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Abstract 

Further scaling of complementary metal-oxide-semiconductor (CMOS) dimensions 

will soon lead to a tremendous rise in power consumption while limited gain in the 

performance of integrated circuits. “Beyond-CMOS” devices, based on two-dimensional (2D) 

materials, can potentially overcome these limitations and further improve the performance, 

reduce energy consumption, and add novel functionalities to the CMOS platform. In this Ph.D. 

dissertation, we investigated energy efficient electronic devices based on a new hybrid 

material platform consisting of two-dimensional materials and ferroelectric metal oxides. 

The ferroelectric metal oxides provide programmable and non-volatile doping in the 2D 

materials, while the atomically thin body in 2D materials enables strong electrostatic control 

over the channel by the polarized ferroelectric metal oxides. 

We design and demonstrate a new type of classifier using ferroelectric graphene 

transistors, which can perform the “comparison” function in the analog domain instead of 

the traditional digital domain. This new type of classifier utilizes the ambipolar transport 

and zero bandgap of the graphene to perform the absolute difference function, |A-B|, directly. 

Unlike the image classifier based on silicon CMOS, the classifier based on ferroelectric 

graphene transistors only needs ONE transistor per pixel, which will significantly reduce 

chip area and energy consumption. More importantly, the embedded ferroelectric layer in 

the graphene transistor enables the non-volatile storage of the target image inside the analog 

device. Therefore, a single graphene transistor can perform both image storage and 

comparison functions concurrently. This in-memory computing will eliminate the need for 

frequent image loading/unloading, which will further reduce the power consumption 

related to the data transfer.  
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We also explored non-volatile reconfigurable devices based on the hybrid stacks of 

ferroelectric materials and 2D materials. In traditional silicon CMOS, once the device is 

fabricated, its function is fixed as either an n-type or a p-type transistor. In this work, we 

show that functionality of this new type of device can be dynamically reconfigured during 

operation and the reconfiguration is non-volatile and reprogrammable.  We have 

successfully demonstrated the electrostatic controlled reconfigurable devices based on black 

phosphorus and non-volatile reconfigurable devices based on molybdenum telluride and 

ferroelectric hafnium zirconium oxides.  These reconfigurable devices will enable the logic 

circuits to evolve their functions on-demand. The 3D monolithic integration of these 

reconfigurable devices/circuits and memory blocks will enable in-memory computing and 

reduce the energy consumption and latency related to the transportation of “Big Data”.  

This work will open a new path toward the design of novel nano-function circuits 

based on unique material properties that are absent in traditional circuits based on CMOS 

logic transistors and Von Neumann architectures. These new devices will also enable a new 

computing paradigm, where the process latency and energy consumption will no longer be 

limited by the memory bottleneck. 
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Chapter 1   Introduction 
 

The art of field-effect semiconductor devices is to use the electric field as a “switch” 

to control the current’s on/off state. Following Moore’s law [1], since the 1960s the 

semiconductor industry has been scaling down semiconductor devices and lowering their 

cost while improving the electrical performance and increasing the integrated circuit (IC) 

density. Various structural/material innovations (SOI, FINFET, high-K gate dielectrics, 

strained silicon, etc.) and lithography techniques (DUV/EUV, immersion lithography, double 

patterning, etc.) have been invented and they successfully maintain this trend of scaling 

down semiconductors. From 1971 to 2014, the typical semiconductor manufacturing 

process was driven from 10μm to 14nm node for metal-oxide-semiconductor field-effect 

transistors (MOSFETs) [2], the building blocks for most of today’s consumer electronics. 

Nevertheless, a further device miniaturization/speed-up is exceptionally challenging given 

nanoscale physical limitations and high development cost. Specifically, shrunken channel 

length with higher doping undermines the control of the top gate of the channel over the 

source/drain [3]. Typically these short-channel effects (SCEs) lead to drain-induced barrier 

lowering (DIBL), carrier surface scattering, hot electron effects and other undesired side-

effects [4]. Electron mobility in silicon, severely degraded by surface roughness, is also 

inevitably affected by heavy doping in short-channel cases. Innovations in materials and 

structures are required to extend Moore’s law, as many have suggested. Further scaling of 

complementary metal-oxide-semiconductor (CMOS) dimensions will soon lead to a 

tremendous rise in power consumption while limited gain in the performance of integrated 

circuits. “Beyond-CMOS” devices, based on nanowires, nanorods, and two-dimensional (2D) 
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materials, can potentially overcome these limitations and further improve the performance, 

reduce energy consumption, and add novel functionalities to the CMOS platform. In this 

project, we investigated energy efficient electronic devices based on a new hybrid material 

platform consisting of 2D materials and ferroelectric metal oxides. The ferroelectric metal 

oxides provide programmable and non-volatile doping in the 2D materials, while the 

atomically thin body in 2D materials enables strong electrostatic control over the channel by 

the polarized ferroelectric metal oxides. In this chapter, we will review the background in 2D 

and ferroelectric material fields. 

 

1.1 2D Materials 

 2D materials are layered materials with strong covalent bonds in the layer while weak 

van der Waals bonds in between layers. There are several hundreds of 2D materials, which 

have been predicted or experimentally demonstrated. Among those 2D materials, graphene, 

transitional dichalcogenides, and black phosphorus are the most intensely studied materials. 

Graphene has exceptionally high mobility (~ 200,000 cm2/ (V∙𝑠) [5], but zero bandgap, 

which makes it difficult to be used in logic devices. Graphene based radio frequency (RF) 

devices have very high cut-off frequencies (up to 427 GHz) [6], but limited power gain, again 

due to the lack of a bandgap. After graphene as an atomic layer was discovered, transistors 

made from it showed extraordinary mobility among other merits [7]. Although graphene’s 

zero semi-metallic behavior brings about low switchability for transistors, this group of 

materials is recognized as important for potential applications in novel devices. For this 

reason, graphene and other 2D materials developed later with similar structure have 
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aroused interest. In addition to digital logic devices, 2D materials with a high surface-to-bulk 

ratio are naturally ideal for sensors with high sensitivity (e.g. biomedical sensors, 

piezoelectric sensors). Their sheet-like property suggests their suitability in flexible 

electronic applications beyond organic flexible electronics [8]. 2D materials are a relatively 

new and rapidly growing field of study, with new material findings and device breakthroughs 

emerging rapidly. Still, issues like large-scale production and doping remain challenging in 

the exploration.  

Beyond graphene, transition metal dichalcogenides (TMDs) are another type of 2D 

material. TMDs have a general formula of MX2, where M is a transition metal atom (such as 

Ti, Zr, Hf, V, Nb, Ta, Re, etc.) and X is a chalcogen atom (such as S, Se, Te). There are over 30 

different TMDs with diverse properties, ranging from semiconductors (MoS2, WSe2) to 

semimetals (1T’ phase WTe2 and TiSe2), metals (VSe2, NbS2), and superconductors (PbTe2, 

NbSe2) [9-24]. Among various TMDs, MoTe2 is a promising material with small bandgap (0.88 

eV in bulk, 1.02 eV in monolayer). This small bandgap makes it possible to fabricate 

ambipolar transistors and reconfigurable logic devices. In addition to MoTe2, black 

phosphorus is also a promising material for reconfigurable device due to its small bandgap 

(~ 0.3 eV in bulk).  

For our main research focus in electronic devices, several kinds of 2D materials of 

interest are briefly reviewed in this section. 
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1.1.1 Graphene 

Graphene was the very first two-dimensional atomic crystal discovered [7] and its 2D 

structure  gives it properties very different from those of other allotropes of carbon (graphite, 

Fullerene, carbon nanotube, etc.) [25]. A scanning tunneling microscope (STM) image for 

graphene atomic structure is shown in Fig. 1-1 [26]. Its advantages include superior 

mechanical strength, high electronic and thermal conductivity, and impermeability to gases, 

which attracts a lot of attention for potential applications. Since researchers successfully 

exfoliated single-layer graphene from its bulk counterpart (graphite) with its main 

contributor winning the Nobel Prize later in 2010, its enticing electrical properties have 

encouraged extensive research into making electronic devices beyond the current 

complementary metal oxide semiconductor (CMOS) technology. Graphene, a semi-metallic 

carbon layer with one atom thickness, has superior carrier density and mobility ~ 10,000 

cm2/(V∙s) and therefore is promising for lower energy dissipation and faster operating speed 

in electronics. Unfortunately, besides large-scale growth issues, the inherent gapless nature 

 

Figure 1-1. Graphene’s honeycomb structure shown in 

STM topographic image. 
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in graphene restricts the energy states variety and brings about great challenges for people 

to switch graphene on/off for digital device applications [8]. Cutting graphene into 

nanoribbons or depositing graphene onto certain substrates is done to show the structure 

change, hence non-zero bandgap, in graphene. But these changes are overall insignificant 

and damage graphene’s appealing carrier transport properties, or turn out to need further 

investigation [27-30]. 

Despite this drawback for digital applications, graphene shows exciting prospects for 

conductive coating for flexible electronics due to its transparency, flexibility, low sheet 

resistance and high transmittance, provided contact resistance issues can be appropriately 

addressed. In addition, graphene-based transistors have proved promising for RF devices 

with high cut-off frequencies [31]. On the other hand, graphene’s transparency in one or a 

few layers and its wavelength-independent absorption rate in a large range of light spectra 

make it a suitable candidate for a number of photonic devices. These include photodetectors, 

various kinds of laser devices, and optical modulators [8]. 

As an important factor to be considered for industrial products incorporation, 

production methods (Fig. 1-2 [8]) for large-scale and uniform graphene are great challenges 

in current development. For research purposes, mechanical exfoliation from bulk graphite is 

used frequently for graphene and other 2D materials for its convenience and high-quality 

flakes. An alternative common way to yield graphene is to grow it on copper or nickel with a 

mixture of methane and hydrogen at as high as 1000 ˚C [32, 33]. Another method includes 

precipitation of graphene layer on SiC wafer but is very costly [34]. 
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1.1.2 2D Transition Metal Dichalcogenides 

Two-dimensional transition metal dichalcogenides (TMDC) have chemical formula 

MX2 with transition element M and chalcogen X [35]. Among this group of materials MoS2, 

WS2, and WSe2 have been studied in recent years for their high quality and stability in the 

isolation process. Like graphene, these materials can be readily exfoliated into one or a few 

layers by breaking the interlayer weak van der Waals force without damaging intralayer 

covalent bonds (mechanical cleavage), or they can be grown by chemical vaporization 

deposition (CVD). As a representative example, a large area of atomic layer MoS2 is often 

synthesized on a silicon wafer by CVD using MoO3 and S powder with the help of PTAS as 

seeding material for nucleation. Figure 1-3 [36, 37] demonstrates the structure of MoS2 

layers.  

 

Figure 1-2. Different methods for mass synthesis/production of graphene. 
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As the thickness decreases to a single layer, the band structure of TMDCs is changed 

by quantum confinement effects. A transition from indirect bandgap (1.2 eV) at Γ point to 

direct bandgap (1.9 eV) at K-point in the Brillouin zone is predicted and confirmed for MoS2. 

This suggests its appealing properties in possible logic devices and optoelectronics. A top-

gated single-layer MoS2 FET was successfully fabricated in 2011 by Radisavljevic et al. [37] 

with appreciable mobility (~ 70 cm2/(V∙𝑠)), large on/off current ratio (~ 108 ) and 

satisfactory subthreshold swing (~ 74 mV/decade) at room temperature (Fig. 1-4 [37]). 

 

 

Figure 1-3. Honeycomb MoS2 structures with alternating Mo and S atoms. 

 

Figure 1-4. A single-layer MoS2 top-gated FET. (a) Device structure. (b) I-V characteristics. 

ba
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 Despite the inherent p or n type body by impurity charges, progress toward doping 

the TMDCs in a controllable way was made by several groups utilizing chemical treatment 

during/after crystal growth, for electronics fabrication with reliability and repeatability [38].  

The various bandgap range of the TMDC family and its layer structure free of surface 

dangling bonds also provide exciting possibilities for applications based on epitaxy and 

heterostructure/junctions. The various direct bandgap values and tunable features with 

layer numbers in visible light range also make TMDC optoelectronics attractive [39]. A 

phototransistor was made by single-layer (SL) MoS2 to show its potential as a photodetector 

with photo responsivity of 880 A/W at 561 nm wavelength light [40]. Finally, due to TMDC’s 

M-X composition, the piezoelectric effect was examined in SL MoS2 thin films, with the 

finding that no net piezoelectric effect is present within even number of layers or bulk 

counterparts due to the opposite orientation of alternating layers [41].  

Within MoS2, a strong Fermi-level pinning effect is present, and it mostly 

demonstrates n-type unipolar characteristics around the conduction band [42, 43]. Tungsten 

diselenide (WSe2), with two layers of Se atoms sandwiching a single layer of W atoms is 

another addition to the TMDC family studied in these years. Unlike MoS2, WSe2 could exhibit 

ambipolar carrier conduction from the effective Fermi level tuning relative to conduction 

and valence band edge [44-46]. A technique to facilitate the ambipolar transport is to utilize 

the contact metal engineering, where the source and drain of the FET device are deposited 

with different metals, each aligned closer to either conduction or valence band and favored 

for one of the carriers. An example ambipolar WSe2 device with different contact electrodes 

is made by S. Das and J. Appenzeller (Fig. 1-5 and Fig. 1-6 [47]). 
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Another TMDC, molybdenum ditelluride (MoTe2), has a direct bandgap at ~ 1.1 eV at 

the single-layer limit, smaller than the corresponding value ~ 1.6 eV of WSe2 [48, 49]. This 

suggests a potential higher barriers to suppress carrier injection in WSe2 [50] and a 

 

Figure 1-5. (a) SEM and (b) 3D structure of multilayer WSe2 hetero-contact transistors. TN:Ni is used for both 

the source and the drain contact electrode; TP:Pd is used for both the source and the drain contact electrode; 

and TNP:Ni is used as the source, and Pd is used as the drain contact electrode. 

