence in the angle-resolved Raman intensity evolvement under tensile strain was 

reported the first time. 
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Chapter 1:  Introduction 

The rapid growth of the popularity of Internet-of-Things (IoT) in the past decade 

has resulted in strong urge of flexible electronics (Flextronics) with various functionalities 

ranging from sensing, computing to communicating. To fulfil the application scenario 

requirements, Flextronics with high speed and low power consumption as well as strong 

mechanical robustness are in need. Two-dimensional (2D) layered crystals are believed to 

be the natural candidates for flextronics applications, owing to their well-known features 

including the ultimate thickness scalability down to atomic thin, superior high intrinsic 

strain limit of ~20% and near ideal transparency.  

Among the abundant 2D family, graphene from the elemental Xenes, MoS2 from 

the compound MX2/TMDs and insulating h-BN are most studied for the past decade.1, 2 As 

the first experimentally obtained 2D layered crystal, monolayer graphene is believed to be 

promising for ultrahigh frequency applications owing to its superior fast carrier transport.3-

6
 The unique Dirac cone band structure with zero band gap limits its current modulation 

therefore the applications in digital circuits, where on/off ratio is essential to provide sharp 

switch. Monolayer MoS2 with sizable band gap of 1.9 eV, on the other hand, demonstrate 

high current on/off ratio reaching 107, makes it very promising for low power systems.7-9 

However, the naturally unipolar n-type transport and low carrier mobilities hinder its 

practical applications such as complementary inverters and high frequency RF circuits.10-

12 Since the year of 2014, few layer black phosphorus (BP) has been rediscovered as one 

of the most promising candidates in 2D family for its combined high carrier mobility ~1000 

cm2/Vs and thickness dependent direct band gap ranging from 0.3 eV to 2 eV. Its puckered 

honey comb lattice along armchair direction results in strong in-plane anisotropy in 
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mechanical, electrical and thermal properties, which make this novel material fascinating 

for fundamental studies such as strain tunabilities.13, 14  

In chapter 2, we first introduced the crystal structure and basic electrical properties 

of few layer BP, where record high hole mobility ~1560 cm2/Vs and high on/off ratio ~104 

were obtained from a bottom gated device. The ambient degradation of BP was 

investigated via optical microscopy, atomic force microscopy (AFM), energy dispersive 

X-ray analysis (EDAX) and Raman spectroscopy. Conformal dielectric encapsulation 

method was developed to effectively enhance the air stability of BP transistors to months 

long. 

 In Chapter 3, the first realization of flexible BP transistors was presented with 

successful demonstration of circuit units including inverting and non-inverting amplifiers, 

ambipolar inverter, and frequency doubler. The fully functioning amplitude modulation 

(AM) demodulator based on single flexible BP transistor was demonstrated with detailed 

analysis on the square law demodulator behavior. The mechanical robustness of such 

flexible BP transistor as well as AM demodulator was investigated under tensile strain 

loading up to 2% and three-point bending up to 5000 cycles.  

In chapter 4, the first flexible BP radio frequency (RF) transistor with top gated 

structure was presented with high intrinsic cut-off frequency fT~17.5 GHz and fMAX~14.5 

GHz obtained. The mechanical robustness was also studied for the top gated RF transistors 

with extrinsic cut-off frequency and maximum oscillation frequency investigated under 

uniaxial strain up to 1.5%. 

In Chapter 5, strain tunabilities on 2D layered semiconductors were studied with 

emphasis on the material characterizations. The uniaxial tensile strain was applied via a 

stretching platform, which is compatible with general 2D layered crystals, such as few 

layer BP and CVD MoS2. Here in this work, results on phonon vibrational modes (Raman 
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detectable) and optical band gap dependence on tensile strain of beyond 2% in CVD MoS2 

were presented. Then, anisotropic response of angle-resolved Raman intensity of few layer 

BP under uniaxial strain were discussed in this work, with a strong thickness dependence 

observed. 
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Chapter 2:  Air-Stable Multilayer Phosphorene Transistors 

INTRODUCTION TO BLACK PHOSPHORUS 

Despite the fact that this novel 2D layered semiconductor was rediscovered in the 

year of 2014, few layer black phosphorus and its monolayer counterpart phosphorene have 

gained worldwide attention for being one of the most promising 2D semiconductors with 

superior properties including high carrier mobility ~1000 cm2/Vs, sizable current 

modulation ratios ~105, thickness dependent direct band gap ranging from 0.3 eV (bulk) to 

2 eV (monolayer).14, 15 Therefore, this material is believed to be most promising candidate 

in 2D semiconductors for high speed and power efficient nano electronics. The thickness 

tunable band gap also makes it a promising candidate for photonics, especially for near and 

mid-IR applications. 

The crystal structure of few layer BP is shown in Figure 2.1 A. Each P atom forms 

three covalent bonds with its nearest neighbor P atoms in sp3 hybridizations,16 and the 

puckered structure results in strong in-plane anisotropy along arm-chair (AC) and zig-zag 

(ZZ) orientations with respect to electrical, mechanical and thermal properties.17, 18 The 

two anisotropic directions are identified in Figure 2.1 (A) and (B). Electron transport favors 

the AC direction for the relatively smaller effective mass; in the meantime, ZZ direction 

exhibit a higher thermal conductively. This orthogonal between high electron transport and 

thermal transport makes BP a promising candidate for thermal electronics with strong in-

plane selectivity. Due to the this unique in-plane anisotropic property, an efficient 

methodology of determining the in-plane orientation of BP samples becomes rather critical 

in most practical applications. Here in this work, polarized Raman spectroscopy is used to 

effectively determine the crystal orientations due to the distinguished intensity ratios 

among the three characteristics peaks, Ag
1, B2g

 and Ag
2, as shown in Figure 2.1 (C). 16, 19, 
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20A representative Tauc plot21 generated from FTIR measurement is shown in Figure 2.1 

(D) demonstrating the bulk range band gap of ~0.3 eV.  

 

Figure 2.1: Crystal structure and material characterization of few layer BP. (A) 

Schematic of few layer BP with Zig-zag (zz) and Arm-chair (AC) edges 

identified. (B) High resolution TEM image of few layer BP. (C) Raman 

spectroscopy of few layer BP along both ZZ and AC directions. (D) A 

representative Tauc plot for estimating the optical bandgap of BP, which 

confirms a gap of ~0.3 eV in the bulk limit.  

FABRICATION AND CHARACTERIZATION OF BP DEVICES 

Global bottom gated structure was first adopted for investigating the electrical 

properties of few layer BP, therefore, highly P type doped Si with 25nm Al2O3 doposited 

via atomic layer deposition (ALD) was chosen as the substrate. Thin film of BP was 

obtained through mechanical cleavage from the bulk BP crystal, a general adopted method 

for obtaining atomically thin 2D layered crystals. After few layer BP flakes were exfoliated 

onto the substrate, 50nm Ti/Au source and drain contact stacks were formed using e-beam 

lithography and e-beam evaporation. Device schematic is shown in Figure 2.2 (B). Record 
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high hole carrier mobility ~1560 cm2/Vs was achieved from a typical BG device with BP 

thickness ~15nm. As shown in Figure 2.2 (C), high on/off ratio was observed from the 

same device, which indicated the potential for this new 2D material for future high speed 

and low power nano electronics.   

 

 

Figure 2.2: Few layer BP field effect transistors. (A) Raman spectrum of exfoliated BP 

fakes of 5nm and 10nm along zig-zag directions. Insert is the optical image 

of the exfoliated BP flakes. (B) Schematic of the bottom gated BP transistor. 

(C) Transfer characteristics of the device showing highest hole mobility 

reaching 1560 cm2/Vs and current modulation of 104. Insert is the linear 

carrier mobility extraction. 

BP AMBIENT STABILITY ISSUE AND DIELECTRIC ENCAPSULATION  

Despite the fascinating electrical performance obtained from the above work, the 

intrinsic hygroscopic nature of BP brings about severe challenges to its practical 

applications.22-24 As shown in Figure 2.3, exfoliated few layer BP flake suffered from 

severer degradations with Solid-Bubble-Vapor (SBV) morphology change observed in 

both optical microscopy image and atomic force microscopic (AFM) images while stored 



 7 

in ambient environment. The hygroscopic nature induced surface SBV degradation started 

within 1 hour after exfoliation as shown in the 3D AFM image, therefore, minimizing the 

exposure time of BP surface to ambient environment and seeking effective long-term 

encapsulation are in great necessity for enhancing the air stability of BP based nano 

electronics.   

 

Figure 2.3: Ambient stability issue of hygroscopic BP.  

Compositional analysis of fully degraded phosphorene was performed by energy 

dispersive X-ray analysis (EDAX) in the scanning electron microscopy (SEM) chamber. 

The phosphorene sample in Fig. 2.4 was exfoliated onto an Au/Si substrate and kept in air 

for three days. Before SEM-EDAX analysis, the sample was baked on a hot plate at 100 

°C for 10 minutes. From the AFM data, the two droplet-like spots on the phosphorene 
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surface show a height of 78 nm, much taller than nearby flat regions. The EDAX maps 

reveal significant oxygen signals on the degraded flake, indicative of oxidation in the aging 

process. 

 

 

 

 

Figure 2.4: (a) 3D AFM image and (b) SEM image of a degraded phosphorene sample. 

(c) and (d) EDAX maps of oxygen and phosphorus signal in the same 

sample. The clear oxygen signals indicate certain oxidation process that 

contributes to the degradation of black phosphorus. 

High-k dielectric Al2O3 was deposited onto BP flakes as thin encapsulation layer, 

as shown in Figure 2.5 (a). Thin layer of Al2O3 with thickness approximating 5nm was first 

invested with microwave impedance microscope (MIM) measurements,25 where both 
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morphology and conductivity information were obtained simultaneously at AFM 

resolutions. The same capped BP flake was measured for one week to track the degradation 

process. As shown in Figure 2.5 (b), with thin layer dielectric encapsulation, there was no 

obvious degradation observed in the morphology/AFM height profile. However, the 

measured sheet resistance increased sharply by two orders indicating strong electronic 

degradations. For longer exposure time in the ambient, the highly conductive regions 

propagated toward the center of the flake. This edge initiated degradation was also verified 

by Raman spectroscopy mapping data, shown in Figure 2.5 (d).  

 

 

Figure 2.5: Spatial and temporal evolution of few layer phosphorene with thin dielectric 

encapsulation.23   

Interestingly, a relatively small and broad bump likely composed of several new 

Raman modes can be seen in the spectrum in Fig. 2.6 at higher wavenumbers (800–900 
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cm-1) which confined to the BP flake. Compared with published literatures,22, 26 this new 

Raman bump is consistent with the vibrations of mixed phosphorus oxide compounds.  

 

Figure 2.6: Raman spectra of a typical degraded phosphorene flake (red line) and the 

Al2O3/P
++ Si background (blue). The inset shows the detailed Raman 

spectrum of the degraded phosphorene with several peaks from 800 to 950 

cm-1. These Raman signatures are consistent with the reported P-O 

stretching modes due to oxygen-containing black phosphorus compounds. 

As seen from both the MIM and Raman data, the edge initiated degradation process 

suggest that a capping layer thinner than the flake may offer poor sidewall coverage, hence 

relatively ineffective against moisture adsorption at the edges. Therefore, 25nm thick ALD 

Al2O3 was adopted as conformal capping layer with fully covered sidewalls to provide 

sufficient encapsulation of few layer BP for nano electronics. Long term air stability was 

achieved while using 25nm Al2O3/DuPont Teflon-AF stack as encapsulation layer, as 
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shown in Figure 2.7, where both on-state current and on/off ratio were well preserved after 

79 days exposure in ambient environment.23  

 

 

Figure 2.7: Transfer characteristics of few layer BP transistor showing long term 

ambient stability enhanced by dielectric encapsulation.   