 

Figure 1-6. Transfer and output characteristics of the transistor TP and the associated energy band diagram 

for the electron (green) and the hole (blue) injection. The energy band diagram in red shows the relative 

Schottky barrier heights for the electron and the hole injection from Pd contact to WSe2. 
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facilitated ambipolar transport in MoTe2 [51]. Without the impeding fermi-level pinning 

effect, these two materials have adjustable barrier heights for n or p carriers depending on 

flake thickness, contact metal and other factors.  

  

1.1.3 Black Phosphorus 

Compared to its allotropes (yellow/red/fibrous phosphorus), black phosphorus is 

most dense and least reactive due to its interlinked six-membered ring. This unique 

puckered hexagonal structure (Fig. 1-7 [52]) leads to anisotropic in-plane electrical and 

optical properties, which may offer special benefits in novel fields such as plasmonic devices 

[52]. Bulk black phosphorus has a direct bandgap around 0.3 eV, while single-layer black 

phosphorus is predicted to have a much larger bandgap from 1 eV to 2 eV, depending on the 

theory model. This large variation indicates black phosphorus might be an ideal candidate 

for purposes requiring tunable bandgap. Another notable point is this bandgap range 

corresponds to the infrared range in the optical spectrum. Combined with other 2D 

materials’ optical range from the bandgap, heterostructures could be made for 

optoelectronics like high-efficiency solar cells. Black phosphorus used in devices is usually 

exfoliated from bulk crystal which could be made from red phosphorus under high 

temperature and/or high pressure although some innovative methods (including CVD) also 

exist [53-55]. 
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 Back-gated FETs were fabricated by several independent groups [52, 56, 57]. In 

Figure 1-8 [57], experimental data from the Zhang group shows that a p-type FET device 

with 5nm thick BP channel is fabricated with ~ 200 cm2/(V∙𝑠) mobility with good on/off 

ratio at 105. As a comparison, the data here suggests the black phosphorus FET has higher 

 

Figure 1-8. (a) A BP back gated transistor. (b) Id-Vd curves under different gate bias. 

ba

 

 

Figure 1-7. Puckered sheets of linked phosphorus atoms. Layer-

to-layer space is ~ 0.5nm. 
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mobility than that of a typical TMDC transistor while having a moderate (lower) on/off ratio. 

However, instability might be an issue for making black phosphorus thin film devices 

since a few layers of black phosphorus gradually react with water and oxygen (Fig. 1-9 [58]). 

Some recent experiments have assessed its surface reaction with the ambient environment 

and further work is expected to reveal this unstable nature of the material [59].  

 

 

 

 

 

 

 

 

 

 

 

1.1.4 Hexagonal Boron Nitride 

 Hexagonal boron nitride (hBN) is a III-V compound insulator with a wide indirect 

bandgap around 6 eV [60]. It has a similar honeycomb structure to graphene except it is 

composed of alternating boron and nitrogen atoms. The hBN also has good mechanical 

strength and thermal/chemical stability. More importantly, it is experimentally suggested 

that graphene and other 2D semiconductors demonstrate remarkable mobility with hBN 

compared to other dielectrics due to their flat and low-impurity surfaces [61]. For these 

 

Figure 1-9. Optical images for mechanically exfoliated black 

phosphorus as time elapses. 
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reasons, hBN is widely used as dielectric material or physical protection coating in 2D 

material transistors and heterostructures [62-65]. 

 The first CVD growth of monolayer hBN was developed by Kong’s group in 2012, 

using ammonia borane as precursor under LPCVD on copper foil [66]. Other CVD growth 

methods for hBN also exist using precursors such as borazine [67]. Figure 1-10 consists of 

an AFM image of hBN [62] and a graphene-hBN transistor device demonstration [63]. 

 

1.2 Ferroelectric Materials 

1.2.1 Polarization in Ferroelectric Materials 

As an important feature of ferroelectric material, the spontaneous polarization in 

ferroelectric (FE) material is a non-volatile property. The polarization value could be used 

to represent different states in the layer and the distributed charge could electrically interact 

 

Figure 1-10. (a) CVD-grown hBN under AFM scanning. (b) Graphene transistor structure and transfer 

characteristics with hBN as top gate dielectric. 

ba
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with the nearby material. In this section, a brief explanation for the origin of ferroelectricity 

is presented. 

 Material’s electrical polarity is reflected by the separation of the positive and negative 

charges within, called electrical dipole moment. A pair of positive and negative charge (+q 

and -q) separated by distance d has polarization pointing from negative charge to positive 

charge with amplitude P = qd (Fig. 1-11a). Polarization introduces an electric field. For a 

capacitor with dielectric between two metal plates, if external electric field E0 is applied 

between the two plates, uniform polarization P = χε0E would be induced, where χ is the 

material’s dielectric susceptibility. Within the dielectric, depolarization field E1 is generated 

against the external field due to the induced polarization (Fig. 1-11b). The polarizability of 

material could be attributed to different factors: electronic polarization (displacements 

between nucleus and electronic shell), ionic polarization (displacements between ions), 

dipolar polarization (change of molecules with permanent dipole moment in electric field), 

and interfacial polarization (accumulation of charge at interface between materials or 

regions) [68-70]. 

 

Figure 1-11. (a) Demonstration of electric polarization’s magnitude and direction. (b) Polarization 
induced in capacitor. 
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Ferroelectric materials are characterized as materials which exhibit robust and 

reversible spontaneous electrical polarization. The word “spontaneous” may mean that the 

polarization has a nonzero value in the absence of an applied electric field [68], which 

distinguish it from normal dielectric material. Ferroelectricity is a subset of pyroelectricity 

which describes spontaneous dielectric polarization from change of temperature [71].  If the 

dielectric material in external electrical field is normal dielectric, polarization within will 

disappear upon removal of the external field. However, if the dielectric is ferroelectric, 

partial polarization would remain even after the removal of external field if the field was 

large enough to orient the domains within it, and its amplitude and direction could depend 

both current external field and its previous state. Figure 1-12 exhibits a P – E diagram with 

double sweep of external electric field, which would indicate hysteresis if the dielectric 

material is ferroelectric, while a simple linear relationship is found if the dielectric material 

is non-ferroelectric. 

 

 

 

 

 

  

Figure 1-12. P-E diagram for (a) normal and (b) ferroelectric material with direction 

of hysteresis labeled. 

 

ba
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Ferroelectric materials have three important metrics, which are discussed as follows 

[68, 72]: 

 1. Remanent polarization (Pr): As we introduced, the polarization’s direction and 

amplitude within ferroelectric material domains could be switched or changed by the 

external field. When the external field drops to zero, ferroelectric material remains polarized 

and this remaining polarization is called remanent polarization (Pr) [73]. Remanent 

polarization depends on the polarization states prior to external field application, and the 

applied external field’s shape, amplitude, width, etc. A field with an amplitude higher than 

coercive field is required to “flip” and switch part or all of the domains’ polarization in 

ferroelectric material. An external field lower than coercive voltage would not change the 

remanent polarization since only field-induced polarization is present and it disappears after 

field removal (like in normal dielectric layer).  

 2. Retention: The dipoles within ferroelectric layer tends to relax and depolarize as 

time elapses and remanent polarization decreases. Retention describes the ability of 

ferroelectric layer to retain the sign and magnitude of remanent polarization after writing 

with external field [74]. Retention time describes the duration a ferroelectric layer could 

maintain its remanent polarization until it drops to zero. The retention of a ferroelectric 

layer in a capacitor structure not only depends on the composition of the ferroelectric 

material and working environment (e.g. temperature), but also on the adjacent materials. 

 3. Endurance: For storage purposes, a ferroelectric layer needs to be written into 

different states (represented by the direction and amount of polarization). After repetitive 

writing pulses, ferroelectric material is subject to potential “fatigue effect” (a lowered 
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remanent polarization after repetitive writing pulses) and may even break down, losing its 

ferroelectric properties. Endurance measures the number of cycles of consecutive opposite 

writing with pulses above coercive voltage that the ferroelectric layer could sustain before 

breaking down. 

Ferroelectric materials were discovered in 1920 in the form of bulk single crystals of 

Rochelle salt. Traditional oxide ferroelectric materials include NH4H2PO4 (ADP), 

KH2PO4 (KDP), LiNbO3 (LN), LiTaO3 (LT), BaTiO3 (BT), PbTiO3 (PT), Pb (Zr,Ti) O3 (PZT), 

(Pb,La)TiO3 (PLT), SrBi2Ta2O9 (SBT) and (Pb,La)(Zr,Ti)O3 (PLZT)), etc., developed in the 

form of bulk single-crystal and bulk polycrystalline ceramics. Various techniques (MBE, PVD, 

CVD) could be used for ferroelectric thin film deposition  [75]. In addition to complex oxides, 

ferroelectric materials are also found in other material classes, like polymer (Polyvinylidene 

fluoride, or PVDF) and 2D materials (CuInP2S6 and In2Se3). Ferroelectric materials usually 

only demonstrated their ferroelectric properties below certain temperature (Curie 

temperature) [68]. Nowadays, traditional ferroelectric materials mainly refer to complex 

perovskites, such as lead zirconate titanate (PZT), strontium bismuth tantalate (SBT), and 

lead magnesium niobate-lead titanate (PMN-PT). They have been widely used in 

ferroelectric devices [76, 77]. However, these traditional ferroelectric materials have a 

limitation in thickness scaling and are not compatible with CMOS processes. In the last few 

years, doped metal oxides, including hafnium oxide (HfO2) and zirconium oxide (ZrO2), were 

found to have ferroelectric phase [78-84]. Ferroelectric HfO2 has the advantages of a high 

coercive field, excellent scalability (down to 2.5nm), and good compatibility with CMOS 

processing [84-87].  
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1.2.2 PUND Measurement 

The polarization of the ferroelectric capacitors is commonly measured using the 

positive-up–negative-down (PUND) method. The capacitors are subjected to a series of five 

pulses consisting of a preset pulse, positive switching pulse, positive non-switching pulse, 

negative switching pulse and a negative non-switching pulse, illustrated in Fig. 1-13a. The 

preset pulse set the ferroelectric HfO2 in negative spontaneous polarization –Ps state. The 

first positive pulse applied (P) will switch the polarization vector to +Ps state and the 

displacement current for this “switching” pulse will be [88]: 

 is(t) =
∂D

∂t
=

∂(ϵE+P)

∂t
                       (1-1) 

where P is the polarization due to the ferroelectric dipoles, E is the electric field, and ϵ is the 

dielectric constant of the dielectric. Since the film already polarized positively +Ps, applying 

the second positive pulse (U) will not switch the polarization, and displacement current for 

this “non-switching” pulse will be:  

ins(t) =
∂(ϵE)

∂t
                   (1-2) 

The difference between the two currents will be given by: 

                        ∆i(t) = is(t) − ins(t) =
∂P(t)

∂t
                                                       (1-3) 

Then the positive polarization (+Pr) can be extracted from P(t) = ∫ ∆i(t)dt
t

0
 (Fig. 1-13 

b [89]). Negative polarization (-Pr) is measured with same logic from N and D pulses. An 

example pulse diagram and P – E diagram are shown below (Fig. 4-13c [74]), where +Pr and 

-Pr indicates positive and negative remanent polarization, respectively, Ps refers to 

saturation polarization (when all the domains are polarized in one direction and no more 
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ferroelectric polarizarion could be added), and +Ec and -Ec means positive and negative 

coercive voltage. 

 

1.2.3 Ferroelectric Memory 

 Ferroelectric material is widely studied for application in ferroelectric random-access 

memory (FRAM) based on polarization reversal with applied electric field across the 

 

Figure 1-13. (a) Pulse schematics during a PUND measurement. (b) The two polarization half-loops calculated 

from the integration of current and positive remanent polarization calculated from the difference. (c) An example 

P-E loop with the important parameters labeled. 
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ferroelectric thin film. The non-volatile ferroelectric film stores negative or positive 

remanent polarization even after field is revoked and therefore stores computational “0” and 

“1” states [72]. Two typical FRAM structures and their working principles are shown in Fig. 

1-14 (taken with permission from website of program “feram” [90]). 

 In 1T1C (one-transistor-one-capacitor) FRAM (Fig. 1-14a), memory states are stored 

in the ferroelectric capacitor where ferroelectric layer’s polarization orientation is written 

by electric field pulse across the plate. During reading, word line turns on the transistor and 

force the plate to reach the potential from the bit line. For example, in Fig. 1-14c, if the 

capacitor upper plate charge induced from ferroelectric polarization is positive, a brief 

current pulse could be sensed when the transistor turns on and force the plate to reach a low 

potential from bit line, hence a “1” state read from the capacitor. Since this read process 

overwrites the original state from capacitor when the current pulse is captured, the cell 

needs to be reprogramed after the reading. 

 1T (one-transistor) FRAM (Fig. 1-14b) structure is similar to conventional MOSFET 

except the dielectric layer is replace with a ferroelectric layer. During write operation, gate 

(word line) provides voltage pulse exceeding coercive voltage for the ferroelectric layer and 

program it into either an “up” or a “down” state depending on the remanent polarization 

orientation. The induced doping in channel therefore determined either the transistor would 

be on or off states with zero gate voltage. In this process, the read operation by sensing 

current in the channel is non-destructive and no reprogramming is required, while its main 

disadvantage is that the achievable retention time in current devices is very limited [91]. 
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1.2.4 2D Material Electronic Devices with Ferroelectric Dielectrics 

2D materials have been combined with ferroelectric materials to make electronic 

devices in recent years. The non-volatile ferroelectric polarization is utilized for doping the 

2D materials through electrostatic force. The doping level is determined by the remanent 

polarization, which could be adjusted to different levels by programming pulse conditions. 

Beaumer et al. studied the bidirectional interdependency between graphene doping 

level and ferroelectric polarization in their graphene/PbZr0.2Ti0.8O3 hybrid structure [92]. In 

 

Figure 1-14. (a) FRAM with 1T1C structure. (b) FRAM with 1T structure. (c) Circuit diagram for 1T1C 

FRAM. (d) Circuit diagram for 1T FRAM. 
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their work, single-layer CVD graphene was transferred onto laser deposition grown 140 nm 

PbZr0.2Ti0.8O3 (FE layer)/60 nm SrRuO3/SrTiO3 (bottom electrode) substrate and Pd contacts 

are used (Fig. 1-15a inset [92]). The control FE capacitor sample with graphene between top 

electrode and FE layer indicates a 2Pr remanent polarization ~ 23 μC/cm2 with ~ 2.44 V 

coercive voltage and ~ 0.5 ms pulse duration. 

 Due to the interfacial traps induced by H2O or other absorbates between 2D material 

and dielectric interface, a clockwise hysteresis in Id-Vg double-sweep curve is usually 

observed due to the trapped charges at interface [93]. In ferroelectric FET, this phenomenon 

is competing with the signature counterclockwise hysteresis in the Id-Vg curve due to 

induced polarization switching if sweeping Vg exceeds coercive voltage of the ferroelectric 

layer. With a slow gate sweeping, the authors found an Id drop deviating from traditional “V-

shape” curve in non-ferroelectric graphene FET at around coercive voltage (Fig. 1-15a) and 

suggest it is due to the ferroelectric polarization switching, which is also observed in the gate 

 
 

Figure 1-15. (a) Complex ID−VG characteristic for large gate voltages with a drain voltage of 50 mV and a 

gate voltage sweep rate of 0.0187 V/s. Inset: Schematic of a graphene transistor on PbZr0.2Ti0.8O3. (b) 

Gate current measured simultaneously to (a). Insets: Schematics of the ferroelectric polarization for 

different gate voltage regimes. 
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current peak at around same location (Fig. 1-15b). The Dirac point shift indicates an overall 

p-doping from gate-induced traps. 

With increasing speed of gate sweeping, the influence from slow interfacial traps is 

reduced, a gradually diminishing p-doping is observed from the Dirac voltage shift until n-

doping and a counterclockwise hysteresis loop is found, which could only be explained by 

ferroelectric polarization switching in PZT (Fig. 1-16 [92]). 

 At last, the author demonstrated that, by managing the interfacial trap level (through 

high temperature annealing for hours) and ferroelectric polarization in the same device, 

their FE FET could demonstrate an Id-Vg curve with different polarity through the channel 

carrier modulation, shown and explained in Fig. 1-17a [92]. In addition, with a constant drain 

voltage on and gate pulse schematics in Fig. 1-17b [92], the repetitive and consistent 

intrinsic/n-type device switching, and programming is realized, as a combined effect from 

ferroelectric layer polarization and reduced interfacial absorbates level. 

 
 

Figure 1-16. (a) Complex ID−VG characteristics of another graphene/PZT transistor for two representative 

sweep rates as indicated and offset for clarity. (b) Sweep-rate dependent position of the current minima 

defined as the Dirac point voltage in the forward (orange, filled diamonds) and reverse sweep (blue, open 

squares). The dotted line represents zero gate voltage and separates the regimes of n- and p-doping.  
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Another notable ferroelectric FET study is done by Lipatov et al. [94]. In their MoS2-

PZT FET structure (Fig. 1-18 [94]), mechanically exfoliated few-layer MoS2 was transferred 

with PMMA on to 100 nm polycrystalline (001) oriented tetragonal PbZt0.4Ti0.6O3 grown by 

metal-organic chemical vapor deposition covered by conductive TiO2/Ir layer used as back 

gate. With a moderate bandgap channel material, their device shows large hysteresis of 

electronic transport with high on/off ratios, nondestructive data readout, low operation 

voltage, and wide memory window. Besides, their device exhibits possibility to write and 

erase the ferroelectric states both electrically and optically and therefor provides instant 

optical erase of large data arrays that is unavailable for many conventional memories. 

 
 

Figure 1-17. (a) Small gate voltage sweeps not exceeding the coercive voltage measured after 1 ms gate voltage 

pulses. p-type, nearly intrinsic, and n-type behavior can be observed after a −5 V pulse in air (orange, filled 

diamonds), a −5 V pulse in vacuum (red, open diamonds), and a +5 V pulse in vacuum (green, open squares), 

respectively. (b) Multiple gate voltage pulses applied to a similar device in air (upper panel) and resulting 

reversible and reproducible switching between a highly p-doped state for the down-polarized state and a nearly 

intrinsic level for the up-polarized case.  
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 From a direct Id-Vg sweep at different speed, while the author confirmed Id and Ig local 

peaks from ferroelectric polarization switching (Fig. 1-19a and b [94]), the clockwise 

hysteresis from interfacial trap in this work overcomes the counterclockwise hysteresis 

from ferroelectric polarization (Fig. 1-19a [94]). As a result, a set of current measurements 

for the device at zero gate voltage 5 mins after different gate pulse values (Fig. 1-19c [94]) 

from -6V to 6V is designed to eliminate the major influence from the trap charges after their 

dissipation. The result current after different level of gate pulses clearly indicates the 

different levels of current level and channel doping from polarization switching (Fig. 1-19d 

[94]). The hysteresis suggests a wide memory window for zero-gate current measurement. 

While this dissipation time limits the operation frequency between write/read in the 

memory and leads to unstable device performance depending on the trap charge dissipation, 

the authors obtained a long-term on/off ratio for zero-gate current around 22 and endurance 

~ 500 cycles between 1ms +6V and -6V write/erase gate pulses. 

The moderate bandgap of MoS2 enables a new approach to alter the polarization in 

ferroelectric layer due to its optoelectronic property. When the structure is illuminated with 

 
Figure 1-18. MoS2 – PZT FEFET structure. 
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visible light, the photo-generated charge carriers in MoS2 channel could affect the 

polarization of the PZT beneath. Figure 1-20 [94] shows that the stabilized zero-gate current 

level after 1 ms +6 V (erase) and -6 V (write) in dark environment would be degraded into 

an intermediate level that is indistinguishable after 5 mins of 150 W halogen bulb 

illumination. This intermediate state is close to the original “on” state and thus illumination 

could be used to “write” the device to “on” state, in addition to the electric pulse write option. 

 

 

 
 

Figure 1-19. Electronic properties of a MoS2-PZT FEFET with VDS = 0.1 V. (a) IDS-VG characteristics. The arrows 

in the insets show the polarization directions of PZT at different VG, which were determined from PFM control 

sample measurements. (b) VG dependence of the drain-gate (leakage) current (IDG-VG measurements) for the 

same device. (c) Scheme of the electrical measurements revealing the polarization-dependent hysteresis of 

electronic transport in MoS2-PZT FEFETs (d) IDS-VG characteristics for the same device measured using the 

method shown in (c). Black data points show IDS values while VG was applied. Red data points show IDS values 

measured at grounded gate voltage (VG = 0) 5 min after the corresponding gate voltages were applied. Arrows 

indicate the directions of hysteresis. 
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Other than graphene and MoS2 on PZT, ferroelectric memory device with memory 

window from polarization-induced threshold voltage shift has also been fabricated with 

graphene and black phosphorus with PVDF ferroelectric polymer, which has comparable 

thickness to PZT layer but with smaller remanent polarization value [95, 96]. Other than 

back gate FET structure, 2D van der Waals heterostructure stack based on 2D ferroelectric 

material CuInP2S6 and MoS2 could  also exhibit different traces for signature in transfer 

characteristics of FRAM [97]. A previous study done by our research group [98] 

demonstrated that Al-doped HfO2 ferroelectric floating gate FET structure (Fig. 1-21) could 

successfully modulate the doping level in MoS2 channel with the help of Ti intermediate gate 

(Fig. 1-22). These works provide valuable references toward our image classifier based on 

ferroelectric layer modulation.  

 

 
Figure 1-20. Effect of visible light illumination on the data retention 

characteristics of a MoS2-PZT FEFET. 
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Figure 1-21. structure of MoS2 Al-doped HfO2 

ferroelectric floating gate FET. 

 
Figure 1-22. (a)(b) A sweep gate voltage below (7V) and above (10V) coercive voltage generates 

clockwise/counterclockwise transfer characteristic hysteresis, indicating the interfacial trap/ferroelectric 

switching dominant processes. (c)(d) A gate pulse amplitude below (±7V) and above (±10V) coercive voltage 

generates opposite doping in channel, indicating the interfacial trap/ferroelectric switching dominant 

processes.  
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Chapter 2   Experimental Details 

 

In this chapter, we discuss the experimental details including 

synthesis/characterization of 2D materials and fabrication of 2D material-based electronic 

devices. These processes include material yielding (CVD growth/mechanical exfoliation), 

identification, and transfer (bulk mass transfer or target transfer), along with device 

fabrication techniques (lithography, metal deposition and/or dielectric growth). 

Compared to mature III-V material, Ge or Si growth techniques used in wafer-scale 

substrates, 2D material used in electronic devices for research nowadays is usually cleaved 

from bulk crystal (mechanical transfer) or taken as a membrane from corresponding CVD 

substrate (wet transfer). In general, mechanically transferred 2D material flakes are 

relatively intact but their shapes and thickness are more random and uncontrollable due to 

the irreproducible process while splitting the bulk material into fragmented pieces. Sizes of 

these 2D material flakes are hence typically small. On the other hand, CVD-grown material 

provides the possibility for a larger (even wafer-scale) area of continuous material and the 

thickness of the flakes is more consistent through growth parameters (growth seeds, gas 

flow, temperature, time, etc.). But the material is likely to suffer from quality issues from the 

growth process and following transfer process with chemical etchant involved. Typically, for 

both material sources, they need to be transferred (from either bulk material or growth 

substrate) to dielectric substrates (SiO2, quartz) to be further utilized in devices. 
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2.1 Exfoliation and Mechanical Transfer 

 The method to yield “Scotch-tape graphene” used in the very first graphene transistor 

is widely known and forms the basis for the mechanical transfer method. For mass printing, 

magic tape or thermal-release tape is commonly used in labs. The following process 

describes typical steps for mechanical cleavage and transfer of 2D material from bulk crystal 

onto SiO2 wafer or other substrates [99]. 

 A wafer with 90 nm or around 280 ~ 300 nm SiO2 thickness is preferred for visible 

contrast between substrate and transferred 2D material flakes [100]. Acetone/IPA cleaning 

followed by N2 air gun blow-dry is often applied, preferably with sonication treatment. In 

many cases, Piranha solution (sulfuric acid to 30% hydrogen peroxide with 3:1 ratio in 

volume) cleaning and oxygen plasma etching are also applied to clean the wafer and promote 

adhesion between flakes and substrate [101]. The process should be finished within ~1 hour 

after substrate pre-treatment for enhanced transfer rate. In some special applications, 

quartz wafer or flexible polyimide substrates may be used to eliminate potential parasitic 

effects, depending on the device specification and requirements. 

Then, a small piece of 2D material crystal is placed gently on the adhesive side of a 

piece of Scotch-tape/thermal release tape. Lay another piece of tape smoothly on previous 

tape to enclose the crystal piece in both tapes. Adhere tapes completely and uniformly. Split 

the tapes slowly from each other to exfoliate the flakes in the middle. During the exfoliation, 

maintain steady and slow speed ~ 1 mm per second. A small angle should be kept between 

the two tapes during the process and tension should be applied along the tape. This splitting 

process should be repeated several times to split the original crystal into thinner parts, either 
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between the same two original tapes, or with the help of new tapes. After crystals become 

sufficiently thin and cover a moderate area of the tape after several times of splitting, print 

the tape with thinnest flakes gently on the prepared substrate. Apply tension along the tape 

to make the contact between substrate and tape flat and uniform. Press gently to ensure 

sufficient contact. 