CONCLUSION  

Here in this chapter, we discussed the crystal structure of bulk and few layer BP 

with emphasis on its strong in-plane anisotropy in electrical, thermal and mechanical 

properties induced by the buckle structure. With successful demonstration of few layer BP 

transistors on Al2O3/Si substrate, we validated the promising electrical performance of few 

layer BP with high carrier mobility ~1000 cm2/Vs and high current modulation ~104 

obtained simultaneously. This performance achieved in BP transistors cannot be well 

preserved in ambient environment due to its hygroscopic nature, which leads to quick 

oxidation of the channel material and to severe degradation of the device performance. We 

investigated the mechanism of this SBV degradation of BP by long term OM and AFM 

observations. SEM-EDAX and Raman spectroscopy analysis were conducted in this work 
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to further validate this oxidation induced degradation of BP. To preserve the superior 

electrical performance of BP even after long term ambient exposure, an effective dielectric 

encapsulation method was developed, where conformal coverage of BP formed by 25nm 

Al2O3/DuPont Teflon-AF stack effectively protected the channel BP from oxidation. With 

this dielectric encapsulation, BP transistor with high carrier mobility and high on/off ratio 

can be well preserved after 79 days of exposure in ambient environment. This paves the 

way towards air-stable BP thin-film transistors for flexible electronics devices and circuits 

applications. 
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Chapter 3:  Flexible Black Phosphorus Ambipolar Transistors and 

Circuits 

 

(Reproduced with permission from W. Zhu, Y. Yogeesh, S. H. Aldave, J.S. Kim, 

S. Sonde, L. Tao, N. Lu and D. Akinwande, “Black Phosphorus Ambipolar Transistors, 

Circuits and AM Demodulator”, Nano Lett, vol. 15, pp. 1883-90, Mar 11 2015) 
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ABSTRACT  

High-mobility two-dimensional (2D) semiconductors are desirable for high-

performance mechanically flexible nanoelectronics. In this work, we report the first 

flexible black phosphorus (BP) field-effect transistors (FETs) with electron and hole 

mobilities superior to what has been previously achieved with other more studied flexible 

layered semiconducting transistors such as MoS2 and WSe2. Encapsulated bottom-gated 

BP ambipolar FETs on flexible polyimide afforded maximum carrier mobility of about 
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310cm2/V∙s with field-effect current modulation exceeding three orders of magnitude. The 

device ambipolar functionality and high-mobility were employed to realize essential 

circuits of electronic systems for flexible technology including ambipolar digital inverter, 

frequency doubler, and analog amplifiers featuring voltage gain higher than other reported 

layered semiconductor flexible amplifiers. In addition, we demonstrate the first flexible BP 

amplitude-modulated (AM) demodulator, an active stage useful for radio receivers, based 

on a single ambipolar BP transistor, which results in audible signals when connected to a 

loudspeaker or earphone. Moreover, the BP transistors feature mechanical robustness up 

to 2% uniaxial tensile strain and up to 5000 bending cycles.  

INTRODUCTION 

Two-dimensional (2D) crystalline nanomaterials have generated widely growing 

interest for diverse applications on mechanically soft flexible substrates owing to their 

generally inert surface, high elasticity, and thickness scalability down to a monolayer, 

which represents the ideal limit for electrostatic control, optical transparency, and 

bendability.8, 15, 27-34 Over the last decade, graphene has been the foremost 2D atomic 

crystal investigated for flexible nanoelectronics with substantial advances in large-scale 

synthesis, device mobility, cutoff frequency, strain tolerance and mechanical robustness.28-

31, 35-37 However, its lack of a bandgap results in a transistor that cannot be switched off by 

a gate voltage, an indispensable requirement for the vast majority of circuits in modern 

electronic systems.28 Recently, transitional metal dichalcogenides (TMDs) such as MoS2 

and WSe2 have emerged as suitable layered semiconductors that offer a sizeable bandgap 

attractive for low-power electronics.7, 8, 32, 33, 38 Nonetheless, despite promising theoretical 

prospects,9, 39 experimental TMD device mobilities have been relatively low, less than 50 

cm2/V∙s on flexible substrates so far,32, 40-43 a value comparable to established amorphous 
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materials such as metal oxide semiconductors that have transitioned into application 

products.44-46  

To achieve higher carrier mobilities while retaining suitable field-effect current 

modulation, we have investigated black phosphorus (BP) devices on flexible substrates for 

the first time. Black phosphorus, otherwise known as phosphorene in the thin-film limit,15, 

34 is a layered semiconducting 2D crystal similar to graphene but with a physically distinct 

puckered structure.19, 47 It is experiencing rapidly increasing research activity for a myriad 

of optoelectronic devices,48-52 owing to its i) high experimental mobility up to 

~1000cm2/V∙s,15 and ii) thickness dependent direct bandgap spanning the infrared to visible 

regimes.53 

In this work, flexible BP devices are realized on polyimide substrates affording 

maximum device mobility of ~310cm2/V∙s, more than five times larger than the highest 

mobility achieved with flexible TMD transistors.32, 40-43 Ambipolar field-effect current 

modulation exceeds 103 with sustained device performance at 2% uniaxial strain and after 

5000 bending cycles that is ultimately limited by the mechanical robustness of the gate 

dielectric.32 Based on the ambipolar functionality and high mobility, we demonstrate 

several circuit blocks essential for future flexible nanoelectronic systems, including 

ambipolar inverter, frequency doubler, and inverting and non-inverting analog amplifiers 

with voltage gains of ~8.7, more than two times higher than previous flexible thin-film 

amplifiers.38, 54, 55 Lastly, a flexible amplitude-modulated (AM) demodulator was 

developed based on a single BP ambipolar transistor that yielded audible signals when 

connected to a loudspeaker or earphone. Our results indicate that black phosphorus is the 

most promising layered semiconductor for flexible nanoelectronics.  
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BP PREPARATION AND DEVICE FABRICATION 

The crystalline nature of multi-layer black phosphorus investigated in this work 

was verified with both high-resolution transmission electron microscopy (HRTEM) and 

Raman spectroscopy. Fig. 3.1(a) displays the HRTEM top-view image of a typical multi-

layer BP flake highlighting both the arm-chair (AC) and zig-zag (ZZ) edges. Raman 

spectroscopy of several mechanically exfoliated samples (Fig. 3.1(b)) with thickness 

between 5nm and 15nm revealed the three characteristic vibrational modes (Ag
1, B2g and 

Ag
2) of black phosphorus further confirming the chemical identity of the thin films. Owing 

to the puckered anisotropic crystal structure of black phosphorus, Raman intensity ratios 

among the three peaks are highly sensitive to its in-plane crystal orientation.14, 16 This light-

matter orientation dependence can be routinely used to determine the orientation of BP 

flakes with respect to the charge transport direction in fabricated transistor devices. The 

Raman spectra featured in Fig. 3.1(b) represents the AC direction for flakes with thickness 

of 5nm, 10nm, and 15nm, and the ZZ direction for the 13nm flake profiled in the insert of 

Fig. 3.1(c). To achieve high-speed charge transport in BP transistors, it is known that the 

AC direction affords lower effective mass and correspondingly higher mobilities compared 

to other crystal orientations.18, 47 In this work, all Raman spectra were measured after device 

fabrication and electrical measurements were completed to avoid potential damage to the 

BP flakes from the Raman laser.  

To fabricate the transistor devices, few-layer semiconducting black phosphorus was 

first mechanically exfoliated from commercial supplies (from Smart-elements) onto 

polyimide (PI) substrate as channel material for bottom gate field-effect transistors (FETs). 

Due to the lack of established synthesis method for either monolayer or multi-layer black 

phosphorus, exfoliation was employed as an effective route for obtaining BP flakes 

(thickness ≤ 15nm) with micro-meter lateral dimensions. Fig. 3.1(c) displays the optical 
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image and atomic force microscopy (AFM) thickness measurement of a typical exfoliated 

BP flake with a smooth and uniform surface, necessary features for nanoelectronic devices. 

An optical image of a flexible PI substrate with encapsulated BP electronic devices is 

shown in Fig. 3.1(d) with inherent flexibility and stability for ambient operation. 

 

 

Figure 3.1: TEM, Raman, Optical and AFM characterization. (a) HRTEM of few-layer 

black phosphorus. AC and ZZ edges are identified accordingly. (b) Raman 

spectroscopy of typical BP flakes explored in this work with thickness of 

5nm, 10nm, 13nm and 15nm. 532nm linearly polarized laser was employed. 

The black phosphorus characteristic peaks, Ag
1, Ag

2, and B2g, are clearly 

resolved, and the intensity ratio among the three peaks indicate that the in-

plane laser polarization is along either the armchair (AC) or zigzag (ZZ) 

directions. (c) AFM height profile of a BP flake with measured AFM 

thickness of 13nm corresponding to the dashed line in the insert, which is 

the optical image of the bottom-gate transistors based on this flake. (d) 

Optical image of few-layer BP devices on a flexible substrate. 
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DC PERFORMANCE OF FLEXIBLE BP TRANSISTOR 

The transistor device structure on flexible polyimide developed in this work is 

illustrated in Fig. 3.2(a), featuring an embedded bottom-gate for field-effect,29, 32 and black 

phosphorus encapsulation for air-stability.56, 57 Commercial PI (Kapton) was utilized as the 

flexible substrate followed by double-sided spin-coated cured liquid PI to achieve 

nanoscale smooth surfaces with roughness of ~1-3nm.58 The global bottom-gate was 

realized by electron beam evaporation of Ti/Pd metal stack with 3nm/50nm thickness.  

25nm Al2O3 deposited by atomic layer deposition (ALD) was used as bottom gate 

dielectric, which yields a measured gate oxide capacitance of 0.21μF/cm2 and affords 

routine visual identification of suitable BP flakes by optical microscopy. BP flakes were 

exfoliated onto the substrate and immediately covered with polymethyl methacrylate 

(PMMA), an electron beam resist to prevent air-degradation of black phosphorus during 

device fabrication. Accurate flake thickness was determined by AFM after completion of 

electrical measurement experiments. Source and drain contacts were formed by electron 

beam lithography and deposition of 1.5nm/70nm Ti/Au metal stack, which was selected 

due to its high work function and reduced injection barrier to the valence band.59-61 

Afterwards, another layer of 25nm Al2O3 was deposited by ALD to encapsulate the BP 

devices, which proved effective in maintaining stable electrical properties over the weeks-

long duration of experiments under ambient conditions (Fig. 3.3).  
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Figure 3.2: Schematic and current-voltage characteristics of bottom-gate (BG) BP FETs 

on flexible substrate. (a) Simplified illustration of the device structure of 

flexible BG BP FET on PI substrate (not to scale). Ti/Pd/Al2O3 with 

3nm/50nm/25nm thickness was deposited as global bottom gate and gate 

dielectric stack. Ti/Au with 1.5nm/70nm thickness is lithographically 

formed as the metal contacts to the semiconducting BP channel. A top-side 

layer of 25nm Al2O3 was deposited for device encapsulation. (b) Log plot of 

the transfer characteristics of encapsulated BG BP FET on PI, showing >103 

on/off ratio, negligible hysteresis, and clear ambipolar character. Drain bias 

is Vd=-10mV, -100mV and -1V from bottom to top. Flake thickness is 

15nm, and W/L=10.6μm/2.7μm. (c) Linear plot of transfer characteristics at 

Vd=-10mV, showing low-field hole µh of 310 cm2/Vs. Electron mobility (µe) 

was extracted to be 89 cm2/Vs for this device, as is shown in the insert. (d) 

Output curves of the same device displaying current saturation. Gate bias, 

Vg = 0 to -2.5 V from bottom to top, with a step size of -0.5 V.   
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Outstanding device performance including high mobility, strong current saturation, 

and ambipolar transport were observed at room temperature in ambient environment for 

the encapsulated flexible BP transistors. The transport direction aligned well with the AC 

crystal orientation based on the Raman spectrum (Fig. 3.1(c)) taken after the device 

fabrication. Transfer characteristics with negligible hysteresis were achieved (Fig. 3.2(b)) 

owing to the effective ALD encapsulation and protection against moisture adsorption.56, 57 

Drain current modulation approaching four orders of magnitude was obtained on BP device 

with film thickness of 15nm, which is much higher than recently reported values of about 

ten.14, 34 We attribute this improvement to the Al2O3 encapsulation layer that effectively 

reduces the residual charge adsorbed from the ambient environment at the black 

phosphorus surface, thereby affording greater gate control in switching the device. With 

negligible electrical hysteresis, charge transport can be accurately analyzed. The extracted 

low-field hole mobility (µh) using the Y-function linear slope method62 was 310cm2/Vs, 

which is much higher than state-of-the-art semiconducting TMD, organic and metal oxide 

flexible transistors.32, 40-43 Long term air stability was obtained owing to the effective 

dielectric encapsulation. As shown in Fig. 3.3, lonely slight shift in the minimum 

conduction point and reduction of on state current was observed after 17 days of 

fabrication. There is no significant increase of hysteresis observed, which indicated well 

preserved channel against ambient degradation. 
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Figure 3.3: Long term stability of flexible BP transistors. (a) Transfer characteristics of 

an encapsulated device at initial measurement after device characterization 

(solid line) and after 17 days (dash line). Drain bias Vd=-10mV. Both 

forward and backward Vg sweep are presented, showing negligible 

hysteresis. Overall performance regarding Ion, drain current modulation, and 

hysteresis in Vg were well preserved, with only slight shift of 0.12V in the 

minimum conduction point. (b) Output characteristics of the same device, 

measured under the same conditions (initial data – solid line, after 17 days – 

dash line). On state current was well preserved with negligible current 

fluctuation.  Gate bias varied from Vg=0V to -2.5V with a step size of -0.5V 

from the bottom to the top curve. Geometry for this transistor device is 

W/L=10.6μm/2.7μm, with flake thickness of 15nm as determined by atomic 

force microscopy. 

A comparison of our flexible BP and the highest reported flexible thin-film 

semiconductor transistors with respect to carrier mobility and current modulation are listed 

in Table 3.1. In addition to the high hole mobility that is superior to that of semiconducting 

p-type TMDs,  ambipolar black phosphorus can afford field-effect electron mobility (µe) 

exceeding that of n-type TMDs as shown in Table 3.1, where the electron mobility of BP 

FET (~89cm2/Vs) is ~3 times higher than the highest reported value for contemporary 

MoS2 flexible transistors.32 This µe is also the highest number reported for BP transistors 

so far, despite the fact that the present BP devices are not optimized for electron transport, 
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indicating overall n-type device improvement can be expected with contacts that 

preferentially favor electron transport.60, 61, 63 In addition, strong saturation was achieved 

in the output characteristics (Fig. 3.2(d)), a necessary feature for realizing high cutoff 

frequencies for power gain, and high-performance analog amplifiers and circuits.28, 29 

To further investigated the thickness dependence of flexible BP thin film transistor 

performance in terms of low field carrier mobility and drain current modulation, statistics 

of more than 20 BP transistors were created. As shown in Fig. 4, thinner sample tend to 

have higher current on/off ratio while the relatively thicker sample exhibit higher mobility. 