 Tape is the peeled away from the substrate after ~ 30 s of contact. Similarly, 

exfoliation speed should be slow (~ 1 mm/sec) and tension should be exerted along the tape 

as well. A small angle between tape and substrate is important to a high yield of thin flakes 

on the target substrate. If thermal release tape is used, substrate with tape is placed on a hot 

plate, where a typical ~ 120 °C temperature heats up the thermal release tape and curl it up 

to separate the tape from the substrate. This whole series of steps should be done with gloves 

on to minimized potential contamination. A glovebox could also help to reduce the 

degradation for air-sensitive 2D materials. Since the crystal shape is random at the beginning 

and the exfoliation process is arbitrary, it is very hard to precisely control the size and shape 

of the resulting 2D material flake. However, this method or many other recipes tend to yield 

large amount of atomically thin flakes of interest among thick crystal fragments. In order to 

better understand the unique two-dimensional properties of the material, various inspection 

techniques are required to locate appropriate flakes (for characterization or device 

fabrication) on the substrate. Since many flakes of varying size, thickness and shape are 

distributed on the substrate at the same time and we need to inspect the whole area in search 

of a target flake of interest (usually one or a few layers), this is an example of a bottom-up 

procedure. 
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 Although the method above provides a standard way to produce large amount of 

thinned down flakes, in many cases, we require our 2D material flake to be at specific sites 

on the substrate instead of random locations. For example, if a heterostructure stacking 

different 2D material flakes is proposed, we need to transfer the second layer of material 

exactly on the first target flake layer. While the first layer of material could be mass printed 

on the substrate using the method described in last section, a targeting transfer is required 

to place the second layer on top of the first layer. 

The key to accomplish such a goal is an appropriate transfer medium (usually some 

sacrificial adhesive solid/liquid chemical compound) which picks up the 2D material flakes 

from the tape or growth substrate. Then with help of the mechanical stage, the medium with 

flakes could be moved precisely and printed onto the target transfer area. Microscopes are 

often used to ensure accurate alignment before the contact between flakes on the medium 

and the target area on the substrate. The medium is then removed, leaving the transferred 

flake on the substrate. 

In the past, the wedging method, polyvinylalcohol (PVA) method and Evalcite method 

have been used to place 2D material flakes on the target position [61, 102, 103]. The wedging 

method uses water as the transfer-active agent to lift off the spin-coated hydrophobic 

polymer layer on hydrophilic substrate. If 2D material flakes on the hydrophilic surface are 

partially taken away by the hydrophobic layer, they can then be transferred elsewhere. The 

sacrificial layer needs to be removed by solvent after transfer. In the PVA method, flakes are 

transferred onto polymer sacrificial layer from substrate after the water soluble PVA 

polymer layer is dissolved in water. The sacrificial layer is then scooped up and mounted 
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onto the manipulator for transfer. It also needs to be removed after transfer is done. The 

Evalcite method makes use of low glass temperature polymer, which is applied between the 

glass slide and picked-up flakes. After flakes on the glass slide are moved to the desired 

location, heat is applied and the polymer melts, leaving flakes to drop easily on the acceptor 

substrate. In all these methods, chemicals from the sacrificial layer are involved and might 

degrade the crystal quality and give a rise to capillary force. 

Compared to these wet agent transfer methods, dry transfer methods use solidated 

viscoelastic material as the transfer medium (“stamp”) to carry the 2D material flakes 

without sacrificial layer dissolutions and they are low-cost, efficient and wet-chemical-free. 

Most dry transfer stamps are made of elastomer-based materials (polydimethylsiloxane, or 

PDMS, for example). For the dry transfer procedures used in our device fabrication based on 

Gelfilm (a polysiloxane based material similar to PDMS film)  [104], the small piece of 2D 

material is first split into thinner flakes using methods described earlier. The flakes are then 

printed on the Gelfilm instead of SiO2 substrates. Gelfilm is then observed under optical 

microscope so that flake with ideal size/thickness is located. The area of interest is then cut 

out and mounted on glass slide. A micromanipulator is then used to align the glass slide with 

target flake onto target area on the substrate. After the Gelfilm is brought into proximity with 

the substrate, continuous X-Y adjustment of the manipulator aligns the target flake on the 

Gelfilm to the target area on the substrate until flakes approach substrates in Z direction. 

Focus on the substrate and observe the alignment of target flake and target area while film 

starts to from contacts with substrate. The contrast between contacting and non-contacting 

regions during stamping could be easily differentiated by the contrast due to air gap. After 

complete adhesion is maintained for ~ 30 s, apply heat on the substrate to soften and lower 
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the viscosity of the Gelfilm to facilitate dropping the 2D material onto the substrate. Lift and 

remove the glass slide quickly afterwards and inspect the substrate.  

After 2D material flakes are transferred onto acceptor substrates, it is necessary to 

confirm their shape, size, thickness, and contact with substrate to ensure that proposed 

structures would be appropriately fabricated. In our work here, we mostly use optical 

microscope with camera and AFM to fulfill such tasks. 

 

2.2 CVD Graphene and Wet Transfer 

The previous section demonstrates how to extract 2D material flakes from bulk 

crystal. Instead of bulk synthesis, 2D material could also be grown with few layers on specific 

substrates (such as CVD graphene on copper/nickel films) and requires “peeling off” to be 

transferred onto other substrates for further characterization or device fabrication. Taking 

single-layer graphene grown on copper foil as an example, the following wet transfer steps 

provides a way to obtain CVD grown few layer 2D material on desired substrate. Note that 

the chemical (PMMA and copper etchant) may damage the grown layer’s quality. 

After transparent single-layer graphene is grown on both sides of the copper foil [33], 

PMMA is spun on top of graphene on one side, usually the outer surface during CVD process. 

A piece of PMMA/graphene/Cu/graphene stack is then put to float on copper etchant (FeCl3) 

in a beaker. After ~ 2 mins of floating, the graphene on back side (not protected by PMMA) 

are disappearing due to the partial copper removal. Repetitive rinsing between DI water 

beaker and copper etchant beaker should remove the copper and graphene on one side 

completely after ~ 10 mins etching. A silicon wafer piece is used to scoop and transfer the 
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PMMA/graphene stack between beakers. Then the graphene/PMMA membrane is rinsed 

thoroughly in DI water before the desired substrate is used to scoop it up, leaving conformal 

single layer of graphene on substrate surface after gentle nitrogen gun blow and water 

evaporation. Acetone is then used to remove the PMMA sacrificial layer. Note that the 

chemical residue (PMMA and copper etchant) may degrade the material layer’s quality. The 

cross section for the structure during this series of operation is shown in Fig. 2-1. 

Compared to the mechanical exfoliation, the CVD layer wet transfer brings the 

possibility for large-scale and uniform 2D material coverage. Oxygen plasma against a 

photoresist layer could then selectively etch the graphene layer for device patterns. 

 

2.3 Identifying the Transferred 2D Materials 

After 2D material flakes are transferred onto acceptor substrates, it is necessary to 

confirm their shape, size, thickness, and contact with substrate to ensure that proposed 

structures would be appropriately fabricated. An optical microscope is the most accessible 

 

Figure 2-1. CVD graphene cross section during procedures described in Section 2.2. 
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and low-cost tool for rough inspection. Color contrast between the substrate and flakes 

transferred reveals the thickness. For atomic layers of 2D material, the color difference is 

barely visible. It generally holds that the thinner the layer, the lighter the contrast. For thick 

crystals among all the flakes transferred, their color ranged from green, to purple, to red, and 

to yellow, depending on specific material and thickness. An image process tool such as 

ImageJ could be used to numerically calculate the contrast between material body and 

substrate, providing a more reliable tool to determine material thickness [100]. Two 

example graphene optical images are shown below in Fig. 2-2. 

Raman spectroscopy and atomic-force microscopy (AFM) are widely used to 

determine the precise thickness of material. Specifically, the peak location and height of the 

Raman signal (with an example in Fig. 2-3 [41]) are signatures of the material since it reflects 

the unique vibration mode within the material and hence the interaction with incoming 

photons. Even for identical 2D material, samples with different thickness will slightly affect 

the peaks’ relative location and height [41, 105].  AFM is commonly used to measure the 

thickness of the 2D flakes.  Two-dimensional material has typical layer thickness from 0.4 

 

Figure 2-2. (a) Mechanically exfoliated single-layer graphene (upright corner). Flake area with deeper color 

is multi-layer graphite. (b) Wet transferred CVD grown single-layer graphene (green area). Stripes on CVD-

grown graphene are likely results from wet chemical etching and PMMA residue. 
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nm to 1 nm [7, 37]. Figure 2-4 demonstrates a set of AFM data for a ~ 5-layer hexagonal 

boron nitride.  Other identification methods include scanning electron microscopy (SEM), 

transmission electron microscopy (TEM), X-ray diffraction (XRD), etc., and are applied in 

various cases with different strengths and limitations [106]. 

 

Figure 2-3. (a) Raman signals from different thickness of MoS2 and (b) tool setup. 

 

 

Figure 2-4. AFM data for a 5-layer hBN. (a) Top view with color depth representing thickness in each region. (b) 

Line scan indicating the thickness along the red scan line in (a). (c) 3D rendered view. 
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2.4 Device Fabrication 

As in other traditional semiconductor devices, optical and/or e-beam lithography can 

be used to pattern the structure layer with corresponding etching or metal deposition/lift-

off. For example, if we need to form a specific dimension for the graphene channel in our FET 

or capacitor devices, an AZ photoresist pattern by regular optical lithography could be used 

as a mask to protect the channel beneath it while oxygen plasma could etch away the 

excessive part from our transferred 2D material flake or CVD layer. With the help of 

alignment marks on the wafer substrate, we could also align the physical location of the 2D 

material on a wafer with the mask designed by computer for e-beam lithography. Metal 

contacts are often designed this way prior to e-beam evaporation with lift-off due to the 

random position, size and shape of the 2D material flakes on the substrate. 

Another common step involved in the construction of electronic devices is deposition 

of dielectrics. For 2D material devices, this could be done with a conventional dielectric 

growth method (atomic layer deposition of aluminum oxide/hafnium oxide, low pressure 

chemical vapor deposition of silicon nitride, etc.) or targeting transfer of a 2D insulator. Some 

channel materials, such as black phosphorus, are sensitive to high temperature and special 

treatment or an alternative path needs to be considered. 
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Chapter 3   Electrical Characterization of 2D Materials 

 

Electrical characterization of capacitors and transistors based on 2D materials can 

provide important information on the material properties. In the past, most of the electrical 

characterization of 2D electronic devices is based on direct-current (DC) measurements. In 

this chapter we show that alternating-current (AC) measurements can provide unique 

insights on the properties of 2D crystals. More specifically, we show that the bandgap and 

the gap states of 2D materials can be extracted from capacitance and AC conductance 

measured at various temperatures. This information is critical for designing and optimizing 

electronic devices such as transistors, tunneling field-effect transistors (TFETs) and 

resonant tunneling diodes (RTDs) based on 2D materials. (Contents of this chapter was 

previously published in Applied Physics Letters [107] and is used here with permission) 

 

3.1 Characterization of the Bandgap of Black Phosphorus 

 The bandgap of black phosphorus (BP) is widely tunable, depending on the number 

of layers, external electric field and strain. Since the bandgap of black phosphorus is very 

narrow, it is difficult to measure using the standard photoluminescence and absorption 

spectroscopy in visible range.  In this work, we propose a new approach to extract the 

bandgap of black phosphorus, using capacitance measured at various temperatures and 

frequencies. From the transition frequency or transition temperature, where the C-V 

changes from high-frequency to low-frequency behavior, we can extract the bandgap 

information. Using this method, we extracted the bandgap of the black phosphorus with 50 
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nm thickness as 0.30 eV. For comparison, we also extracted the bandgap of the black 

phosphorus using minimum conductance and threshold voltage methods, and the results are 

consistent with those of the C-V method. This C-V method can overcome the wavelength 

limitation of the photoluminescence measurement and spatial resolution limitation of 

Fourier transform infrared spectroscopy (FTIR). Another advantage of this C-V method is 

that the extracted bandgap is unaffected by the contact resistance and device area, making it 

reliable and convenient in determining the bandgap of narrow bandgap materials.  

Black phosphorus has direct and tunable bandgap from 0.3 eV (bulk) to 1.4 eV 

(monolayer), corresponding to a broad energy spectrum from infrared to visible frequency 

range, which opens up a wide range of applications in photonics [56, 108-112]. The bandgap 

of the black phosphorus with layer number larger than five is less than 0.7 eV based on the 

density function theory (DFT) calculation [109, 113]. This narrow bandgap is beyond the 

wavelength range for most of the spectrometers in the photoluminescence (PL) 

measurements. In addition, the bandgap measured using PL is the optical gap, which is lower 

than the electronic bandgap due to the exciton binding energy. Recently, bandgap extractions 

based on current voltage (I-V) measurements using a Schottky metal-oxide field-effect- 

transistor (MOSFET) model were demonstrated, which can measure the transport gap 

directly [111, 112]. However, the accuracy of this method is highly dependent on the quality 

and the geometry of the devices, where the trap-assisted tunneling current and non-

negligible resistance along the channel can cause errors in the extracted bandgap values. In 

this chapter, we propose a new method to extract the bandgap of the black phosphorus using 

the C-V method and compare it with the bandgap extracted using minimum conductance and 

threshold voltage methods. 
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3.1.1 Experiments 

The black phosphorus capacitors were fabricated on quartz substrates to eliminate 

the potential parasitic capacitance between the probe pads and substrates. The black 

phosphorus flakes were exfoliated from bulk crystal and stacked onto the bottom metal 

electrodes using aligned dry transfer [104]. Hexagonal boron nitride (BN) was exfoliated 

from bulk crystal and used as the dielectric in the capacitor.  C-V measurements were 

performed in vacuum at frequencies ranging from 10 kHz to 4 MHz and at temperatures 

ranging from 6 K to 300 K. Ti/Au (5nm/25nm) was deposited to form source and drain 

contacts in the BP transistors. The top gate dielectric is ~ 30 nm HfO2 deposited by atomic 

layer deposition (ALD).  