For BP sample with thickness within 5~15 nm, the average mobility ~100-200 cm2/Vs 

while the on/off ratio is ~103-104. 

 

 

Figure 3.4: Statistics of hole carrier mobility and drain current modulation of unstrained 

flexible BP transistors studied in this work. Data are grouped according to 

the thickness of BP channel. Besides the highest mobility, ~310 cm2/Vs 

(15nm), and highest on/off ratio, ~3×104 (5nm), 65% of devices afford 

mobility >100cm2/Vs and 85% of devices exhibited current on/off ratio 

>103. All mobilities were extracted using linear Y-function method from 

transfer curves with drain bias of -10mV, and data for both forward and 

backward sweep are included in this figure separately. 
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Material 
FET mobility 

 (cm2/V·s) 
 

ON/OFF ratio 
 

Film thickness 

 

Transport Type 

µe µh (nm) 

 

Black phosphorus 

(this work) 

89 310 10
3-10

4
 15 ambipolar 

3 180 10
4
-10

5
 5 ambipolar 

MoS2
  ref 32 30 -     10

7-10
8
 10 n-type 

WSe2  ref 40 24 45 10
7
 1.5 ambipolar 

SnSxSe2-x ref 41 12 -       10
6 5 n-type 

Pentacene ref 
42_ENREF_20 

- 8.85 10
3-10

4
 65 p-type 

InGaZnO ref43 76 - 10
5
 23 n-type 

Table 3.1: Basic comparison of flexible thin-film semiconducting transistors including 

black phosphorus (this work), layered metal dichalcogenides, organic 

semiconductor and metal oxide semiconductors. The table features the state-

of-the-art device metrics for each thin-film material. Data is for µm-sized 

devices at room temperature. 

FLEXIBLE BP AMBIPOLAR CIRCUITS 

The attractive device metrics of high mobilities, strong current saturation, direct 

bandgap and sizeable on/off ratio motivates the interest in black phosphorus for both high-

speed digital and analog thin-film transistors and circuits on flexible substrates. Circuits 

that can provide essential functions including ambipolar inverter, frequency doubler and 

demodulator, and inverting and non-inverting voltage amplifiers were successfully realized 

based on single/double BP transistors. The capability to realize functional circuits based 

on a small count of BP transistors is particularly attractive for the nascent flexible 

nanoelectronics applications where large-scale integration has not yet been developed 

unlike modern semiconductor technology.  
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Flexible BP Ambipolar Inverter 

The inverter device structure enabled by the ambipolar transport characteristics in 

fabricated BP FETs as well as the high drain current modulation, was successfully achieved 

by splitting the minimum conduction points of two series transistors, similar in concept to 

graphene ambipolar inverters.64 For ambipolar inverters, a relatively thicker BP flake 

(t=15nm) was chosen for its favorable lower bandgap of ~0.3eV,34, 53 a small value that 

typically leads to ambipolar transport characteristic due to the relatively lower Schottky 

barrier height for the minority carrier (electron) injection compared to thinner films that 

will present a larger Schottky barrier and reduced ambipolarity.60, 61 Two identical bottom 

gate transistors fabricated from the 15nm-thin flake were combined into a complementary 

inverter circuit, with the global bottom gate as the input, and the center terminal as the 

output (Fig. 3.6 insert). The inverting functionality is shown in Fig. 3.5, where peak 

inverting gain is ~4.5. 
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Figure 3.5: Inverter output pulse showing a gain of ~1.6. Flexible BP ambipolar inverter 

functionality and inverter gain. (a) Inverter functionality of flexible BP 

ambipolar inverter was observed with the input Vg bias swept from -1V to 

2.5V, and Vdd increased from -0.5V to -2.5V with a step size of -0.5V, from 

the top curve to the bottom curve. Large output voltage swing (>1V) was 

observed for Vdd=-2V (red curve). (b) Corresponding inverter gain. The 

peak inverter gain |Vout/Vin| was 4.6 at Vdd=-2V and Vg=0.46V. 

Based on the ambipolar inverter, a push-pull amplifier, which is a fundamental 

circuit for output voltage stages,65 was realized as shown in Fig. 3.6. An input pulse signal 

with peak-to-peak amplitude (Vpp) of 0.5V was connected to the gate input, and the 

amplified inverted signal was observed at the center output terminal with an output/input 

voltage gain of ~1.68 (Fig. 3.6). The push-pull amplifier operates at a maximum frequency 

of 100Hz, which is limited by the very large parasitic capacitance from the bottom gate 

structure. By optimizing the device structure, e.g., utilizing isolated top gate or patterned 

bottom gate electrodes,29, 66 higher frequency operation will be accessible.38, 67 Previously, 

we showed in Ref. 4 that patterned embedded-gate graphene flexible transistor with 0.5µm 

channel length afforded intrinsic cutoff frequency of 25GHz. By replacing the graphene 

channel material with black phosphorus, we estimate that similar optimized 0.5µm BP 

flexible transistor could yield cutoff frequency exceeding 1GHz based on the experimental 

mobility of 310cm2/V∙s achieved in this work. Moreover, Wang et al. has recently reported 

20GHz cutoff frequency for 0.3µm BP FET on hard substrate,66 further highlighting the 

high frequency prospects of this nanomaterial.   



 26 

 

Figure 3.6: Ambipolar digital inverter. DC bias Vg=-0.46V and Vdd=-2V. Input pulse 

oscillates at 100Hz with peak-to-peak amplitude (Vpp) of 0.5V. Inverter 

output pulse showing a gain of ~1.6.  

Flexible BP Amplifier 

Inverting and non-inverting single-transistor amplifiers (Fig. 3.3(b) and (c)) are 

among the most important circuit units for analog signal processing and require both 

current saturation in the device output characteristics and high transconductance (gm) to 

achieve high voltage gain.28, 32 In this work, both inverting (i.e. common-source) and non-

inverting (i.e. common-gate) configurations were realized from the same BP transistor. The 

voltage bias was at a symmetric value of Vgs=-1.6V and Vds=-2V, where the intrinsic gain 

(gm/gds) for the device was around its peak value. The output characteristics of the device 

was shown in Fig. 3.7 (a) with Vg bias increasing from -1.5V to -2.2V from bottom to top 

at a step size of -0.1V. Strong saturation was observed. The intrinsic gain for this transistor 

device was extracted as shown in Fig. 3.7 (b). Peak intrinsic gain for Vg=-1.5V to -2.2V 

are within 25-28. The highest intrinsic gain of 28 was reached at Vg=-1.6V and a drain bias 

of Vd=-2.1V, which were then chosen as the bias conditions for both inverting and non-
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inverting ambipolar amplifiers (Fig. 3.8(b) and (c)). Geometry for this transistor device is 

W/L=10.6μm/2.7μm, with flake thickness of 15nm. Transconductance (gm=dId/dVg) and 

output resistance or inverse output conductance (gds=dId/dVd)
-1 for the same device were 

extracted as shown in Fig. 3.7 (c) and (d). 

 

 

Figure 3.7: Measured intrinsic gain (gm/gds) of flexible BP transistor, which provides 

guidance for selection of the optimum bias conditions for inverting and non-

inverting amplifiers.  
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For the inverting amplifier, the source was grounded and the output collected at the 

drain terminal, which resulted in a voltage gain (Av=Vout/Vin) of -8.7 with a small-signal 

input of Vpp=20mV applied at the gate terminal. The amplifier load consisted of a 1MΩ 

resistor from the oscilloscope, and a shunt inductor - series capacitor bias-tee network for 

separating DC and AC signals.68 For the non-inverting amplifier (Fig. 3.8(b)), the bottom 

gate was grounded and the source and drain served as the input and output terminals 

respectively, resulting in positive voltage gain of 8.7 for the same small-signal input and 

load as described for the inverting amplifier. The identical amplifier gains with opposite 

polarity reflects the symmetry of the gate-source terminal afforded in a 2D semiconductor, 

in contrast to a bulk semiconductor where the bulk terminal can introduce significant 

asymmetry between the common-gate and common-source configurations due to the body 

effect.69 Previous flexible thin-film transistor based amplifiers achieved voltage gains < 

4,38, 54, 55  hence, the present BP FETs have the highest circuit amplification factor reported 

so far, which signifies the promising potential of black phosphorus for flexible analog 

electronics.  
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Figure 3.8: (a) Inverting voltage amplifier (i.e., common-source amplifier), and (b) non-

inverting voltage amplifier (i.e., common-gate amplifier). At a symmetric 

DC bias of Vgs=-1.6V and Vds=-2.1V for both circuits, the small-signal 

voltage gain for both amplifiers is ~|8.7|. Simplified AC signal schematics of 

the device circuit and electrical connections are shown in the inserts.  

Flexible BP Frequency Doubler 

Single transistor frequency doubler is highly desirable for analog circuits owing to 

the benefits of low transistor count, reduced power consumption, and the absence of device 

matching, a stringent requirement for frequency multipliers based on transistor pairs.70 

Previously, graphene frequency doublers based on the square-law ambipolar property of 

Dirac Fermions have been shown to be suitable for single-transistor frequency doubling 

with a substantially cleaner output spectrum compared to conventional diode or transistor 

multipliers that are based on current-voltage non-linearities.30, 71, 72 Here, we demonstrate 

for the first time that flexible BP transistors can suitably function as a single-transistor 

frequency doubler based on the ambipolar charge transport of elementary Fermions (see 

supplementary information for the analysis of ambipolar BP frequency doubler). The main 

distinction between ambipolar black phosphorus and ambipolar graphene (under ideal 

electron-hole symmetry) arises at the ambipolar symmetry point that reflects a diffusive 

(exponential) transport for black phosphorus, and a drift (linear) transport for graphene. 

While graphene can afford a higher conversion gain due its more optimum square-law 

properties,71 black phosphorus can offer lower power and higher power efficiency owing 

to its lower off current and DC power dissipation, respectively. Our primary purpose here 

is to investigate frequency doublers based on black phosphorus and subsequently exploit 

the ambipolar property for realizing an AM demodulator on a flexible substrate, of great 

importance for communication and connectivity in future flexible smart systems.27  
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Figure 3.9: Ambipolar single FET frequency doubler. Input signal is 64 kHz sinusoid 

with Vpp=2V. Output signal oscillates at the double frequency (128 kHz) 

with a voltage gain of ~0.7. Vg=0V and Vd =-1V. 

For frequency doubler operation, the BP transistor device shown in Fig. 3.9 was 

biased at Vd=-1V to realize a more symmetric transfer characteristic near the minimum 

conduction point, Vmin=0.54V, which was slightly adjusted to Vg=0V to account for the 

asymmetry between electron and hole transport, similar to previous report on asymmetric 

graphene frequency doubler.73, 74 Sinusoidal frequency doubling was achieved with a 

conversion gain of 0.72 between output and input voltages with the input frequency at 

64kHz and an input Vpp of 2V as shown in Fig. 3.9. 

Flexible BP AM Demodulator 

Based on the ambipolar property of our BP transistors and the above-mentioned 

realization of frequency doubler, we developed a flexible BP AM demodulator. The BP 

AM demodulator is a single-transistor circuit that demodulates AM signals, which can be 

monitored electrically via an oscilloscope or acoustically via a loudspeaker. The 

measurement system setup is provided Fig. 3.10. 



 31 

 

Figure 3.10: Picture of the flexible BP AM demodulator measurement setup. 

 Future flexible BP AM radio receiver75 can be realized based on our successful 

demonstration of an AM demodulator, the schematic of which is shown in Fig. 3.11(a). BP 

transistor was biased at Vg=0V and Vd=-1V, the same conditions as the frequency doubler. 

The 2nd-order square law demodulator analysis of ambipolar black phosphorus is detailed 

in the supporting information. Baseband audio signal was AM modulated onto a carrier 

frequency (55kHz) as input to the gate terminal, while the output demodulated signal at the 

drain terminal was sent either to a loudspeaker or an oscilloscope. To elucidate the square 

law demodulator performance of the flexible BP AM demodulator, a 5kHz sinusoidal 

baseband signal was applied and its corresponding output spectrum was evaluated using 

an oscilloscope with high resolution fast Fourier transform (FFT). With the same DC bias 

as mentioned earlier and with varying carrier signal amplitude from 100mV to 800mV, the 

output amplitude of the demodulated 5kHz signal increased quadratically in agreement 

with the expected square law behavior as is shown in Fig. 3.11(b). In addition, the linear 
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dependence of the baseband output amplitude on the modulation index was observed as 

expected for a square law device (Fig. 3.11(c)). The FFT output signal spectrum for a 

100mV input peak-to-peak carrier amplitude at 100% modulation index is shown in Fig. 

3.11(d). The carrier feed-through present in the spectrum is due to the asymmetry of the 

BP ambipolar transistor, consequently resulting in odd harmonics.71  

 

 



 33 

Figure 3.11: Demonstration of an AM demodulator based on flexible BP FET. (a) 

Schematic representation of an ideal AM demodulator system based on BP 

FET operating at the ambipolar point. An AM modulated low-frequency 

signal constituted the input drive to the gate of the ambipolar FET. BP FET 

at the ambipolar point can be approximated to 2nd-order as a square law 

device resulting in self-mixing that produces a demodulated output that can 

be observed in an oscilloscope or heard via a loudspeaker. (b) Dependence 

of demodulated baseband output (5KHz sinusoid) on Vpp of the input carrier 

signal (55KHz sinusoid). The symbols are the measured demodulated output 

signal dependence, which is in agreement with the expected square-law 

quadratic relation indicated by the dashed line. (c) Dependence of the 

demodulated output baseband signal on the modulation index displays a 

linear trend (dash line) as expected from square law demodulator theory. (d) 

Output spectrum of the ambipolar transistor demodulator showing the 

demodulated baseband signal (5KHz) and the modulated carrier feed-

through (55KHz). Input carrier Vpp=100mV. 

MECHANICAL ROBUSTNESS OF FLEXIBLE BP THIN-FILM TRANSISTORS 

In addition to device and circuit performance, transistor robustness under applied 

strain is another criterion of central importance for flexible electronics. In this work, the 

robustness of flexible BP transistors and demodulator with respect to both uniaxial tensile 

strain loading and multi-cycle bending were evaluated for the first time. All the electrical 

characteristics were measured ex-situ (after the applied strain was released), a 

straightforward and conventional method for evaluating the mechanical robustness of 

flexible devices.29, 32, 76 In this work, crystal orientation dependent transport anisotropy was 

not considered due to the range of tensile strain applied (≤2%), which is not expected to 

result in significant crystal orientation dependent device performance. 13, 77, 78  

With uniaxial tensile strain applied, it is necessary to compare the effect of parallel 

(ε||) and perpendicular (ε⊥) strains on flexible BP transistors. ε|| (ε⊥) is defined as the case 

when the uniaxial tensile strain is aligned parallel (perpendicular) to the direction of 

electrical transport in the transistor. The transfer characteristics measured after 1.5% tensile 

strain for both ε⊥ (Fig. 3.12(a)) and ε|| (Fig. 3.12(b)), reveal stable device properties with ε|| 
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showing a slightly higher effect on device characteristics resulting in a relatively larger 

shift in both the threshold voltage (Vt) and Vmin. One plausible reason for this effect is the 

significant reduction of local longitudinal strain in BP channel induced by ε⊥ compared to 

ε|| due to the Poisson effect.79, 80 The Poisson ratio of the polyimide substrate is ~0.34. 

Moreover, in the transfer characteristics measured after 1.5% parallel tensile strain, no 

significant change in the basic device parameters such as Ion, current on/off ratio and carrier 

mobility has been observed. The extracted mobility variation from Fig. 3.12(b) is within 

3.7% of its initial value. 
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Figure 3.12: Uniaxial tensile evaluation of BP flexible transistors under mechanical 

bending. (a) and (b) are comparison between transfer curves before (solid 

line) and after (dash line) applied perpendicular (ε⊥) and parallel (ε||) 

uniaxial tensile strain of ~1.5%, respectively. Larger hysteresis was 

observed when the applied strain is parallel to the direction of charge 

transport. Device statistics including (c) normalized low-field hole mobility 

µh, (d) on/off ratio, and (e) voltage hysteresis under increasing tensile strain 

in the parallel direction (ε||). Device performance degradation begins at ~2% 

strain, which is attributed to residual strain in the substrate and the Al2O3 

gate dielectric and passivation layers. (f) Multi-cycle 3-point bending 

results, showing the robustness of BP device transfer characteristics before 

and after 500 and 5,000 bending cycles. The BP devices were at the center 

of curvature of the substrate for the bending experiments. 

To further investigate the performance robustness of flexible BP transistors, 

transfer and output characteristics were evaluated under increasing tensile strain ε||, which 

will result in higher effect on device performance as above-mentioned, up to 2% 

corresponding to 3mm bending radius. Statistics for electrical parameters of interest, 

including normalized mobility, on/off ratio, and hysteresis in Vg are shown in Fig. 3.12(c), 

(d) and (e), respectively. Low-field mobility was impacted by less than 5% on average till 

~1.5% strain. At about 2% strain, the average normalized mobility reduced by ~18% 

indicating a more pronounced performance degradation (Fig. 3.12(c)). Similar trends were 

observed for the on/off ratio and voltage hysteresis. While the average on/off ratio 

remained relatively stable under bending strain as is shown in Fig. 3.12(d), the standard 

deviation increased noticeably at the maximum applied strain of 2%. For hysteresis in Vg 

(Fig. 3.12(e)), the average value increased from ~0.3V to ~0.4V at strains up to 1.5%, and 

to ~0.7V at 2% strain. We attribute the observed degradation of BP device robustness at 

~2% strain to the 25nm Al2O3 dielectrics (bottom gate dielectric and top-side 

encapsulation), which is known to suffer from film degradation at tensile strains ~≥2%.32 

Moreover, 2% applied tensile strain is above the elastic-plastic transition point (i.e., yield 

strain) of the PI substrate, hence, the substrate cannot fully recover after release of the 
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strain.81 Residual strain in the PI substrate can result in increased interface trap charge in 

the gate dielectric, consequently leading to reduced mobility, on current, drain current 

modulation, and increased hysteresis.82-84 We note that the mechanical robustness of BP 

devices can be further improved by utilizing flexible insulators such as two-dimensional h-

BN and organic insulators,29, 30, 33, 85 as dielectric and passivation layers. 

 

Figure 3.13: RSA-G2 Dynamic Mechanical Analyzer (DMA) with 3-point bending 

fixture (zoom-in figure) employed for repeated bending up to 5000 cycles at 

a bending frequency of 1Hz. 

For practical flexible and bendable electronics, another important criterion is the 

device endurance under repeated bending. In this work, an RSA-G2 Dynamic Mechanical 

Analyzer (DMA) was applied for multi-cycle 3-point bending measurements. The DMA 

system setup is shown in the supporting information Fig. 3.13. and the working scene can 

be seen in supporting video 2. A tensile strain of 1.5% was applied to the BP transistors. 
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500 and 5,000 cycles with bending frequency of 1Hz were applied and no mechanical 

failure was observed. As is shown in Fig. 3.12(f), the transfer characteristics of the flexible 

BP transistors demonstrated strong stability even after 5,000 cycles of bending. To further 

verify the robustness of flexible BP electronics, we re-measured the demodulator after 500 

cycles of bending, showing that in addition to the current-voltage characteristics, the 

demodulation functionality was also preserved with similarly high demodulation 

efficiency.  

CONCLUSION 

In summary, we have investigated semiconducting BP devices on flexible 

substrates for the first time and achieved high mobilities, inverting and non-inverting 

amplifiers, and frequency doubler. The experimental BP transistors showed robust 

performance under mechanical bending up to ~2% tensile strain and 5000 bending cycles. 

Larger mechanical strains can be accommodated by replacing commonly used high-k 

dielectric with flexible organic or polymeric gate dielectric. Furthermore, we demonstrate 

a flexible AM demodulator, enabled by a single BP ambipolar transistor. Our device results 

on polyimide represent the state-of-the-art in electronic performance among layered 

semiconductor flexible transistors.  
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ABSTRACT  

Black phosphorus (BP) has attracted rapidly growing attention for high speed and 

low power nanoelectronics owing to its compelling combination of tunable bandgap (0.3 

eV to 2 eV) and high carrier mobility (up to ~1000 cm2/V·s) at room temperature. In this 

work, we report the first radio-frequency (RF) flexible top-gated (TG) BP thin-film 

transistors on highly bendable polyimide substrate for GHz nanoelectronic applications. 

Enhanced p-type charge transport with low-field mobility ~233 cm2/V·s and current 

density of ~100 μA/μm at VDS=-2 V were obtained from flexible BP transistor at a channel 

length L=0.5 μm. Importantly, with optimized dielectric coating for air-stability during 

microfabrication, flexible BP RF transistors afforded intrinsic maximum oscillation 

frequency fMAX ~ 14.5 GHz and unity current gain cut-off frequency fT ~17.5 GHz at a 

channel length of 0.5 μm. Notably, the experimental fT achieved here is at least 45% higher 

than prior results on rigid substrate, which is attributed to the improved air-stability of 
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fabricated BP devices. In addition, the high frequency performance was investigated 

through mechanical bending test up to ~1.5% tensile strain, which is ultimately limited by 

the inorganic dielectric film rather than the 2D material. Comparison of BP RF devices to 

other 2D semiconductors clearly indicate that BP offers the highest saturation velocity, an 

important metric for high-speed and RF flexible nanosystems. 

INTRODUCTION 

Two dimensional (2D) atomic layered semiconductors have been widely studied as 

promising candidates for flexible nanosystems with functionalities ranging from sensing 

to wireless communication owing to their compelling electrical, optical and mechanical 

properties, including ultimate thickness scalability down to one atomic layer, ideal 

electrostatic control and superior mechanical flexibility with strain limit >20%.7-9, 27, 29, 35-

37, 44, 46 As the most studied 2D layered nanomaterial, graphene with high carrier mobilities 

(~10,000 cm2/Vs at room temperature) is most promising for ultra-high frequency analog 

nanosystems, such as THz detectors.4, 29 The zero bandgap semimetal nature of graphene, 

however, results in low field-effect modulation and high OFF state current limiting its 

applications for logic and low power nanoelectronics. On the other hand, semiconducting 

transition metal dichalcoginides (TMDs) offer sizeable band gaps with large ON/OFF 

current ratio (~107) that is favorable for low power electronics and digital circuits. 

However, their relatively low room temperature carrier mobilities (10-100 cm2/Vs) limit 

their prospects for high frequency applications.12, 32, 40, 86 With the emerging needs for both 

high speed and low energy consumption in flexible nanosystems, few-layer black 

phosphorus (BP), phosphorene as its monolayer counterpart, has been rediscovered as a 

promising candidate to combine the fast transport of graphene and the high band gap of 

TMDs such as high room temperature carrier mobility ~1000 cm2/Vs 15 and highly 
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sensitive thickness-dependent direct bandgap from 0.3 eV (bulk) to 2 eV (monolayer).16, 

19, 53, 87  

In this work, we present the first realization of flexible top-gated (TG) BP 

transistors with intrinsic current gain frequency, fT~17.5 GHz and power gain frequency, 

fMAX=14.5 GHz achieved at a channel length L= 0.5 μm. Another device with the same 

channel length that afforded intrinsic fT~20 GHz provides an indication of the 

reproducibility of our flexible BP transistors. Despite the many challenges experienced, 

such as lack of precise control of size, thickness and orientation of BP films, and the 

difficulties of device integration on non-atomically smooth low-thermal budget soft 

substrates, the compelling performance obtained from the first investigation of BP based 

flexible RF transistors demonstrates the potential for this emerging 2D layered 

semiconductor for flexible smart nano systems. Bending test was conducted to investigate 

the high frequency performance of the flexible TG BP transistors with extrinsic fT 

measured under tensile strain up to 1.5%, invariably limited by the relatively stiff high-κ 

atomic layer deposited (ALD) dielectrics.32  

RESULTS AND ANALYSIS 

Fabrication and Characterization of Flexible Top-gated BP Transistor  

In this work, mechanically exfoliated black phosphorus flakes with typical 

thickness of 10 to 25 nm were selected as the semiconducting channels. 



 41 

 

Figure 4.1: (a) Optical image of multi-layer BP flake with uniform thickness of 13 nm 

as determined by atomic force microscopy (AFM) shown as the red line. (b) 

Raman spectrum of a typical BP flake with incident laser polarization within 

a close affinity to arm-chair (AC) and zig-zag (ZZ) directions, respectively. 

532 nm green laser was used to obtain the Raman spectrum. (c) A 

representative Tauc plot for estimating the optical bandgap, which confirms 

a gap of ~0.3 eV in the bulk limit. Insert is the absorption coefficient of BP 

derived from Fourier transform infra-red (FTIR) spectrum. (d) Picture of 

fabricated flexible TG BP devices on highly bendable PI substrate. 
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 Optical microscopy image of a typical BP sample is shown in Figure 4.1(a), with 

uniform thickness ~13 nm verified by atomic force microscopy (AFM). The crystalline 

nature of BP was verified by Raman spectroscopy with incident laser (λ=532 nm) polarized 

along both armchair (AC) and zigzag (ZZ) directions, as shown in Figure 4.1(b), where 

ratio among characteristic peaks of Ag
1, B2g, and Ag

2 clearly inidcate the in-plane 

orientations.14, 16 For exfoliated BP flakes with thickness more than 10 nm, the theoretical 

bandgap is ~0.3 eV,53 which is confirmed in Figure 4.1(c) by Fourier transform infrared 

(FTIR) spectroscopy that is represented as a Tauc plot ((αhν)2= hν-Eg),
21, 88 an established 

method for determining the optical band gap. hν is the photon energy, Eg is the optical 

bandgap, and α is the absorption coefficient. As shown in Figure 4.1(d), highly bendable 

Kapton polyimide (PI) sheets ~125 μm thick were adopted as the substrate for the flexible 

BP transistors with double sided solution-based PI thin film coating and curing process 

applied to smoothen the substrate to about 1 nm surface roughness.29, 32, 58 A 25 nm Al2O3 

dielectric thin film was then deposited using atomic layer deposition (ALD) at 250 °C on 

top of the PI substrate to provide: i) a high-k environment for enhancing carrier mobility 

by suppressing charge impurity scattering,32, 89 and ii) better adhesion between the BP 

channel material and the substrate. 