 

3.1.2 Results and Discussion 

The device structure of a black phosphorus capacitor is illustrated in Fig. 3-1a. The 

BN thickness is ~ 32 nm and the black phosphorus thickness is ~ 50 nm. The multi-frequency 

C-Vs of the BP/BN capacitor measured at 300 K are shown in Fig. 3-1b. Here, the capacitance 

of the device, C, is normalized with respect to the gate dielectric capacitance, Cox. At 63 kHz 

measurement frequency, the C-V shows a typical low-frequency C-V behavior, where a local 

minimum is exhibited near the threshold voltage. As the frequency increases, the inversion 

capacitance decreases because the minority carriers in the inversion layer have more 

difficulty following the fast AC signal. At 4 MHz, the semiconductor capacitance shows high-

frequency C-V behavior, where the inversion capacitance remains at minimum capacitance 

even beyond threshold voltage.   
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This transition from high- to low-frequency behavior is also observed in the 

temperature dependence of the capacitances. Figure 3-1c shows the C-Vs for BP/BN 

capacitors measured at 1 MHz from 8 K to 300 K. We can see that there is large temperature 

dispersion in the inversion over this temperature range. At low temperature (8 K), the 

minority carriers could not follow the 1 MHz signal; thus, a high-frequency behavior is 

observed. However, as temperature increases, minority carriers begin to follow because the 

generation and recombination rates (Ggr) increase with temperature, so that the carrier 

response time (τR = CD Ggr⁄ ) decreases. Here CD is the depletion capacitance of the black 

phosphorus. As a result, the C-V curves change from high- to low-frequency behavior as the 

temperature increases from 8 K to 300 K. Here we define the transition frequency or 

transition temperature as the frequency or temperature where the C-V changes from a high-

frequency to low-frequency behavior [114]. At 1 MHz frequency, the transition temperature 

is ~ 200 K for this BP capacitor, as shown in Fig. 3-1c.  

By measuring the C-Vs at various temperatures and frequencies, the temperature 

dependence of the transition frequency can be determined. The inset of Fig. 3-1d shows the 

transition frequency as a function of temperature. Assuming the minority carrier response 

is dominated by the trap assistant process, the response time (τR) is inversely proportional 

to the intrinsic carrier density (ni): τR ∝
1

ni
 [114].  Here the intrinsic carrier density can be 

expressed as: ni =  2 (
2πkT

h2
)
3/2

(mn
∗mp

∗ )
3/4

e−Eg 2kT⁄ , where mn
∗  and  mp

∗  are the effective 

masses of electrons and holes respectively, Eg  is the bandgap, h is Planck’s constant, k is 

Boltzmann’s constant, and T is the temperature. The transition frequency can be expressed 

as ftr  ≈ 1  τR⁄ .  From these equations, we can see that the transition frequency follows: 
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ftr ∝ T3/2e−Eg 2kT⁄                                            (3-1) 

By plotting  log (ftr/T
3/2) versus 1000/T, we can extract the bandgap from the slope, 

shown in Fig. 3-1d. The extracted bandgap is ~ 0.30 eV for this BP flake, which is consistent 

with the DFT calculation and the bandgaps extracted from Schottky barriers [109, 112].  

This transition frequency method provides a unique technique to extract the bandgap 

for narrow bandgap materials, such as black phosphorus. This C-V transition frequency 

technique can overcome the wavelength limit of the photoluminescence measurement and 

spatial resolution limit in Fourier transform infrared spectroscopy (FTIR). For indirect 

  
Figure 3-1. Bandgap extracted using C-V method. (a) Illustration of the BP/BN capacitors on quartz substrate. (b) 

C-Vs of the BP/BN capacitor measured at 300 K with various frequencies. (c) C-Vs of the BP/BN capacitor 

measured at 1 MHz with various temperatures. (d) Transition frequency divided by T1.5 as a function of 1000/T. 

From the slope, we extracted the bandgap of the black phosphorus to be 0.30 eV. The inset shows the transition 

frequency as a function of measurement temperature. 
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bandgap materials, since the photoluminescence signal is very weak, this electrical method 

to determine the bandgap will be very useful as well.  

It has been reported previously that the bandgap of black phosphorus can be 

determined by minimum conductance. To compare the bandgaps extracted using these two 

methods, we fabricated BP transistors (with Al2O3 dielectric) by same transfer and 

fabrications techniques and measured the temperature dependence of the transfer 

characteristics. Since the thickness of the BP flakes is typically above 30 nm and the flakes 

are exfoliated from the same crystal, we expect that they will have similar bandgaps [115]. 

The transfer characteristics of the BP transistors are shown in Fig. 3-2a. The motilities for 

holes and electrons are extracted from the linear regions of the transfer curves at the hole 

and electron branches respectively. The hole and electron mobilities are plotted as a function 

of temperature shown in Fig. 3-2b and the inset of Fig. 3-2b respectively. By fitting the 

temperature dependence of the mobility using the equation µ ∝  T−г [116], we determine 

the г factor of this sample as 0.56 for hole mobility and 2.44 for electron mobility. The 

minimum conductance as a function of temperature is shown in Fig. 3-2c. The conductance 

(σ) can be expressed as: σ =  q(nμe  +  pμh), where n and p are the carrier concentrations 

for electrons and holes, μe and  μh are the mobilities for electrons and holes, respectively. 

When the conductance reaches minimum, we have 
∂σ

∂p
= 0 . Considering np = ni

2 , we can 

derive that the minimum conductance: 

σmin  =  2qni √μeμh                                    (3-2) 
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Since the intrinsic carrier concentration ni ∝ T3/2e−Eg 2kT⁄ and √μeμh ∝ T−3/2 based 

on the г factors extracted in our sample, the minimum conductance follows σmin  ∝ e−Eg 2kT⁄ . 

The BP bandgap could then be extracted from the plot of ln (σmin) versus (1/𝑇), as shown in 

Fig. 3-2d. The extracted bandgap of the BP flake is ~ 0.30 eV, which is consistent with the 

result extracted from the C-V methods.  

      Another reported method to extract bandgap using IV measurement is based on the 

threshold voltages and subthreshold swing [117-119]. A transfer curve in semi-log scale is 

drawn in Fig. 3-3a and the band diagrams at the threshold voltages for the electron and hole 

 

Figure 3-2. Bandgap extracted using minimum conductance method. (a) Ambipolar transfer characteristics of 

the BP transistor measured from 140 K to 300 K. (b) Effective hole mobility as a function of temperature. The 

inset shows the effective electron mobility as a function of temperature.  (c) Minimum conductance as a 

function of temperature. (d) The bandgap of the black phosphorus extracted from the ln (𝜎𝑚𝑖𝑛) versus (1/𝑇) 

plot is ~ 0.30 eV. 
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branches are illustrated in the insets of Fig. 3-3a. When the Fermi level in the source 

electrode is lined up with the conduction band edge of the semiconductor channel, the gate 

voltage applied on the channel is defined as threshold voltage for the electron branch, Vth−n. 

When the Fermi level in the drain electrode is lined up with the valence band edge of the 

semiconductor channel, the gate voltage applied on the channel is defined as threshold 

voltage for the hole branch,  Vth−p  The subthreshold swing is SS ≡ ln(10)
∂VG

∂ ln(ID)
=

kT

q
ln(10)

∂VG

∂ψs
= SSideal

∂VG

∂ψs
, where  ψs  is the surface band bending in semiconductor and 

SSideal =
kT

q
ln(10)  is the thermodynamically limited subthreshold slope. Therefore, the 

bandgap of a semiconductor can be expressed as [117, 118, 120]:  

Eg = q[
ΔVth

(SSp+SSn)/2/SSideal
]                                     (3-3) 

where q is the electron charge, ΔVth = Vth−n − Vth−p is the difference between the threshold 

voltages for electron and hole branches, and SSp and SSn are the subthreshold swings in p 

and n branches respectively. An example transfer curve measured at 300 K and the extracted 

threshold voltages are shown in Fig. 3-3b. The bandgap extracted is 0.30 eV, which is 

consistent with that extracted using C-V and minimum conductance methods discussed 

previously.  

 Among these three methods of extracting bandgap using electrical measurements, the 

C-V method uses the simplest device structure (two-terminal capacitor) and is least sensitive 

to the contact resistance. However, the C-V method is not practical for wide bandgap 

materials, since the transition temperature at the standard frequency range 

(1 kHz ~ 5 MHz) can reach > 500 oC, which exceeds the temperature range for many probe 

stations. The threshold voltage method is the easiest and fastest method; however, its 
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accuracy is undermined by the ambiguity in determining the threshold voltage in real 

devices’ transfer curves. The minimum conductance method has moderate accuracy and 

complexity for narrow bandgap materials but has very limited application in medium or 

wide bandgap materials, since the current at minimum conductance is below the detection 

level of the instrument if the bandgap is too large. 

 

3.1.3 Summary 

In conclusion, we proposed and demonstrated a new method to determine the 

bandgap of black phosphorus using C-V measurements. Based on the transition frequency, 

at which the C-V characteristics changes from high- to low-frequency behavior, we can 

extract the bandgap of the semiconductor.  A 0.30 eV bandgap is determined for thick black 

phosphorus flakes (50 nm). For comparison, we also extracted the bandgaps using minimum 

conductance and threshold voltage methods. The bandgaps extracted from the three 

 

Fig. 3-3. (a) Expected Schottky-Barrier FET Id-Vg curve for small bandgap semiconductor and low work-function 

contact metal, with threshold voltages for both the electron and the hole branches labeled. When drain voltage 

applied is very small, band diagram is almost symmetric about source and drain sides. (b) I-V curve in log scale at 

300K with extracted bandgap ~ 0.30 eV from threshold voltage difference and subthreshold swings (with vds = 

1mV).  
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methods are consistent with each other. This new method is especially useful for narrow 

and/or indirect bandgap materials, where photoluminescence measurements are beyond 

the spectrum range or detecting limit. The bandgap extracted using the C-V method is not 

affected by the contact resistance and device area, making it a convenient and accurate tool 

for charactering the bandgaps of narrow bandgap materials. 

 

3.2 Characterization of the Interface States in Black Phosphorus 

Interface traps are electrically active defects located at the interface between gate 

dielectric and semiconductors. Interface traps have energy levels within the forbidden gaps 

of the semiconductors. They are distributed with interface trap density, Dit ≡ ∂Nit ∂E⁄ , in 

units of cm-2eV-1, where Nit is the number of interface traps per unit area and E is energy. 

Interface states are capable of trapping and de-trapping charge carriers and can have an 

adverse effect on device performance. In metal oxide field-effect transistors (MOSFETs), the 

charged interface traps can reduce the carrier mobility by Coulomb scattering and thus 

reduce the drain current. The interface trap capacitance can degrade the subthreshold swing 

and reduce the on/off current ratio for a given supply voltage. In tunneling field-effect 

transistors (TFETs), the interface states can induce trap-assistant tunneling in the “off” 

states, which will increase the off-current and degrade the subthreshold swing. In Esaki 

diodes and resonant tunneling diodes (RTDs), the interface states can introduce additional 

valley currents, which will reduce the peak-to-valley current ratio and make it difficult to 

observe  negative-differential resistance (NDR) effect at room temperature [121].  

For electronic devices based on 2D materials, their performance and reliability are 

even more sensitive to the interface quality, since 2D materials have atomically thin bodies 
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and extremely large surface-to-body ratio. To ensure the technologies based on 2D materials 

are predictable, reliable and stable, it is very important to characterize and monitor the 

quality of the interface between 2D materials and gate dielectric/substrate. Among the large 

variety of 2D materials, black phosphorus and WSe2 are two promising candidates for 

electronic and photonic devices. Black phosphorus has a puckered hexagonal structure and 

anisotropic in-plane electrical and optical properties [56, 57, 122-124]. The bandgap of black 

phosphorus is direct and tunable from 0.3 eV (bulk) to 1.4 eV (monolayer) [56, 108-112]. 

The transistors based on black phosphorus show high carrier mobility (up to 5200 cm2/V-s  

at room temperature and ~ 45000 cm2/V-s  at 2 K) and good on/off ratio (~ 105) [57, 96, 

118, 125-135]. WSe2 is an important member of the transition metal dichalcogenide (TMD) 

family due to its smaller effective electron and hole masses compared to most of the other 

TMDs [47, 136]. The small effective mass implies high carrier mobilities. The hole mobility 

of WSe2 is reported to reach 500 cm2/V-s at room temperature and 2.1 × 103 cm2/V-s at 5 K 

[137, 138]. Various electronic and photonic devices based on black phosphorus and WSe2 —

including metal-oxide field-effect transistors (MOSFETs), tunneling devices, bipolar 

transistors, photodetectors, light emitting diodes, and solar cells—have been demonstrated 

[47, 96, 118, 125, 127-134, 137, 139-152]. However, there is very limited research on the 

interface properties between these 2D materials and gate dielectrics/substrates. In this 

section, we systematically study the interface states of black phosphorus and WSe2 using 

capacitance and conductance methods. We found that the C-V characteristics of black 

phosphorus and WSe2 capacitors are dramatically different due to the different sizes of the 

bandgaps. In addition, we found the interface-state density increases exponentially with gate 

voltage, when the capacitor is biased from midgap toward band edge. As the temperature 



50 
 

increases, the interface-state time constant reduces dramatically due to the increasing 

carrier thermal velocity.   