To fabricate the flexible TG BP transistors as illustrated in Figure 2(a), the source 

and drain metal contacts were defined by electron beam lithography (EBL) followed by 

electron beam evaporation of Ti/Au=1.5 nm/50 nm with Au selected to enhance the p-type 

transport due to its relatively large work function.90 Subsequently, 25 nm of Al2O3 was 

deposited again at 250 °C to serve as the high-κ top-gate dielectric. TG electrodes were 

formed by EBL followed by e-beam evaporation of Ti/Au=1.5 nm/50 nm. Here, a dual-

finger TG structure with an underlap configuration was adopted to enhance the current 

transport as well as to reduce parasitic capacitance between TG and S/D electrodes.29, 32, 91 
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In order to preserve the pristine electrical properties of the flexible TG BP transistors, 

ambient exposure time of hygroscopic BP channel22, 23 was minimized during the 

aforementioned nanofabrication process by: i) immediate polymethyl methacrylate 

(PMMA) coating after the exfoliation of the BP flakes onto the flexible PI substrate, where 

PMMA layer functions as both an effective encapsulation layer for BP characterization and 

the e-beam resist for subsequent device fabrication; and ii) immediate ALD deposition of 

25 nm Al2O3 after S/D metal liftoff process, where the Al2O3 layer functions as both TG 

dielectric and the encapsulation layer.22, 23, 90  

Figure 4.2: Flexible top-gate BP transistor structure and DC performance at 300 K. (a) 

Illustration of flexible TG BP transistor. Dual-finger TG structure was 

adopted with Ti/Au=1.5 nm/50 nm as both the source/drain and gate 

electrode stack. 25 nm Al2O3 was employed as the TG dielectric as well as 

the protection layer for air stability. (b) Transfer characteristics of fabricated 

device featuring high-mobility p-type charge transport. VDS=-0.1V. The 

extracted low-field hole mobility ~233 cm2/V·s. (c) Output characteristics of 

the same device showing soft current saturation. The W/L=10.8 μm/0.5 μm, 

and flake thickness is 13 nm. 
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Enhanced p-type current transport was obtained from the DC characteristics of the 

flexible TG BP transistors as shown in Figure 4.2(b) and (c). The transport measurements 

were conducted using a Cascade probe station and an Agilent 4156 semiconductor 

parameter analyzer. Low-field hole mobility μp~233 cm2/V·s was extracted using the Y-

function method62 from the transfer characteristics, as shown in Figure 4.2(b), which is 

comparable with prior works of bottom-gated (BG) flexible BP transistors90 and TG BP 

transistors on rigid Si substrates.91 The contact resistance, Rc~4.5-6.7 kΩ·μm was also 

extracted simultaneously via Y-function method, which is ~1/3 of the total channel 

resistance Rtotal~16-17 kΩ·μm and as such, it is not the dominant factor in charge transport. 

The current modulation is within 102 and agrees well with our prior studies of BP 

transistors fabricated from flakes with thickness around 13 nm to 15 nm.26, 28 The relatively 

low current modulation is attributed to fixed surface charge induced by the ALD top gate 

dielectric deposition process92 and the small band gap (~0.3 eV) of the relatively thick 13 

nm BP flake.34 The transconductance (gm) of the same device under drain bias of VDS=-0.1 

V is shown in Fig. 4.3, with peak value gm~56.7 μS obtained at VGS=-0.72 V. The high 

mobility value and transconductance obtained from this first realization of flexible top-gate 

BP transistors indicate strong potential for higher frequency applications beyond TMDs.  
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Figure 4.3: Low-field transconductance (gm) of flexible TG BP transistor with VDS=-0.1 

V. Peak gm~56.7 μS was obtained at VGS=-0.72 V. W/L=10.3 μm/0.5 μm. 

The output characteristics of the same flexible TG BP transistor are shown in Figure 

4.2(c). The highest current density obtained from the output characteristics is ~100 μA/μm 

under bias conditions of VDS =-2 V and VGS=-2.3 V. The output current saturation, 

however, was not as strong as our prior study of flexible BG BP transistors,90 which we 

attribute primarily to contact resistance Rc resulting from the ungated access region in this 

underlap TG configuration.6, 29, 91 This has been previously shown to have the effect of 

obscuring current saturation in 2D devices.93, 94 Therefore, with optimized self-aligned TG 

structure, the access region will be reduced and enhanced current saturation can be 

expected. 

Radio Frequency Performance  

The high frequency performance of flexible TG BP transistors was characterized 

using standard S-parameter technique with Cascade electrical probe station and an Agilent 

Vector Network Analyzer (VNA-E8361C) up to 30 GHz. GSG probing pads were adopted 

in the design of flexible TG BP transistors to ensure high frequency signal fidelity. Gate 

and drain were selected as the pair of transmission electrodes, whereas the source 

functioned as the ground electrode. To calibrate-out the response of the GSG radio 

frequency probes and cables, the standard processes of short, open, load and through were 

followed strictly before moving to the flexible BP transistors.  

Unity current gain (|h21|) cut-off frequency, fT, is one of the most important figure-

of-merit to evaluate the high frequency prospects of transistor devices.28, 29, 91 In this work, 

flexible TG BP transistors with channel length of L=1, 0.5, 0.25 μm were investigated, 

with the DC characteristics for typical devices of L=1 μm and L=0.25 μm shown in Fig. 

4.4 and 4.5, respectively. 
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Figure 4.4: DC characteristics of flexible BP FET with channel length of 1 μm in 

ambient environment at 300 K. (a) Transfer characteristics in log scale at 

VDS=-1 V. Forward and backward sweep showing negligible hysteresis with 

On/Off ratio ~ 103 was obtained. (b) Output characteristics of the same 

device showing current saturation. VGS=0 V to -2 V with a step of -0.5 V. 

W/L=2.6 μm/1 μm. 

 

 

Figure 4.5: DC characteristics of flexible BP FET with channel length of 0.25 μm in 

ambient environment at 300 K. (a) Transfer characteristics in log scale at 

VDS=-1 V. Forward and backward sweep showing negligible hysteresis. (b) 

Output characteristics of the same device. VGS=0 V to -2 V with a step of -

0.5 V. BP flake thickness is ~23 nm. W/L=11 μm/0.25 μm. 
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 Here in this work, the physical gated length was taken to be the electrical channel 

length, which is reasonable justified since Schottky barrier widths at the contacts, typically 

on the order of nanometers, are much smaller than our fabricated device dimensions.95 

With much shorter Schottky barrier width than the physical (gated) channel length 

expected in our underlap flexible BP RF device structure, the transistor performance is 

governed by classical drift-diffusive transport and is not a Schottky-barrier FET.96 Analysis 

of the Schottky barrier width of the flexible BP transistor is presented in the Appendix. 

Strong current saturation is observed in the output characteristics of the device with L=1 

μm. The statistics of extrinsic fT measured for the flexible TG BP transistors with all three 

channel lengths are shown in Figure 4.6. Here, we attribute the observed extrinsic fT 

variations within devices of the same channel length to be due to both extrinsic factors, 

such as contact resistance and parasitic capacitances, and intrinsic factors such as thickness 

variations16, 19, 87 and the strong in-plane anisotropic electrical transport of BP, where the 

saturation velocity vsat is theoretically projected to vary by a factor of two between the ZZ 

and AC crystallographic orientations.97 The latter is a unique property of BP and hence, it 

is worthwhile to further elaborate on its impact on fT. Since fT ∝ vsat for RF devices biased 

under high lateral electrical field condition, the orientation dependent intrinsic fT can be 

expressed as fT=vsat,AC(1+cos2θ)/4πL, where vsat,AC is the effective saturation velocity along 

the AC direction, and θ is the in-plane angle between the transport direction and the AC 

direction. As such, the orientation dependence is expected to result in a two-fold intrinsic 

fT device to device variation in randomly oriented BP RF devices. 
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Figure 4.6: High frequency performance of flexible top-gate BP RF transistors. (a) 

Statistics of extrinsic cutoff frequency of flexible BP RF transistors with 

channel lengths of 0.25, 0.5 and 1 μm. The sources of device to device 

variation include extrinsic contributions (e.g. contact resistances and 

parasitic capacitances) and intrinsic contributions such as the anisotropic 

orientation dependence that is unique to BP. Further research is warranted to 

minimize device to device variations in emerging 2D materials. 

Further research on device statistics will be most beneficial in elucidating the 

variation imposed by this unique in-plane anisotropy present in BP and minimizing both 

the extrinsic and intrinsic sources of device variability. Additional high frequency results 

of device with channel length of L=0.25 μm are available in Fig. 4.7.  
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Figure 4.7: High frequency performances of flexible BP transistor with channel length 

of 0.25 μm. (a) The extrinsic and intrinsic current gain |h21| spectrum of a 

device with channel length L=0.25 μm. (b) The extrinsic and intrinsic power 

gain spectrum of the same device. 

To further evaluate the potential of high frequency flexible TG BP transistors, the 

intrinsic high frequency performances of the BP active region were determined through 

standard open and short de-embedding process.29, 91 It is worth noting that the channel 

semiconductor was absent in the open and short structure. As a result, the metal-BP 

interface and ungated access regions that comprise the  contact resistance are not de-

embedded, hence, the  extracted intrinsic high frequency metrics are a conservative or 

lower estimate of the BP semiconductor performance on flexible substrate.28 We present 

the high frequency performance obtained from a typical flexible TG BP transistor with 

channel length of L=0.5 μm, the DC performance of which were shown in Figure 2(b) and 

(c). To achieve maximum carrier transport, VDS=-1.8 V was applied to induce high lateral 

electrical field. The flexible TG BP transistor was biased near its peak transconductance 

(gm,max) point where VGS=-3.7 V. As presented in Figure 4.8(a), the extrinsic fT value was 

~7 GHz. After de-embedding the effect of parasitic capacitances and resistances from the 

device structure, the intrinsic fT value was extracted ~17.5 GHz. As shown in Table 1, this 

intrinsic fT obtained from the flexible TG BP transistors is 45% higher than the prior works 

by Wang et al.,91 despite the fact that the prior work was on rigid substrate. To exclude 

channel length dependence for comparison and circuit design purposes, a channel length 

normalized metric fT·L was selected to evaluate the high frequency prospects as listed in 

Table 4.1. For RF devices operating in high lateral field region, fT is limited by saturation 

velocity, which is directly proportional to fT·L, fT·L= vsat/2π. In this work, vsat is defined as 

the effective saturation velocity due to the non-uniform lateral field distributed along the 

channel.98, 99 We consider the channel length as the physical gated length for the estimation 
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of the effective saturation velocity. For the best flexible TG BP device reported in this 

work, an intrinsic fT·L= 8.75 GHz·μm was obtained, which is more than two times higher 

than that reported for BP RF transistor on a Si substrate.91 A similar improvement was 

obtained for the vsat~6×106 cm/s. We attribute this improvement to the optimized 

fabrication process including minimized ambient exposure time as well as hydrophobic 

encapsulation, which effectively preserves the electrical performance of flexible BP thin 

film transistors.  

Another key metric for evaluating the high frequency performance of transistors is 

the maximum oscillation frequency, fMAX, which is defined as the frequency of unity power 

gain. While fT is closely related to the intrinsic speed performance of mixed-signal and 

analog transistor circuits, fMAX is regarded as an upper limit for RF circuits where input and 

output are often investigated in terms of signal power.28 For this purpose, we investigated 

both the extrinsic and intrinsic fMAX extracted from the unilateral power gain, U, as shown 

in Figure 4.8(b). From Figure 4.8(b), the extrinsic and intrinsic fMAX were extracted to be 

10.3 GHz and 14.5 GHz, respectively, which validate the potential for BP based flexible 

RF nano systems.  
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Figure 4.8: Radio-frequency performance of the same flexible BP RF transistor shown 

in Figure 2 with GHz fT. (a) Short-circuit current gain |h21| before (extrinsic) 

and after (intrinsic) standard de-embedding. Extrinsic and intrinsic cut-off 

frequency fT were extracted as 7 GHz and 17.5 GHz, respectively. (b) 

Unilateral power gain, U, featuring extrinsic and intrinsic fMAX ~10.3 GHz 

and 14.5 GHz, respectively. Channel length is 0.5 μm. 

The reproducibility of our flexible TG BP transistors is discussed in the Fig. 4.9 

and 4.10, where another device with channel length of L=0.5 μm affords intrinsic fT~20 

GHz and fMAX~11 GHz.  The AFM images for both devices were shown as the inserts with 

S, D and G electrodes labeled. Thickness profile was taken along the white dash line. The 

less symmetric access region observed in Fig. 4.10(b) leads to higher total parasitic 

capacitance between TG and S/D electrodes, therefore yields a relatively higher intrinsic 

cutoff frequency fT after de-embedding. 
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Figure 4.9: DC and high frequency performance obtained from another flexible BP RF 

device with L=0.5 μm with intrinsic fT~20 GHz. (a) Transfer characteristics 

of the device at VDS=-1.25 V. Transconductance is shown as the insert with 

peak gm ~400 μS. (b) Short-circuit current gain |h21| before (extrinsic) and 

after (intrinsic) de-embedding. Extrinsic and intrinsic cut-off frequency fT 

were extracted as 6.8 GHz and 20 GHz, respectively. fMAX of the same 

device before (extrinsic) and after (intrinsic) de-embedding are ~5.8 GHz 

and 11 GHz, respectively. BP thickness is ~20 nm. W/L=9.7 μm/0.5 μm. 

 

Figure 4.10: AFM analysis of device dimensions of the two flexible TG BP transistors 

with channel length of 0.5 μm. (a) Access regions between TG and S/D pads 

were measured to be 166 nm and 117 nm respectively for the device that 

affords intrinsic fT~17.5 GHz. (b) Access region between TG and S/D pads 

was measured to be 233 nm and 78 nm respectively for the device that 

affords intrinsic fT~20 GHz. 
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An insightful comparison of the high frequency performance metrics of fT, fMAX, 

fT·L and vsat among widely studied thin film nanomaterials including BP, few-layer MoS2, 

indium gallium zinc oxide (IGZO) and poly-Si are listed in Table 4.1. Flexible top-gate BP 

transistor demonstrated the highest intrinsic fT value of ~17.5 GHz with channel length of 

L=0.5 μm. The extracted saturation velocity is ~6×106 cm/s, which is more than one order 

of magnitude higher than the effective velocities achieved for MoS2, IGZO and poly-Si.38, 

100-102 As for the maximum oscillation frequency, the flexible TG BP transistor 

demonstrated fMAX~14.5 GHz which is much higher than those reported for TMDs (e.g. 

MoS2), IGZO and poly-Si, which are among the most studied thin film materials for 

flexible electronics. In addition, graphene and InAs based flexible transistors are also 

included in Table 1 for comprehensive benchmarking of the state-of-the-art flexible high 

frequency transistors. However, graphene is rather limited in terms of low power electronic 

applications due to its lack of a bandgap, and InAs III-V thin-film is intrinsically of limited 

mechanical flexibility owing to its low strain limit.5, 10, 27 From this comparison, BP is an 

outstanding nanomaterial for flexible RF nanosystems and applications.  

 

 Material Sub. 
L 

(μm) 

fT (GHz) fMAX (GHz) vsat
*
 

(106 cm/s) 

fT, Int·L 

(GHz·μm) Ext. Int. Ext. Int. 

This work BP PI 0.5 7 17.5 10.3 14.5 5.5 8.75 

Ref. [91] BP Si 0.3 8 12 12 20 2.3 3.6 

Ref. [38]  MoS2 PI 0.068 4.7 13.5 5.4 10.5 0.58 0.92 

Ref. [100] MoS2 PI 0.5 2.7 5.6 2.1 3.3 0.85 1.35 

Ref. [101] IGZO Glass 1.5 0.384 - 1.06 - 0.38 0.58 

Ref. [102] Poly-Si Si 0.2 - 1.1 - 1.6 0.2 0.32 

Ref. [5] Graphene PET 0.2 32 64 20 34 8.05 12.8 

Ref. [10] InAs PI 0.075 9.38 105 10.5 22.9 4.95 7.87 
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*Experimental vsat in this Table is the effective saturation velocity or highest achieved 

velocity. 

Table 4.1: High frequency performance comparison of widely studied 2D and thin film 

transistors in ambient condition at 300 K. 

Mechanical Robustness  

In addition to the high frequency performance, the mechanically robustness of the 

flexible BP transistors was investigated by ex-situ fT measurements under tensile strain (ε) 

up to 1.5%. The tensile strain is computed by ε=t/(2r), where t is the overall thickness of 

PI substrate, and r is the bending radius.29, 90 For our flexible BP devices, t=150 μm and the 

bending radius was reduced from 9 mm down to 5 mm, which corresponds to tensile strain 

up to 1.5%. A typical flexible BP transistor with channel length L=0.5 μm was chosen for 

this study. As is demonstrated in Fig. 3(b), the extrinsic fT normalized to the non-strained 

value was investigated as tensile strain increased up to 1.5%. Strong mechanical robustness 

was verified with slight performance degradation less than 7% with ε applied up to 1.2%, 

and the trend is consistent with our previous study on the strain effect on carrier mobility 

and ON state current of flexible bottom gated BP transistors.90 With strain increased to 

1.5%, much severe performance degradation was observed mainly due to the fracture 

toughness limitation of high-κ dielectric.32 This result agrees well with our recent study on 

BG flexible BP transistors, where 25 nm Al2O3 was adopted for both bottom gate dielectric 

and BP channel encapsulation layer.90 Similarly in this work, ALD Al2O3 was adopted for 

TG dielectric, the critical strain for which is ~2%.29, 32, 90 In order to further enhance the 

mechanical robustness of our flexible BP transistors, optimization of device structure by 

substituting high-κ dielectric with h-BN27 or nano scale polymer dielectric103 are potential 

solutions. 
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Figure 4.11: Mechanical robustness analysis of flexible TG BP transistor with 

normalized extrinsic fT measured under uniaxial tensile strain up to 1.5%. 

All RF measurement was done ex-situ at 300 K. Blue dash line is a visual 

guide. 

 

CONCLUSIONS 

In this work, we present flexible top-gated BP transistors with high frequency 

performance including record intrinsic fT~17.5-20 GHz, intrinsic fMAX~14.5 GHz and high 

experimental saturation velocity ~6×106 cm/s. The effects of the native in-plane anisotropy 

in BP was considered in the understanding of the channel length dependence suggesting an 

intrinsic two-fold device to device variation in the effective saturation velocity and the 

intrinsic fT. The mechanical robustness of our flexible BP RF transistors was investigated 

through ex-situ fT measurements under tensile strain up to 1.5%. Our results indicate that 

BP offers the highest charge velocities and higher frequency performance compared to 

other 2D layered semiconductors with a natural band gap making it arguably the most 

promising layered material for flexible RF nano systems.  
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Chapter 5:  Strain Tunability of 2D Semiconductors 

INTRODUCTION 

Strain has been long utilized as an effective methodology for tuning the electronic, 

transport and optical properties of semiconductors for decades.82, 84, 104-107 As for two 

dimensional crystals, strain tunabilities are particularly useful due to the fact that 2D 

layered crystals are able to sustain much higher strains than the bulk crystals due to their 

intrinsic mechanical flexibility.77, 108, 109 Graphene and monolayer MoS2 high purity 

samples have been reported to have intrinsic strain limit over 15% and 11% without 

substantially damage to crystal structures.27 Theoretical studies of few layer BP also 

indicate a high strain limit of 27% (30%) of uniaxial tensile strain along the ZZ (AC) 

directions.17 The large intrinsic strain limit allows for wide range for tuning the electrical 

properties, such as phonon modes shift, band gap engineering, and even semiconducting-

metallic phase change can be observed under sufficient strain loading.13, 17, 110, 111 Despite 

the promising predictions by theoretical studies, the practical realization of large strain 

loading on to 2D crystals so far remains as a big challenge. For highly stretchable systems 

such as PDMS as the carrier, large Young’s modules mismatch between the soft substrate 

and the stiff 2D semiconductors results in inefficient strain transfer.112 Also, for flexible 

devices using high-k dielectric in the structure, such as previously discussed flexible BP 

transistors, will be strictly limited by the low critical strain dielectric matertials, such as 

HfO2 and Al2O3.
32, 113  

POLYMERIC LOW-K DIELECTRIC FOR FLEXIBLE SUBSTRATE 

To overcome the strain limit of normal high-k dielectric as well as to enhance the 

strain transfer efficiency, a polyimide based platform for applying uniaxial tensile strain of 

more than 5% were successfully developed. Here, we adopted thin polyimide sheet with 
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initial thickness of ~27.5 μm as the flexible substrate. Double sided curing was carried out 

to smoothen the surface. The mechanical robustness of polyimide substrate was 

demonstrated in Fig. 5.1, where no slippage occurred until the end-to-end tensile strain 

reached 20%. 

 

 

Figure 5.1: Mechanical robustness of polyimide substrate under uniaxial tensile strain.   

Ti/Pd metal stack was then e-beam evaporated onto the polyimide substrate to 

function as the bottom gate as well as Raman signal enhancing layer. Finally, diluted liquid 

polyimide was spin coated at 6000 ramp/s and cured at 250 °C, thus a nano-PI (NPI) 

dielectric layer with thickness ~60-100 nm was formed to afford high strain limit under 

uniaxial stretching as well as high strain transfer coefficient to 2D layer crystal based 

flexible nano electronics.114 In situ characterization methodologies under tensile strain was 

enabled by a low profile homemade stretcher. The experimental setup is shown in Fig. 5.2, 

where Cascade probe station was customized for the stretcher to fit in. 
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Figure 5.2: Experimental set up for in-situ electrical measurement. In this illustration, 

Cascade probe station was employed for electrical measurement. Polyimide 

substrate is under end-to-end tensile strain applied through this stretching 

platform.  

FEW LAYER BP 

We first investigated the strain tunability on crystal structure of few layer BP using 

this platform. Considering the unique anisotropic mechanical and electrical properties 

induced by the puckered honey-comb crystal structure, we carefully designed the uniaxial 

stretching test along both ZZ and AC directions. 532 nm polarized laser was applied in this 

experiments with polarization along the strain loading direction. As previously discussed 

that Raman spectroscopy can be generally used to determine the crystal orientation of BP 

according to the intensity ratio among its three finger-print peaks, therefore, the Raman 

spectrum can be used as both indication of the crystal orientation as well as the gauge of 

local strain loading.111 

Anisotropic Raman peak shift under tensile strain 
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Figure 5.3: (A) Illustration of BP crystal lattice.115 (B) Raman spectroscopy of few layer 

BP measured under tensile strain up to 4.7%. Strain was applied along Arm-

chair direction, which was verified from the intensity ratio among Ag
1, Ag

2 

and B2g Raman modes. (C) Raman spectroscopy of few layer BP measured 

under tensile strain up to 7.1%. Strain was applied along Zig-zag direction, 

which was verified from the intensity ratio among Ag
1, Ag

2 and B2g Raman 

modes. 

As seen in Figure 5.3, the Raman spectrum of few layer BP exhibit strong 

anisotropic behavior along ZZ and AC direction under uniaxial tensile strain. When 

stretched along ZZ direction, red shift was observed in the two in-plane mode positions, 

which indicated effective p-p bond extension induced by the ZZ direction tensile strain. 

The slope of peak shift was estimated to be -5.2 ± 0.2 cm-1/% for B2g mode and -2.2±0.2 

cm-1/% for Ag
2 mode, respectively. Whereas, the out-of-plane mode Ag

1 was merely 

affected by this in-plain tensile strain. This result agrees well with the theoretical 

predictions regarding to the peak shift trend, yet has quite significant difference in the slope 
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values. The case of uniaxial strain loading along the AC direction is more complex, as is 

seen in Figure 5.3 (c), that significant red shift was observed in the out-of-plane Ag
1 mode, 

whereas blue shift was observed in both in-plane modes. And distinguished from the ZZ 

case, Ag
2 mode is more sensitive to the strain applied along AC direction than the B2g mode. 

According to the theoretical predictions, this abnormal phonon strengthen under tensile 

strain can be explained by the flattening of the puckered structure along the AC direction, 

which mainly increased the vertical p-p bond length R2 and p-p bond angle θ2 and slightly 

reduced the p-p bond angle θ1, as labeled in Figure 5.3(A). Therefore, the in-plane B2g 

mode is least affected among the three peaks with slight hardening observed. The out-of-

plane Ag
1 mode is the most affected mode with obvious phonon softening.111, 115 Statistics 

of Raman peak shift under tensile strain along both ZZ and AC directions are shown in Fig. 

5.4.  
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Figure 5.4: Statistics of Raman peak shift of few layer BP under tensile strain. (a) 

Applied strain is along zigzag direction. Red shift of Ag
2 and B2g mode was 

observed with averaged slope ~-3.8 cm-1/% and ~-1.5 cm-1/% respectively. 

Ag1 mode exhibited negligible peak shift. (b) Applied strain is along 

armchair direction. Blue shift of Ag
2 and B2g mode was observed with 

averaged slope ~ +0.6 cm-1/% and ~+1.25 cm-1/% respectively. Ag
1 mode 

exhibited red shift with averaged slope of ~-1.75 cm-1/%.   

Thickness dependent angle-resolved Raman  

The strong anisotropic phonon behavior of few layer BP observed under tensile 

strain re-emphasis the importance to study the in-plane angle dependence of Raman 

spectroscopy of BP. Here in this work, angle-resolved Raman were conducted with an 

angle resolution of 15 degree. The 0 degree in this angle resolved Raman measurement was 

aligned along AC direction.  