 

3.2.1 Experiments 

The metal-insulator-semiconductor-metal (MISM) capacitors based on black 

phosphorus and WSe2 were fabricated on quartz substrates to eliminate the potential 

parasitic capacitances between the probe pads and the substrates. Embedded metal 

electrodes (30 nm Ti / 20 nm Au) were formed by photolithography, e-beam metal 

evaporation and lift-off. The black phosphorus and WSe2 flakes were exfoliated from bulk 

crystals and stacked onto the bottom metal electrodes by aligned dry transfer [104]. Al2O3 

was deposited as gate dielectric using atomic layer deposition (ALD) at 200 °C [153]. The top 

electrodes were formed by photolithography, metal deposition and lift-off. The Al2O3 at the 

pad area of the bottom electrodes was removed using hot phosphoric acid in order to ensure 

good contacts. The structure of the MISM capacitor is illustrated in Fig. 3-4a. Al2O3 thickness 

is ~ 30 nm measured by profilometer on a control structure. The capacitors were measured 

in vacuum at various temperatures using a Lakeshore cryogenic probe-station. The 

capacitance and conductance of the capacitors were measured at various frequencies using 

a Keysight parameter analyzer. The equivalent circuit model of the device, simplified parallel 

model of the device and measurement model in parallel mode are illustrated in Fig. 3-4b. 
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3.2.2 Results and Discussion 

 The capacitances of the WSe2 and black phosphorus capacitors were measured as a 

function of gate voltage at various frequencies, shown in Fig. 3-5a and 3-5b, respectively. 

Here, the capacitance of the device, Cm, is normalized with respect to the gate dielectric 

capacitance, Cox.  The thickness of the black phosphorus is ~ 55 nm and the thickness of the 

WSe2 is ~ 30 nm. The gate dielectrics in both capacitors are Al2O3 grown by ALD with 

thickness of ~ 30 nm. These two sets of C-Vs are drastically different. The C-Vs of the WSe2 

capacitor are unipolar and high-frequency-like, while the C-Vs of the black phosphorus 

capacitor are ambipolar and low-frequency-like. The C-V curves of black phosphorus 

capacitor are nearly symmetric about the minimum capacitance point at gate voltage of 

around 0.4 V. Even at a very high frequency (2.5 MHz), the C-V shows low-frequency 

behavior, i.e., the capacitance at inversion is nearly as high as the capacitance at 

accumulation. These phenomena can be attributed to the narrow bandgap and low doping 

of the black phosphorus flake. The thickness of this black phosphorus flake is ~ 55 nm, which 

 

Figure 3-4. (a) Illustration of the MISM capacitor structure on quartz substrate. (b) The equivalent circuit model 

of the device, simplified parallel model of the device, and the measurement model in parallel mode. Cox is the 

gate dielectric capacitance, Cs is the semiconductor capacitance, Cit is the interface trap capacitance, and Rit is 

the resistance due to interface traps. Cp and Gp are the extracted parallel capacitance and conductance, 

respectively. Cm and Gm are the measured capacitance and conductance in parallel mode, respectively. 
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corresponds to a ~ 0.3 eV bandgap. The narrow bandgap of black phosphorus leads to a large 

number of minority carriers generated thermally at room temperature, which can effectively 

reduce the generation/recombination resistance of the minority carriers,  Rgr , and 

consequently reduce the minority carrier time constant, τR = RgrCD, where CD is depletion 

capacitance. Therefore, at room temperature, the minority carriers can still follow the ac 

signal and the C-Vs show low-frequency behavior, even when the testing frequency is in MHz 

regime. The very low doping in black phosphorus flakes yields symmetric C-Vs about the 

midgap. These two factors result in the nearly V-shaped C-Vs. For WSe2, however, the 

bandgap is much larger (~ 1.21 eV), there are very few minority carriers generated at room 

temperature and the minority carrier time constant is very long. Therefore, the minority 

carriers cannot follow the ac signal and the C-Vs show high-frequency behavior, even when 

the measurement frequency is as low as 1 kHz. In addition, the exfoliated WSe2 flake is 

naturally p-type doped, which gives the unipolar C-Vs, similar to p-type silicon. These results 

indicate that we can use the C-V characteristics to evaluate the bandgap of the 2D materials. 

At a given temperature and testing frequency, the wider the bandgap of the semiconductor, 

the stronger the high-frequency behavior in the C-V characteristics.  

To evaluate the interface-state density quantitatively, we extracted the parallel 

conductance from the capacitance and conductance measurements. As shown in Fig. 3-4b, 

the parallel conductance, Gp , can be extracted from the measured capacitance, Cm , and 

conductance, Gm, by the following equation [114]: 

Gp =
ω2GmCox

2

Gm
2+ω2(Cox−Cm)2

                                        (3-4) 
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where ω is the measurement frequency and Cox is the oxide capacitance. Figures 3-5c and 3-

5d show the Gp ω⁄  plot at various gate voltages for black phosphorus and WSe2 capacitors, 

respectively.  

The relation between Gp ω⁄  and the interface-state density Dit is given by [114]: 

                       
Gp

ω
=

qDit

2ωit
ln [1 + (ωit)]

2                                                   (3-5) 

from which one can deduce the interface-state density, Dit,  and the respective time 

constant, τit, from the following relations [114]: 

Dit =
2.5

e
(
Gp

ω
)
peak

                                  (3-6) 

τit =
1.98

2πf0
                                                                  (3-7) 

Here, (Gp ω⁄ )
peak

 is the maximum Gp ω⁄  value and f0 is the frequency at which this 

maximum Gp ω⁄  is obtained. The extracted interface-state densities, Dit , are plotted as a 

function of gate voltages for WSe2 and black phosphorus, shown in Fig. 3-5e and 3-5f, 

respectively. We can see that the interface-state densities decrease exponentially with 

increasing gate voltage toward the midgap for the WSe2 capacitor. This exponential 

dependence of the interface-state density on gate voltage is similar to what has been 

observed in silicon. In silicon, the Dit distribution is typically modeled using this equation: 

Dit = Dit0e
ϕs ϕs0⁄ , where Dit0  is the interface trap density at the midgap, ϕs  is the surface 

potential measured from the intrinsic Fermi level, and ϕs0 is a characteristic potential, which 

describes the slope of Dit  near the band edges. Note that ϕs = EFs − Ei , where EFs  is the 

Fermi level at the interface between the semiconductor and gate dielectrics and Ei is the  
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Figure 3-5. The interface states of WSe2 and black phosphorus capacitors with Al2O3 gate dielectrics at 300 K. (a) 

Capacitance as function of gate voltage of a WSe2 capacitor measured at various frequencies. (b) Capacitance as 

function of gate voltage of a black phosphorus capacitor measured at various frequencies. (c) Gp ω⁄  as a function 

of frequency of the WSe2 capacitor measured at various gate voltages. (d) Gp ω⁄  as a function of frequency of 

the black phosphorus capacitor measured at various gate voltages. (e) Interface-state density, Dit, as function of 

gate voltage extracted from the Gp ω⁄  plot for the WSe2 capacitor. (f) Interface-state density, Dit, as function of 

gate voltage extracted from the Gp ω⁄  plot for the black phosphorus capacitor. 
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intrinsic Fermi level of the semiconductor. As the surface Fermi level, EFs, is moving from the 

midgap toward the band edge, the interface-state density increases exponentially, as we 

observed in the WSe2 capacitor. For the black phosphorus capacitor, the interface-state 

density first decreases, then increases, with the increasing gate voltage. The interface-state 

density reaches minimum, when the gate voltage is ~ 0.4 V, which corresponds to the 

minimum capacitance in the C-Vs, shown in Fig. 3-5b. At this gate voltage, the surface Fermi 

level reaches midgap. As the surface Fermi level is swept from midgap to the 

conduction/valence band edges, the interface-state density increases exponentially. The 

very low doping and the narrow bandgap of the black phosphorus make it possible to 

observe the interface states in both the upper and lower half of the bandgap.  

The temperature dependence of the capacitance and the interface states were also 

studied. Figure 3-6a shows the C-Vs of a black phosphorus capacitor measured at various 

temperatures from 6 K to 300 K. The testing frequency is 2.5 MHz. As the temperature 

decreases, the inversion capacitance of the black phosphorus capacitor decreases, and the  

C-V characteristics migrate from low-frequency to intermediate-frequency behavior. The 

reason for this is that, as the temperature decreases, the generation-recombination rate in 

black phosphorus decreases, and as a result the generation-recombination resistance, Rgr, 

increases and the minority carrier response time, τR , increases. Therefore, as the 

temperature decreases, the minority carriers follow the ac signal less readily, and the C-Vs 

gradually change from low-frequency to high-frequency behavior for a given testing 

frequency. 
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 From the measured capacitance and conductance, we can extract the Gp ω⁄  as a 

function of frequency at various gate voltages (Fig. 3-6b) and at various temperatures (Fig. 

3-6c). As the temperature increases, the  Gp ω⁄  peak shifts to higher frequencies. The 

extracted interface-state density, Dit, was plotted as a function of temperature, shown in Fig. 

3-6d. We can see that the interface-state density is nearly independent of temperature.  

The interface states are not only dependent on the 2D materials, but also influenced 

by the gate dielectrics, which are in intimate contact with the 2D materials. Figure 3-7a and 

 

Figure 3-6. Temperature dependence of interface states in black phosphorus capacitors with Al2O3 gate dielectrics. (a) 

Capacitance as a function of gate voltages measured at various temperatures. The measurement frequency is 2.5 MHz. (b) 

Gp ω⁄  as a function of frequency measured with various gate biases at 100 K. (c) Gp ω⁄  as a function of frequency at various 

temperatures. The gate bias is 0.8V. (d) Interface-state density, Dit, as function of gate voltage extracted from the Gp ω⁄  

plots.  
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3-7b show Gp ω⁄  plots for black phosphorus capacitors with Al2O3 and hexagonal boron 

nitride (hBN) as gate dielectrics, respectively. The peak height of the Gp ω⁄  plots for the 

capacitor with Al2O3 are much higher than that with hBN. Consequently, the extracted 

interface-state densities, Dit, for capacitor with Al2O3 are much higher than that with hBN, 

shown in Fig. 3-7c and 3-7d. Previously it has been reported that the surface roughness in 

 

Figure 3-7. Impact of gate dielectric on the interface-state density. (a) Gp ω⁄  as a function of frequency at various 

gate voltages measured on black phosphorus with Al2O3 gate dielectrics. (b) Gp ω⁄  as a function of frequency at 

various gate voltages measured on black phosphorus with hBN as gate dielectrics. (c) Extracted interface-state 

density, Dit, as a function of temperature at various gate voltages for the black phosphorus capacitor with Al2O3 

gate dielectric. (d) Extracted interface-state density, Dit, as a function of temperature at various gate voltages 

for the black phosphorus capacitor with hBN as gate dielectric. 
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crystalline hBN is much smaller than that in SiO2, and this low interface-state density in hBN 

provides another advantage to using hBN as gate dielectrics.  

 

3.2.3 Summary 

In this section, we have systematically studied the capacitance and interface states of 

black phosphorus and WSe2 capacitors with Al2O3 gate dielectrics. We found that the C-Vs in 

black phosphorus capacitors are ambipolar (symmetric about the minimum capacitance) 

and show low-frequency behavior even when the testing frequency is as high as 2.5 MHz, 

while the C-Vs in WSe2 capacitors are unipolar (p-type) with high-frequency behavior even 

when the frequency is as low as 1 kHz. These dramatic differences in C-V characteristics can 

be explained by the difference in bandgap sizes and doping concentrations in these two 

materials. The narrow bandgap of the black phosphorus flake (~ 0.3 eV) results in ample 

minority carriers at room temperature, which gives low-frequency C-Vs in black phosphorus 

capacitors, while the large bandgap (1.21 eV) of WSe2 results in the high-frequency C-Vs. The 

natural p-type doping in WSe2 leads to unipolar C-Vs while the very low doping in black 

phosphorus yields ambipolar C-V characteristics. Although 2D materials are free of dangling 

bonds, the intimate contact of these 2D materials with high-k dielectrics can still generate a 

large number of interface traps. In this case, ALD Al2O3 is used as gate dielectric and the 

interface states can be as high as 1013 cm-2/eV. These interface states can significantly 

degrade the performance of electronic devices based on 2D materials. The interface-state 

density in WSe2 and black phosphorus shows strong voltage dependence. As the surface 

Fermi level shifts from midgap to the band edges, the interface-state density increases 
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exponentially. In addition, the interface trap density in BP/Al2O3 capacitors is several times 

higher than that in the BP/BN capacitors. This work provides valuable information on the 

interface states of black phosphorus and WSe2. These characterization and analysis methods 

can be broadly applied to any 2D materials and serve as important tools for material 

selection, process optimization, and device design for 2D electronics and optoelectronics. 
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Chapter 4   Ferroelectric Hafnium Zirconium Oxide 

 

In order to realize energy efficient electronic devices based on the hybrid stacks of 

ferroelectric metal oxides and 2D materials, we need to develop high-quality ferroelectric 

materials. In this project, we demonstrate ferroelectric hafnium zirconium oxide (HZO) with 

very high remanent polarization (2Pr up to ~ 70 µC/cm2), which serve as an important 

foundation for the graphene classifiers and reconfigurable devices to be discussed in 

Chapters 5 and 6.  