The anisotropic Raman response of BP is more complicated under actual 

measurement, where the Raman intensity is sensitive to laser wavelength, substrate 

insulator stack, and sample thickness. Here, 473 nm blue laser in parallel configuration, 

where the analyzer orientation and the plane polarized laser excitation orientation are 

aligned parallel to the x-axis. Different BP samples with thickness below 20nm were 

studied in this work since the main interest is on few layer BP. The 20 nm thick sample is 

treated as an bulk reference. Here, 25 nm Al2O3/Si substrate were adopted as the layer 

interference effect is negligible as the thickness of dielectric layer is much smaller than the 

laser wavelength (25 nm << 473 nm). The angle resolved Raman intensity for all three 

peaks are presented in Fig. 5.  The B2g mode of all three samples are showing consistent 

periodicity of 90 degree with the peak intensity occurring near 45 degrees. Similarly, the 

Ag2 mode exhibits a dumbbell shape for all three thickness with periodicity of 180 degrees 

and the peak intensity occurred at 0 degree. The Ag1 mode, which corresponds to out-of-

plane atom oscillation, exhibit strong thickness dependence. The clearly demonstrated 
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dumbbell shape with periodicity of 180 degree was only observed in the thick sample, 

namely the bulk range. In sample with thickness below 5 nm, the polar plot of angle 

resolved Raman intensity loses its dumbbell shape and becomes more isotropic with much 

reduced intensity value. This thickness dependence observed in the out-of-plane mode 

intensity may reveal hidden physics that await to be further studied.  

  

 

Figure 5.5: Polar plot of angle resolved Raman intensity in BP samples with different 

thickness. Strong thickness dependent intensity of out-of-plane mode was 

observed, revealing interesting physics to be further discussed. Dots are 

experimental data and black lines are the model fitting.  
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Thickness dependent intensity evolvement under strain 

 

 

Figure 5.6: Polar plot of angle resolved Raman intensity in BP samples under tensile 

strain along zigzag direction. (a) Thickness is <10 nm. (b) Thickness is ~20 

nm. Red line and dots are the data collected for relaxed sample under 0% of 

stain. Blue line and dots are the date collected for sample under 1.7% (a) 

and 2% (b) tensile strain, respectively. Dots are experimental data and lines 

are model fitting results. 

Angle-resolved Raman measurement was conducted in situ under uniaxial tensile 

strain along either AC or ZZ directions. Thickness sensitive peak intensity evolvement has 

been observed when strain is applied. Shown in Fig. 5.6, the strain is along ZZ direction. 

Here, two sample with distinct thickness was investigated, the thicker one among which is 

used as the bulk reference. Examining the intensity plot of Ag
1 in Fig. 5.6 (a), interesting 

Raman response was observed with the reoccurrence of dumbbell shape (bulk behavior) 

when 1.7% of tensile strain (blue line) applied onto the thin BP sample. In contrast with 
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the thicker sample shown in Fig. 5.6(b), where this strain didn’t change the Raman 

selection rules as the dumbbell shape was well preserved with only intensity reduction.  

Similar effect of strain on thinner sample was observed when the uniaxial tensile 

strain was along the AC direction, as shown in Fig. 5.7 (a). At relatively small strain ~1%, 

the axis of highest intensity shifted by 90 degrees for peak Ag
1 in the thinner sample. 

Slightly difference in the thicker sample was observed, where the strain increased the actual 

Raman peak intensity of Ag1 given laser excitation angle is along AC direction.  

 

 

Figure 5.7: Polar plot of angle resolved Raman intensity in BP samples under tensile 

strain along zigzag direction. (a) Thickness is <10 nm. (b) Thickness is ~20 

nm. Red line and dots are the data collected for relaxed sample under 0% of 

stain. Blue line and dots are the date collected for sample under 1%. Dots 

are experimental data and lines are model fitting results. 
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This strain induced Raman peak intensity evolvement was first observed and 

exhibited comparable trend with respect to the thickness dependence observed in relaxed 

BP samples. These results indicate that strain may introduce similar perturbation to the out-

of-plane phonon vibrations. Unfortunately, no new symmetry was introduced under finite 

tensile strain in this work. 

Mechanical failure 

Mechanical failure was also observed in our experiments where buckle 

delamination of the strained BP after releasing of the tensile strain was confirmed by AFM. 

This result is particularly interesting for the study of mechanical adhesion between the BP 

few layers and PI substrate.  
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Figure 5.8: Failure mechanism of few layer BP under tensile strain. (A) optical 

microscopy image of BP flake with no initial strain. (B) optical microscopy 

image of the same BP flake under tensile strain of 5.8%. (C) Atomic force 

microscopic (AFM) image of the same BP flake showing buckle 

delamination. (D) 3D AFM image of the same BP flake. 

Cracks were also observed from BP samples that went through in situ Raman 

measurements under tensile strain, as shown in Fig. 5.9. What worth noted is that in 

addition to the vertical parallel cracks induced by the horizontal tensile strain, group of 

parallel cracks with a particular angle to the strain direction were observed near the laser 

spot where BP samples were damaged from the poor thermal dissipation of PI substrate. 

Those cracks are the deepest according to the AFM measurement shown in Fig. 5.9. 
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Figure 5.9: AFM image of the BP flake under tensile strain showing cracks after in situ 

Raman measurements. Sample thickness is 10 nm. 

CVD MONOLAYER MOS2 

To verify the compatibility of this platform with various 2D layered 

semiconductors, monolayer chemical vapor deposition (CVD) grown MoS2 were studied 

for its strain tenability on both phonon vibration modes and optical band gap.108, 109, 112  

Raman spectroscopy  

CVD grown MoS2 was transferred onto the same thin PI substrate, as shown in 

Figure 5.10 (A). To study both monolayer and bilayer MoS2 at the same time, we chose 

the isolated flake with nice shape and uniform add layer. The Raman spectrum of both 

monolayer and bilayer BP showed consistent red shift of the E2g peak under tensile strain 

up to 3.2%, while A1g peak remained stable. This result agrees well with the theoretical 

predictions and previously reported experimental observations.109, 112, 116, 117 The slope of 

E2g
1 peak shift were estimated ~3.1 cm-1/% strain and 3 cm-1/% strain for monolayer and 

bilayer, respectively. At 3.2% of strain loading, no further peak shift was observed for 

bilayer BP which indicate possible slippage between the add layer and beneath monolayer.  

 

Figure 5.10: Raman spectroscopy of CVD MoS2 under tensile strain. Both monolayer 

and bilayer MoS2 was studied for the strain tenability. 
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Optical band gap tuning by Photoluminescence (PL) 

Here, we investigate the influence of uniaxial tensile strain on the band gaps of 

monolayer MoS2.
108, 109, 112 In this presented result shown in Figure 5.11, uniaxial tensile 

strain was applied up to 3.2%. With increasing strain, a linear redshift of 27-44 meV/% 

strain of the position of the A peak in photoluminescence for monolayer MoS2 indicates a 

corresponding reduction in band gap energy of the material. In addition, we observed a 

pronounced strain-induced decrease in intensity of the photoluminescence of monolayer 

MoS2. Seeing from our experimental observations, the tensile strain can strongly perturb 

the band structure of mono layer MoS2 resulting in reducing band gap energy as well as 

the direct-to-indirect band gap switch. The strain loading was limited around 3 to 4%, 

which is much lower than the tensile strain loading of exfoliated BP, despite that the same 

substrate was employed. We attribute this reduced strain load to the possible poorer 

interface adhesion between CVD MoS2 and PI substrate since wet transfer may introduce 

residual water molecules even after drying in N2 environment for 24 hours. Possible 

solutions to increase the strain loading limit are currently under develop and will be one 

main direction of this project, including thermal annealing after transfer, and applying 

polymer nano scale adhesion layer such as self-assembled monolayers (SAM)118 and 

polydopamine (PDA) layer.119 
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Figure 5.11: Photoluminescence of CVD monolayer MoS2 under tensile strain up to 

3.2%.  

CONCLUSION 

Here in this chapter, polymer based highly stretchable substrate were developed for 

in situ characterizations of 2D semiconductors under tensile strain, with emphasis on 

phonon response and band gap tuning. This platform is of potential for future in situ 

electrical characterization of 2D semiconductors under tensile strain, such as 

semiconducting to metallic phase change of CVD monolayer MoS2.  

Interesting thickness dependent Raman intensity evolvement were observed for the 

first time in the in-situ angle-resolved Raman measurements of few layer BP under tensile 

strain. Band gap closing were validated in the in-situ PL measurement of strained CVD 

monolayer MoS2. The mechanical failure analysis also provided novel information about 

the mechanical robustness of 2D semiconductors to the community. 
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Chapter 6:  Conclusion and Future Directions 

CONCLUSION 

In this dissertation, we report on our research to advance the understanding and 

development of two-dimensional semiconductors for high performance robust flexible 

nano electronics and smart nano systems. The main driving force behind this worldwide 

interest in flexible smart systems is the concept of Internet of Things (IoT), where the world 

is digitalized via connecting billions of smart devices. Specifically, for the applications in 

body area network, smart nano systems that are flexible, foldable and portable are of 

greatest need. 2D semiconductors with ultimate thickness scalability, superior mechanical 

robustness, and abundant material selections have become the most promising candidates 

for such applications. As discussed in chapter 1, in this work, we mostly focused on few 

layer BP for compelling performance including high mobility, high on/off ratio and tunable 

direct band gap ranging from 0.3 eV to 2 eV. 

In chapter 2, we analyzed in detail the ambient degradation of few layer black 

phosphorus (BP) and the development of effective dielectric encapsulation methodology 

for enhancing the air stability.  

In the study of few layer BP based flexible TFTs for based band applicaitons, we 

presented the first few layer BP based flexible thin-film transistors showing high carrier 

mobility, high on/off ratio, ambipolar transport with negligible hysteresis. Circuit units 

realized from single and double BP TFTs were reported including ambipolar inverter, small 

signal amplifier with voltage gain ~8.7, and frequency doubler operated at 128kHz. In 

addition, strong mechanical robustness was validated for the fully functional BP amplitude 

modulated AM demodulator, where the single BP TFT remained fully functioning with 

negligible degradation after 5000 cycles of bending at 1.5% of tensile strian. 
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 In the study of 2D semiconductors for radio frequency flextronics applications, we 

reported the first few layer BP flexible radio frequency (RF) transistor with cut-off 

frequency ~20 GHz, which successfully expanded the application scenario of 2D RF 

devices. 

 In the final chapter, a polymer low-k dielectric based highly stretchable substrate 

was developed for investigating the strain tunabilities of 2D semiconductors. For few layer 

BP, thickness dependence in the angle-resolved Raman intensity evolvement under tensile 

strain was reported the first time. This platform is compatible with most of 2D layered van 

der Waals materials for in situ studies of their crystal structure, mechanical, and electrical 

properties. 

FUTURE DIRECTIONS 

As a promising candidate in 2D family with compelling performance including fast 

carrier transport, tunable direct band gap, and strong in-plane anisotropy, etc., the potential 

of this material has not been fully exploit. Therefore, in this dissertation, we proposed two 

directions for the future research. 

The first promising research direction we proposed following the previous work is 

to further explore the RF applications of BP based flexible devices, for example, i) 

advanced 2D dielectric such as few layer h-BN can be adopted to further increase the 

operation frequency, and ii) integration of multiple devices for large scale circuit and fully 

functional system applications. 

The second direction for future research is to focus more on the study of ultra-thin 

phosphorene such as monolayer and bilayer. For example, the possible change in symmetry 

due to strain induced perturbation to the ultra-thin layers, which haven’t been reported 

experimentally for far. 
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In general, the study of 2D semiconductors for flexible smart systems remains a 

rather inspiring and high impact field for future research and development effort. 
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Appendix 

APPENDIX A. ANALYSIS OF BLACK PHOSPHORUS FREQUENCY MULTIPLIER 

Flexible BP transistor is biased near the minimum conduction point Vmin where the drain 

current Id is in the sub-threshold region and can be functionally modeled as the sum of the 

sub-threshold hole and electron current given by Equation A1,where 𝐼𝑜 depends upon fixed 

parameters including transistor device geometry, mobility, drain bias and threshold 

voltage. S120 

𝐼𝑑 ≈ 𝐼𝑜 exp(−𝛽𝑉𝑔) + 𝐼𝑜 exp(𝛽𝑉𝑔),                                                 (A1) 

β is a composite parameter comprising the field-effect capacitive coupling and the 

thermal energy (~ 0.026eV at room temperature). Vg is the gate bias. Condensing Equation 

A1 leads to 

    𝐼𝑑 ≈ 2𝐼𝑜 cosh(𝛽𝑉𝑔),                                                                   (A2) 

which can be approximated via Taylor’s series approximation producing only even 

terms due to the even symmetry for ideal ambipolar curve. 

𝐼𝑑 ≈ 2𝐼𝑜[1 +
(𝛽𝑉𝑔)

2!

2

+
(𝛽𝑉𝑔)
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𝑁!

𝑁

],                              (A3) 

It follows that the 2nd-order (i.e., square-law) behavior is,  

 𝐼𝑑 ≈ 2𝐼𝑜[1 +
𝛽2𝑉𝑔

2

2
],                                                                   (A4) 

The drain output voltage of BP transistor is given by Equation A5, 

 𝑉𝑑 = 𝑉𝐷𝐷 − 𝐼𝑑𝑅𝐿,                                                                       (A5) 

Substituting Equation S4 into S5 yields, 

 𝑉𝑑 ≈ 𝑉𝐷𝐷 − 2𝐼𝑜𝑅𝐿[1 +
𝛽2𝑉𝑔

2

2
],                                                   (A6) 

For frequency multipliers, the transistor gate terminal is driven by a sinusoidal input 

given by Equation A7. 

𝑉𝑔 = 𝑉𝑖cos (ω𝑖𝑛𝑡),                                                                      (A7) 
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where Vi is the input voltage amplitude, and ωin is input voltage angle frequency. 

Substituting 𝑉𝑔into Equation A6 we obtain an expression for the drain output voltage for 

ambipolar FET. 

 𝑉𝑑 ≈ 𝑉𝐷𝐷 − 2𝐼𝑜𝑅𝐿[1 +
𝛽2𝑉𝑖

2cos2(ω𝑖𝑛𝑡)

2
],                                                (A8) 

Expanding Equation S8, 

 𝑉𝑑 ≈ 𝑉𝐷𝐷 − 2𝐼𝑜𝑅𝐿[1 +
𝛽2𝑉𝑖

2

4
+

𝛽2𝑉𝑖
2

4
cos(2ω𝑖𝑛𝑡)],                                  (A9) 

Therefore, the AC coupled output of an ideal ambipolar transistor frequency 

multiplier is given by Equation A10 to 2nd-order. It is evident that the output frequency is 

double the input frequency and the output amplitude scales as the square of the input 

amplitude.  

 𝑉𝑜𝑢𝑡 ≈
𝐼𝑜𝑅𝐿𝛽2

2
𝑉𝑖

2cos(2ω𝑖𝑛𝑡),                                                             (A10) 

We note that asymmetry in the ambipolar curve will lead to odd harmonics at the 

output including the fundamental input frequency. 

 

APPENDIX B. ANALYSIS OF BLACK PHOSPHORUS AM DEMODULATOR 

We designed and fabricated flexible BP transistor based amplitude modulated 

(AM) demodulator and biased the BP transistor near its minimum conduction point, as 

analyzed in the frequency multiplier. Equation B1 presents the case for an AM input signal, 

𝑉𝑖𝑛 = (1 + 𝑚𝑐𝑜𝑠(ω𝑚𝑡))𝑉𝑖𝑐𝑜𝑠(ω𝑐𝑡),                                         (B1)                                

where ωm represents the frequency of the modulated signal, ωc is the carrier 

frequency, Vi is the amplitude of the carrier and m is the modulation index. Substituting 

Equation B1 in Equation A6, the FET drain output is given as 

 𝑉𝐷 ≈ 𝑉𝐷𝐷 − 2𝐼𝑜𝑅𝐿[1 +
𝛽2[(1+𝑚𝑐𝑜𝑠(ω𝑚𝑡))𝑉𝑖𝑐𝑜𝑠(ω𝑐𝑡)]2

2
],                              (B2) 

Expanding the output equation yields 
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 𝑉𝐷 ≈ 𝑉𝐷𝐷 − 2𝐼𝑜𝑅𝐿 − 𝐼𝑜𝑅𝐿𝛽2 (
𝑉𝑖

2

2
+

𝑚𝑉𝑖
2

4
) − 𝐼𝑜𝑅𝐿𝛽2[𝑚𝑉𝑖

2𝑐𝑜𝑠𝜔𝑚𝑡 +
𝑚𝑉𝑖

2

4
𝑐𝑜𝑠2𝜔𝑚𝑡 +  

          (
𝑉𝑖

2

2
+

𝑚𝑉𝑖
2

4
)  𝑐𝑜𝑠2𝜔𝑐 +  

𝑚𝑉𝑖
2

2
𝑐𝑜𝑠(2𝜔𝑐 + 𝜔𝑚)𝑡) +

𝑚𝑉𝑖
2

2
𝑐𝑜𝑠(2𝜔𝑐 − 𝜔𝑚)𝑡) + 

             
𝑚2𝑉𝑖

2

8
𝑐𝑜𝑠((2𝜔𝑐 + 2𝜔𝑚)𝑡) +

𝑚2𝑉𝑖
2

8
𝑐𝑜𝑠((2𝜔𝑐 − 2𝜔𝑚)𝑡)] ,                  (B3)                                          

where the equation contains the demodulated output signal Vout at frequency ωm, higher 

order harmonics and intermodulation terms, and a DC component. The demodulated 

baseband output Vout can be isolated as  

 𝑉𝑜𝑢𝑡 ≈ 𝐼𝑜𝑅𝐿𝑚𝛽2𝑉𝑖
2𝑐𝑜𝑠(ω𝑚𝑡),                                                 (B4) 

From this analysis, it is evident that the output voltage Vout is linearly dependent on 

the modulation index m, and is quadratically dependent on the amplitude Vi. We note that 

asymmetry in the ambipolar curve will lead to odd harmonics at the output including the 

carrier feed-through. 

 

 

APPENDIX C. FABRICATION PROCESS 

C1. Preparation of flexible substrate 

1 DuPont™ Kapton® polyimide film  

- 50 HN and 100 HN for highly stretchable devices 

- 300 HN and 500 HN for back-gated devices 

- 500 HN for top-gated (RF) devices 

2 Acetone rinse + Isopropyl Alcohol (IPA) rinse + blow dry with N2 

3 Attach polyimide film onto carrier Si wafers 

4 Spin-coat liquid polyimide (PI-2547) (2-step coating) 

- Ramp up to 500 rpm @ 100 rpm/s, 5 seconds 

- Ramp up to 3000 rpm @ 100 rpm/s, 30 seconds 
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5 Cure polyimide substrate in N2 (Whipmix pro oven- recipe #8N) 

- Ramp up to 200 °C @ rate of 4°C/min, hold for 30 mins. 

- Ramp up to 300 °C @ rate of 2.5°C/min, hold for 48 mins. 

- Cool down to 50 °C. 

6 Repeat step 3-5 for the other side of polyimide substrate to obtain double side 

curing. 

 

C2. Flexible BP Transistors with Back Gate 

1 Double side cured PI substrate. (300 HN or 500 HN) 

2 Acetone rinse + IPA rinse + N2 gun blowing dry. 

3 Back gate  

- Deposit Ti/Pd=2 nm / 50 nm via electron beam evaporation 

4 Back gate dielectric 

- Deposit Al2O3 = 25 nm via atomic layer deposition (ALD) @ 250°C  

5 E-beam alignment mark 

- Acetone rinse + IPA rinse + N2 gun blowing dry. 

- Spin-coat photoresist AZ5209 

- Ramp up to 500 rpm @ 100 rpm/s, 5 seconds 

- Ramp up to 4000 rpm @ 2000 rpm/s, 30 seconds 

-     Bake at 90 °C for 2 mins 

-     Patterned by photo lithography. 

-     Develop in photoresist developer for 1 min. 

-     DI water rinse + N2 blowing dry 

-     Metal deposition via e-beam evaporation (Ti/Au= 3nm/50 nm) 
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-     lift off in acetone (RT overnight or heated up to 65°C for 20 mins ) + IPA 

rinse + N2 blowing dry 

6 Few layer black phosphorus exfoliation  

7 Source and drain electrode 

- Spin-coat Polymethyl methacrylate (PMMA) A4 (4000 rpm for 40 sec) 

- Bake at 180 °C for 2 mins 

- Spin-coat E-spacer (4000 rpm for 40 sec) 

- Pattern via e-beam lithography 

- Develop in MIBK:IPA=1:3 for 2 mins 

- IPA rinse 

- Deposit contact metal via e-beam evaporation (Ti/Au = 2 nm/70 nm) 

- Lift off in acetone (RT overnight) + acetone rinse + IPA rinse + N2 blowing 

dry 

8 Dielectric encapsulation 

- Deposit Al2O3=25nm via ALD at 200 °C 

9 Measurement in Cascade probe station 

 

C3. Flexible BP Transistors with Top Gate 

1 Double side cured PI substrate. (500 HN) 

2 Acetone rinse + IPA rinse + N2 gun blowing dry. 

3 Dielectric adhesion layer 

- Deposit Al2O3 = 25 nm via atomic layer deposition (ALD) @ 250°C  

4 E-beam alignment mark 

- Acetone rinse + IPA rinse + N2 gun blowing dry. 
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- Spin-coat photoresist AZ5209 

- Ramp up to 500 rpm @ 100 rpm/s, 5 seconds 

- Ramp up to 4000 rpm @ 2000 rpm/s, 30 seconds 

-     Bake at 90 °C for 2 mins 

-     Patterned by photo lithography. 

-     Develop in photoresist developer for 1 min. 

-     DI water rinse + N2 blowing dry 

-     Metal deposition via e-beam evaporation (Ti/Au= 3nm/50 nm) 

-     lift off in acetone (RT overnight or heated up to 65°C for 20 mins ) + IPA 

rinse + N2 blowing dry 

5 Few layer black phosphorus exfoliation  

6 Source and drain electrode 

- Spin-coat PMMA EL6 (4000 rpm for 40 sec) 

- Bake at 180 °C for 2 mins 

- Spin-coat PMMA A4 (4000 rpm for 40 sec) 

- Bake at 180 °C for 2 mins 

- Spin-coat E-spacer (4000 rpm for 40 sec) 

- Pattern via e-beam lithography 

- Develop in MIBK:IPA=1:3 for 2 mins 

- IPA rinse 

- Deposit contact metal via e-beam evaporation (Ti/Au = 2 nm/50 nm) 

- Lift off in acetone (RT overnight) + acetone rinse + IPA rinse + N2 blowing 

dry 

7 Top gate dielectric 

- Deposit Al2O3=25nm via ALD at 200 °C 
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8 Top gate electrode 

- Spin-coat PMMA EL6 (4000 rpm for 40 sec) 

- Bake at 180 °C for 2 mins 

- Spin-coat PMMA A4 (4000 rpm for 40 sec) 

- Bake at 180 °C for 2 mins 

- Spin-coat E-spacer (4000 rpm for 40 sec) 

- Pattern via e-beam lithography 

- Develop in MIBK:IPA=1:3 for 2 mins 

- IPA rinse 

- Deposit contact metal via e-beam evaporation (Ti/Au = 2 nm/50 nm) 

- Lift off in acetone (RT overnight) + acetone rinse + IPA rinse + N2 blowing 

dry 

9 Measurement in Cascade probe station 

C4. BP Under Tensile Strain 

1 Double side cured PI substrate. (50 HN or 100 HN) 

2 Acetone rinse + IPA rinse + N2 gun blowing dry. 

3 Bottom metal layer 

- Deposit Cr/Pd=3 nm / 50 nm via electron beam evaporation 

4 Spin-coat diluted liquid polyimide (NPI) (2-step coating) 

- Ramp up to 500 rpm @ 100 rpm/s, 5 seconds 

- Ramp up to 6000 rpm @ 1000 rpm/s, 30 seconds 

5 Cure polyimide substrate in N2 (Whipmix pro oven- recipe #8N) 

- Ramp up to 200 °C @ rate of 4°C/min, hold for 30 mins. 

- Ramp up to 300 °C @ rate of 2.5°C/min, hold for 48 mins. 
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- Cool down to 50 °C. 

6 E-beam alignment mark 

- Acetone rinse + IPA rinse + N2 gun blowing dry. 

- Spin-coat photoresist AZ5209 

- Ramp up to 500 rpm @ 100 rpm/s, 5 seconds 

- Ramp up to 4000 rpm @ 2000 rpm/s, 30 seconds 

-     Bake at 90 °C for 2 mins 

-     Patterned by photo lithography. 

-     Develop in photoresist developer for 1 min. 

-     DI water rinse + N2 blowing dry 

-     Metal deposition via e-beam evaporation (Ti/Au= 3nm/50 nm) 

-     lift off in acetone (RT overnight or heated up to 65°C for 20 mins ) + IPA 

rinse + N2 blowing dry 

7 Few layer black phosphorus exfoliation  

8 - Spin-coat PMMA A4 (4000 rpm for 40 sec) 

- Bake at 180 °C for 2 mins 

9 Raman and PL measurement 

 

C5. CVD Monolayer MoS2 Wet Transfer 

1 Acetone rinse + IPA rinse + N2 gun blowing dry. 

3 - Spin-coat PMMA A4 (4000 rpm for 40 sec) 

- Bake at 180 °C for 2 mins 

4 Repeat step 3 for 10 times 

5 Wet etching of SiO2 substrate in buffer oxide etchant (BOE) 
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- Soak overnight at room temperature 

6 - Fishing PMMA/MoS2 stack in BOE using Si wafer 

- Rinse in still water 

- Fishing out using target substrate 

7 Air dry for 24 hours 

8 Bake at 100 °C for 10 mins 

9 Acetone soaking overnight 

10 Acetone rinse + IPA rinse + N2 gun blowing dry. 

11 - Spin-coat PMMA A4 (4000 rpm for 40 sec) 

- Bake at 180 °C for 2 mins 
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