 

4.1 Background of Ferroelectric Hafnium Oxide  

Traditional ferroelectric materials like perovskite material (PbZrO3, BaTiO3, PbTiO3)) 

are usually thick due to the size limits. Currently, this group of materials are usually prepared 

by complex sol-gel methods. On the other hand, polymer-based ferroelectric material like 

PVDF could be readily deposited by electrospun method, which has good processability but 

still has similar thickness limitation (~ typically several hundred nanometers). In a word, 

these materials based on current research progress are not ideal for the CMOS-compatible 

process [154]. 

HfO2 is a dielectric with εr ~ 20 depending on the phase composition and large 

bandgap larger than 5eV. Thanks to its stable and inert property and high dielectric 

constants, it has been used as high-k gate dielectric in semiconductor industry since the gate 

dielectric scaling has been down to several nanometers [71]. It is found in the last decade 

that various dopants, such as Si, Zr, Al, Y, Gd, Sr, and La can induce ferroelectricity or 
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antiferroelectricity in thin HfO2 films. The origin of the ferroelectricity of the doped HfO2 

films is attributed to formation of several kinds of polymorphs in the bulk phase based on 

the temperature and pressure. Among the 11 possible phases within the crystal (m-phase, t-

phase, c-phase, different o phases, etc.), o-III and o-IV phases are verified to be accounting 

for the ferroelectricity in the layer. These phases are usually transformed from the non-

ferroelectric m-phase with application of high temperature (annealing) and/or high 

pressure. The FE properties are highly related to the size and spatial distribution of the grain 

formation for different polymorphs, which is determined by the film thickness and annealing 

condition. It is found that the Pr value of the film could be highly affected by the thickness of 

the film since either too thin or too thick films could inhibit the formation of the ferroelectric 

o phases [155]. Also, a capping layer, for example, TiN, covering the doped-HfO2 layer during 

annealing is reported to help the boost of Pr value. Researches pointed out this could be 

explained by the top capping layer’s protection role to avoid shearing and volume expansion 

of the unit cells during the ferroelectric phase crystallization [78]. These TiN capping layer 

could also be used as electrodes afterwards. 

Among the different dopants, Zirconium has been of great interest in the past years 

due to its low thermal budget requirement (~ 500 °C compared to ~ 1000 °C for aluminum 

dopant case) and high ratio tunability since Hf0.5Zr0.5O2 has been demonstrated appealing FE 

properties, which could be just synthesized by 1:1 alternative HfO2:ZrO2 ALD growth [154]. 

For these merits, we are using Zr-doped HfO2 as our ferroelectric material as the candidate 

for polarization storage purpose in our electronic device design. 
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4.2 Synthesis of Ferroelectric Hafnium Zirconium Oxide 

 We synthesized ferroelectric hafnium zirconium oxide using atomic layer deposition 

(ALD). HfO2 and ZrO2 layers were deposited alternatively by using the Hf precursor 

[tetrakis(dimethylamido)hafnium] and Zr precursor [tetrakis(dimethylamido)zirconium]. 

Then, we deposited Al2O3 by using Al precursor (trimethylaluminium). The encapsulated Zr-

doped HfO2 films were then annealed in a rapid thermal annealing (RTA) system. To 

characterize the film quality, we use Ti/Au as the top electrode (Fig. 4-1).  

 

4.3 Remanent Polarization of Ferroelectric Hafnium Zirconium Oxide  

The polarization of the capacitors with ferroelectric hafnium zirconium oxide was 

measured using the positive-up-negative-down (PUND) method. The current is measured as 

a function of time using a Keithley semiconductor parameter analyzer (model 4200-SCS) 

equipped with a 4225-PMU ultra-fast I-V module. Figure 4-2 shows the extracted 

polarization as a function of electric field in various voltage ranges for a hafnium zirconium 

 

Figure 4-1. HZO film grown with Al2O3 capping layer and gold electrode. 
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oxide capacitor. A clear hysteresis loop is observed, indicating the successful formation of 

the ferroelectric phase in this hafnium zirconium oxide. We can see the remnant polarization 

increases monotonically with the program/erase voltage. At 10 V program/erase voltage, 

the 2Pr remnant polarization reaches ~ 45 µC/cm2, indicating strong ferroelectricity in these 

hafnium zirconium oxide films.  

 

4.3.1 Influence of the Capping Layer on the Ferroelectricity of Hafnium 
Zirconium Oxide  

In the ferroelectric phase transition, capping electrodes and bottom substrates play 

important roles [157-161]. It has been found that, with a TiN capping layer, the silicon doped 

HfO2 transformed into the orthorhombic ferroelectric phase after annealing, while without 

TiN capping layer confinement, a monoclinic/tetragonal phase mixture was formed [162]. 

For our devices (graphene classifiers and reconfigurable devices), we need the 2D materials 

to be in direct contact with the ferroelectric materials. These metal capping layer will short 

 

Figure 4-2. P-V loop for ferroelectric capacitor structure built in Fig. 4-1. 
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the 2D channel. We found that Al2O3 can also serve as a capping layer.  Figure 4-3 shows the 

P-V loops of the HZO capacitor annealed with and without Al2O3 capping layer. The HZO layer 

annealed with Al2O3 capping layer demonstrates much higher remnant polarization than 

that from HZO layer without capping layer. Adding thick Al2O3 layer can also help to reduce 

the leakage current between the probe pad and silicon substrate in the transistor structures. 

However, since the maximum pulse amplitude is 10 V in our instrument, if the Al2O3 

layer is too thick, the voltage dropped on HZO layer will not be able to reach coercive voltage. 

Hence, we propose to use thick Al2O3 during annealing and then form an access window in 

the active channel region. Al2O3 layer is selectively etched in the active region using hot 

phosphoric acid. Device channel (described in Chapters 5 and 6) would be in proximity with 
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Figure 4-3. Polarization - Voltage loops of the HZO capacitors on silicon. For the 5 

devices with red curves, 12 nm HZO and 20 nm Al2O3 capping layer are deposited 

sequentially on the silicon substrate and annealed at 500 °C. Then capping layer is then 

etched with phosphoric acid. For the 5 devices with blue curves, 12 nm HZO is annealed 

at 500 °C directly without capping layer deposition. 
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the HZO layer while the majority of electrode area would be sitting on the remaining Al2O3 

protection layer, as shown in Fig. 4-4. 

 

Figure 4-4. Demonstration of window-etching structure based on previously illustrated ferroelectric thin film. 
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Figure 4-5. Polarization ~ voltage loops of the HZO capacitors on silicon. For both (a) and (b), 12 nm HZO and 3 

nm Al2O3 are deposited on the silicon substrate and annealed at 500 °C. (a) Al2O3 is preserved before top gate 

electrode deposition. (b) Al2O3 layer is removed before metal deposition. The remnant polarization is larger for 

the capacitor with Al2O3 removal process at a given voltage. 
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 We measure the remnant polarization in the etched region. As we see in Fig. 4-5, 

under 10V pulse, remanent polarization at 10V pulse amplitude increases from ~ 45 µC/cm2 

to ~ 70 µC/cm2. Higher 2Pr value after Al2O3 etching can be attribute to the higher electric 

field across the FE layer. In addition, removing Al2O3 could reduce depolarization field from 

the top side, which in return enhances remanent polarization and retention. 

 

4.3.2 Influence of 2D Material between HZO Layer and Electrode 

 For graphene classifier (Chapter 5) or other similar device structures, graphene 

needs to be integrated with HZO to utilize the induced polarization and electrodes are often 

 

Figure 4-6. (a) Device cross section for FE capacitors with or without graphene beneath. (b) Optical image top 

view. (c) P-V loop measured on FE film with graphene beneath. (d) P-V loop measured on the same FE film without 

graphene beneath. We could see the single-layer graphene’s influence is negligible. 
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deposited on top. As shown in Fig. 4-6, we created two regions on HZO, with or without 

graphene covering on top. Our results show that the ferroelectricity can be preserved after 

inserting graphene layer due to the single-layer thickness of graphene. 

 

4.4 Retention and Endurance of Ferroelectric Hafnium Zirconium Oxides 

Retention and endurance are important metrics for the reliability of ferroelectric 

materials, especially for the memory applications. Figure 4-7a shows the retention of a 

ferroelectric HZO capacitor using Al2O3 etch-back process. The extrapolated lifetime is over 

10 years at room temperature with ±9 V program pulses.  The asymmetric retention curve 

is due to the asymmetric device structure: metal as top electrode and highly doped silicon  

as bottom electrode. The incomplete charge screening in semiconducting silicon can 

accelerate the depolarization of the dipoles within the ferroelectric film [156]. The 

endurance measurement of the HZO capacitor is shown in Fig. 4-7b.  The rising polarization 

in the first several hundred of cycles can attribute “wake-up effect” [155]. These capacitors 

can endure ~ 4.9 × 104 cycles with ±8 V pulses before breakdown. 

 

 

 

  

 

Figure 4-7. Retention and endurance measurements for HZO film grown. 
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Chapter 5   Non-Conventional Analog Classifiers Based on Ferroelectric 

Graphene Transistors  
 

Image comparison is one of the essential building blocks for image processing and 

motion detection. In traditional classifiers based on CMOS logic transistors, each pixel needs 

23 transistors, and the comparison function is carried out in four stages of calculation. In this 

chapter, we propose and demonstrate a new type of classifier incorporating 2D materials 

with ferroelectric material. Based on ferroelectric graphene transistors, our classifiers can 

perform the “comparison” function in the analog domain instead of the traditional digital 

domain. This new type of classifier utilizes the ambipolar transport and zero bandgap of the 

graphene to perform the |A-B| (absolute difference) function directly. Unlike the image 

classifier based on silicon CMOS, the classifier based on ferroelectric graphene transistors 

only needs ONE transistor per pixel, which will significantly reduce chip area and energy 

consumption. In addition, the operation frequency for the graphene classifier can exceed 100 

GHz, which is several orders of magnitudes higher than that for silicon CMOS classifiers. 

More importantly, the embedded ferroelectric layer in the graphene transistor enables the 

non-volatile storage of the target image inside the analog device. Therefore, a single 

graphene transistor can perform both image storage and comparison functions 

concurrently. This in-memory computing will eliminate the need for frequent image 

loading/unloading, which will further reduce the power consumption related to the data 

transfer. This work opens a new path toward the design of novel nano-function circuits 

based on unique material properties that are absent in traditional circuits based on CMOS 

logic transistors and Von Neumann architectures. 
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5.1 Motivation and Background 

Comparison between two signals is the basic function in signal processing and image 

recognition. This comparison function transitionally is implemented by CMOS logic devices. 

For current-mode classifiers based on CMOS, each pixel needs 23 transistors for the 

subtractor, absoluter, and squarer/divider blocks [157]. Consequently, this comparison 

function requires a significant amount of chip area and consumes a large amount of power. 

In addition, this type of circuit is very difficult to scale to large networks. Simulations have 

shown that using networks of interconnected nonlinear elements (such as SymFETs and 

BiSFETs) to process data coming from a large number of inputs in an analog fashion can 

dramatically reduce power consumption [158-160]. However, SymFETs and BiSFETs are 

based on negative differential resistance which has a very limited operating voltage range, 

and the two branches about the valley are usually not symmetrical, which can severely 

distort the output.  

In this chapter, we propose and demonstrate a new type of classifier using embedded-

gate ferroelectric graphene transistors, a stack of two-dimensional materials and 

ferroelectric metal oxides. These devices utilize graphene’s unique ambipolar 

characteristics, symmetric mobility and zero bandgap to form analog devices to perform the 

“comparison” function, which can significantly reduce the number of transistors needed for 

each pixel in image recognition and signal processing circuits. The ferroelectric metal oxides 

(hafnium zirconium oxide) provide programmable and non-volatile doping in graphene, 

while the atomically thin body in 2D materials enables strong electrostatic control over the 

channel by the polarized ferroelectric metal oxides. As compared to traditional ferroelectric 
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materials such as perovskites, ferroelectric hafnium zirconium oxides have the advantages 

of excellent scalability, high coercive field, and full compatibility with CMOS [78, 79, 81-87]. 

 

5.2 Device Design and Operating Principle 

 We propose a novel device structure: embedded-gate ferroelectric graphene 

transistor, as a basic building block for a comparator, illustrated in Fig. 5-1a. The operating 

principle is as follows. The input voltage is applied to the top gate of the graphene transistor. 

A typical current voltage characteristic of a graphene transistor is illustrated in Fig. 5-1b. The 

channel current, Iout, increases linearly with the absolute distance between the input voltage 

and the target Dirac voltage: |Vin − VDirac|.  Here the target Dirac voltage is determined by 

the polarization in the ferroelectric layer, which can be programmed by the pulses between 

the top and bottom gates, as illustrated in Fig. 5-1c. An array of these graphene transistors 

can be used as a classifier to recognize an image as illustrated in Fig. 5-1d to 5-1e. When the 

input image is the same as the target image, the total output current reaches a minimum. The 

value of the output current is a scalar indicator of the degree of matching between the input 

image and the target image. In this way, each pixel will only need one graphene transistor. 

As compared to the traditional CMOS based classifier, which needs 23 transistors per pixel, 

this graphene classifier circuit will consume a significantly smaller chip area and lower 

power. By using ferroelectric gate dielectrics in the graphene transistor, the information of 

the target image can be programed and stored as the level of polarization in the ferroelectric 

HfO2. In this way, each graphene ferroelectric transistor will have both storage and analog 
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processing dual function. This local storage of the target image will significantly reduce the 

power consumption and operation latency related to the data transfer.  

5.3 Device Fabrication and Methods 

 Thin Zr-doped HfO2 (12 nm) is deposited on highly doped silicon substrate followed 

by the deposition of 40 nm thick Al2O3 layer. RTA annealing at 500 °C is performed for 60 

seconds to induce ferroelectric phase transformation. Our PUND measurement on 

calibration capacitor indicates a high remnant polarization ~ 35 µC/cm2 with ±10 V pulses 

with Al2O3 removed (refer to Fig. 4-5b). A window is then patterned in the channel region 

and the Al2O3 layer is removed using hot phosphorus acid. Graphene is grown on copper 

using chemical vapor deposition method. After graphene formation, 

Poly(methylmethacrylate) (PMMA) is spin-coated on the top of the graphene layer. The Cu 

 

Figure 5-1. Device structure and operating principles of ferroelectric graphene transistor for analog 

comparison function. (a) Device structure. (b) I-V characteristics of graphene transistor illustrating that the 

output current Iout is determined by the distance between input voltage and Dirac voltage |Vin − VDirac|. (c) 

Illustration of the drain current as a function of input voltage on the top gate in the graphene transistor with 

various polarizations in the ferroelectric HZO layer. (d) Illustration of graphene transistor array as classifier 

for image recognition. (e) Illustration of a target image and an input image in grayscale.  
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foil is then dissolved in copper etchant. To minimize the damage of the graphene during the 

transfer, we use a one-touch wet-transfer method where the DI water is introduced into the 

container continuously [92]. Then graphene is patterned by lithography and O2 plasma. 

Source/drain contacts (Cr/Au) are formed using photolithography and e-beam deposition. 

Next, 2 nm Al is deposited on the graphene and then re-oxidized to enhance the nucleation 

of the top gate dielectrics. Then 20 nm Al2O3 is deposited on top of the device using ALD. The 

top gate electrode (Cr/Au) is formed on the Al2O3 layer. All of the fast-sweep I-V 

measurements and pulse programming (with 4ms width) are done with Lakeshore cryo 

probe station and Keysight B-1500 analyzer. Our HZO PUND measurements are measured 

through Keithley 4225-PMU. The process flow is illustrated in Fig. 5-2. 

          

Figure 5-2. Process flow of the ferroelectric graphene transistor. (a) Zr-doped HfO2 is deposited on highly doped 

silicon substrate followed by Al2O3 layer deposition. RTA annealing at 500 °C is performed to induce 

ferroelectric phase transformation. (b) A window is patterned in the channel region and the Al2O3 layer is 

removed using hot phosphorus acid. (c) CVD grown graphene is transferred onto the wafer using a one-touch 

transfer method. (d) Graphene is patterned by lithography and O2 plasma. Source/drain contacts (Cr/Au) are 

formed using photolithography and e-beam deposition. (e) 2 nm Al is deposited on the graphene and then re-

oxidized to enhance the nucleation of the top gate dielectrics. (f) 20 nm Al2O3 is deposited on top of the device 

using ALD. Top gate electrode (Cr/Au) is formed on the Al2O3 layer.  
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5.4 Tunable Polarization and Dirac Voltage in Ferroelectric Graphene FETs 

 Before ferroelectric layer programming, the transfer characteristics of the 

ferroelectric graphene transistor were measured. In order to eliminate the impact of the 

interface traps, the device was measured at low temperatures (80 K), as shown in Fig. 5-3. 

Notice that the Dirac voltage of the graphene transistor is close to zero, which is desired for 

the graphene classifier application, since both electron and hole branches are needed for the 

comparison function. The hysteresis is negligible, confirming that the interfacial trap effect 

is suppressed at this low temperature. 

The tunability of the polarization in HZO and its impact on the Dirac voltage of the 

ferroelectric graphene transistor were studied using two pulse schemes: opposite-polarity 

program pulses and preset-program pulses. In the opposite-polarity pulse scheme, a train of 
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Figure 5-3. Double-sweep transfer curve of a fresh ferroelectric graphene transistor measured at 80 K. The 

hysteresis is negligible, indicating that the effect of the interfacial traps is suppressed at this low temperature. 
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program pulses with alternating polarities and incremental amplitudes are applied between 

the top gate and the silicon bottom gate on the fresh devices (Fig. 5-4a). The transfer curves 

of the graphene transistor before and after various program pulses are measured by 

sweeping the top gate voltage, shown in Fig. 5-4b. The extracted Dirac voltage is plotted as a 

function of program pulse amplitude (Fig. 5-4c). When the pulse amplitude is below the 

coercive voltage, there are negligible shifts in the Dirac voltage after program pulses. When 

the pulse amplitude exceeds the coercive voltage, the Dirac voltage shifts to the positive 

(negative) direction after positive (negative) program pulses are applied. The higher the 

pulse amplitude, the larger the shift in Dirac voltage.  

The mechanism of the above phenomenon is illustrated in Fig. 5-4d. When a positive 

pulse is applied on the top gate, negative polarization charges are induced on the top surface 

of the HZO layer, which attract positive mobile charges in graphene. Therefore, the Dirac 

voltage shifts to the positive direction. When a negative pulse is applied on the top gate, 

positive polarization charges are induced on the top surface of the HZO layer, which attract 

negative mobile charges in graphene. Therefore, the Dirac voltage shifts to the negative 

direction. Note that in this pulse scheme, the polarization in HZO is a cumulative effect of all 

the pulses that have been applied on the device previously, since there is no reset or preset 

pulse in between the program pulses.  

 In order to quantify the effect of each individual program pulse on the polarization, a 

second pulse scheme is utilized, in which a preset pulse is applied before each program pulse, 

as illustrated in Fig. 5-5a and 5-5c. In this case, the polarization of HZO is reset to a constant 

level before each program pulse, which ensures a fair comparison of the polarization 

switching induced by various program pulses. Figure 5-5b shows the transfer curves of the 
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graphene transistor after preset and program pulses. After a -24 V preset pulse is applied, 

the graphene transistor shows strong electron transport and makes the Dirac voltage less 

than -3 V. After the positive program pulses with progressively increasing amplitude were 

applied on the gate, the Dirac voltage shifts monotonically to the positive direction, which is 

 

Figure 5-4. Polarization and Dirac voltage of a graphene transistor tested using opposite-polarity program pulses 

(the first pulse scheme) on a fresh device. (a) Waveform of the pulse train. Positive and negative program pulses are 

applied alternatively with progressively increasing pulse amplitudes. The pulse width is 4 ms and the pulse amplitude 

increases from 8 V to 24 V. A fast ID–VTG sweep is taken after each pulse to read the Dirac voltage. (b) Transfer 

characteristics of the graphene transistor before and after program pulses measured at 80 K. (c) Dirac voltage as a 

function of program pulse amplitude for both positive and negative pulses. The upper-left and lower-right insets 

illustrate the polarization charges in HZO and the induced screening charge in graphene after positive and negative 

pulses, respectively. (d) Illustration of the mechanism of the Dirac voltage shift induced by polarization. After a 

positive pulse is applied on the top gate, negative polarization charges are induced on the top surface of the HZO 

layer, which attract positive screening charges in graphene. As a result, the Dirac voltage shifts to the positive 

direction. 
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consistent with the mechanism illustrated in Fig. 5-5d. The Dirac voltage is plotted as a 

function of pulse amplitude for both positive and negative program pulses, as shown in Fig. 

5-5e. We can see that positive pulses induce positive shifts and negative pulses induce 

negative shifts in Dirac voltage. Approximately, the Dirac voltage and the program pulse 

amplitude follow a linear relationship for both positive and negative pulses. Based on this 

correlation, we can convert the target Dirac voltages to the program pulse voltages, which 

will be essential for realizing the image comparison function. Note that after each preset 

pulse (-24 V), the transfer curve shifts back to nearly the same location (Fig. 5-5b), which 

means that these preset pulses provide reliable and consistent reset of the polarization. In 

addition, minimum conductance at the charge neutrality point is nearly unchanged when we 

vary the program pulse amplitudes, which will be an important feature for image processing, 

so that the current from all pixels can be equally weighted, regardless of the target voltage 

value. These results indicate that ferroelectric graphene transistors can provide a promising 

hardware platform for image classification. 

The transport of the ferroelectric graphene transistor is modeled using the following 

equation: 

σ ≈ μ√(enDirac)2 + CTG
2(VTG − VDirac)2                      (5-1) 

where σ is the conductivity of the graphene channel, nDirac  is the carrier density at Dirac 

point, CTG is the top gate capacitance, VDirac is the Dirac voltage, VTG is the top gate voltage, 

and e is electron charge. The graphene channel resistance is Rch = 
l

σW
, where l and W are 

the length and width of the graphene channel respectively. Considering the contact 

resistance Rc, the total resistance of the device can be expressed as Rtotal = Rch + Rc. The  
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Figure 5-5. Polarization and Dirac voltage of graphene transistor tested using the preset-program pulses (the 

second pulse scheme). (a) and (c) Waveforms of the pulse train with positive and negative program pulses, 

respectively. A preset pulse is applied before each program pulse. The pulse width is 4 ms and the amplitude of 

the program pulse increases from 8 V to 24 V. A fast ID–VTG sweep is taken after each program pulse to read the 

Dirac voltage. (b) and (d) Transfer characteristics of the graphene transistor after positive and negative program 

pulses, respectively. The ID–VTG characteristics shift consistently with increasing pulse amplitude for both positive 

and negative pulses. (e) Extracted Dirac voltage as a function of program pulse amplitude for positive and negative 

program pulses. The Dirac voltages follow an approximate linear relationship with the pulse amplitude for both 

positive and negative program pulses. (f) Modeling of the transfer curves of the ferroelectric graphene transistor 

after positive program pulses. The symbols are measured data and the lines are fittings. 
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drain current can be calculated from ID = VD Rtotal⁄ , where VD is drain voltage. Figure 5-5f 

shows the measured data (symbols) versus the modeled result (solid lines). We can see that 

this model fits the experimental results very well. Based on this model, we can predict the 

drain current of the ferroelectric graphene transistor at any given input voltage VTG for given 

Dirac voltage VDirac; i.e., we can predict the output current for a given pair of input and target 

images, discussed next.  

 

5.5 Image Comparison Based on Graphene Classifier 

The schematic of the graphene classifier array is illustrated in Fig. 5-6d. The graphene 

transistors are arranged into a 3 × 3 array, where the drain terminals are connected together, 

and the total drain current is monitored as the output current Iout. A photodetector array can 

be put on top of the graphene classifier. For each pixel, the output of the photodetector is 

linked to the top gate of the graphene classifier through a voltage amplifier. The Dirac voltage 

of each graphene transistor is programmed according to the target image. The drain current 

serves as a scalar indicator of the level of similarity between the input and target images. The 

detailed analysis follows. 

The target image in grayscale (256 levels) is converted into a map of the Dirac 

voltages in the graphene transistor array, which is then converted into a map of program 

pulse voltages as shown in Fig. 5.6a - 5.6c. Based on the blue line in Fig. 5-6e, the image levels 

[0 to 255] correspond to the Dirac voltages [-3 V to 3 V] and program pulse voltage [14 V to 

24 V]. The details of the conversion are approximated as: 

The target image in grayscale is converted to the Dirac voltage (in volts) using the equation: 
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VDirac = −3 + (Graylevel_target ∗
6

255
) 

where Graylevel_target is the gray level in the target image. 

Similarly, the input image in grayscale is converted to the top gate input voltage by: 

Vtg = −3 + (Graylevel_input ∗
6

255
) 

where Graylevel_input is the gray level in the input image. 

The program pulse amplitude is determined by the target Dirac voltage: 

Amplitude = 14 + (VDirac + 3) ∗
5

3
 

 

Figure 5-6. Programming graphene transistors according to a target image. (a) Target image with 3x3 pixels in 

grayscale (256-levels). (b) The target image is converted to a map of Dirac voltages in the graphene transistors. 

(c) The target Dirac voltages are translated into the program pulse voltages. (d) The program pulses are applied 

to the 3 x 3 array of ferroelectric graphene transistors to store the target image in the devices. 

0

0

55

255 153204

153 102

255 -3 V -1.8 V

3 V1.8 V

0.6 V -0.6 V

3 V

-3 V

0.6 V

14 V

14 V

16 V

24 V 20 V22 V

20 V 18 V

24 V

Convert target 

image to Dirac 

voltage

Convert Dirac 

voltage to pulse 

amplitude

Apply program pulse 

to each graphene 

transistor to set 

Dirac voltage

(b)(a)

(c)(d)

Target image Dirac voltage

Pulse amplitude

Iout



80 
 

The input images in grayscale (256 levels) are translated to the map of the top gate 

voltages, as shown in Fig. 5-7. When the input image is the same as the target image (case 1), 

the top gate voltage is equal to the Dirac voltage at every graphene transistors in the array. 

The drain current reaches minimum at every transistor. As a result, the total output current 

reaches minimum Iout_1 = 137.46 µA. If the input image is similar, but not identical, to the 

target image (case 2), then the top gate voltage will be slightly different from the Dirac 

voltage in some graphene transistors. Thus the total output current will be slightly higher at 

Iout_2 = 143.6 µA. If the input image is very different from the target image (case 3), then the 

output current is significantly higher than that in case 1: Iout_3 = 163.54 µA. We can see that 

the total output current can serve as a scalar indicator of the similarity between the input 

and output images. The higher the similarity, the lower the total output current.  

The comparison function in these classifiers is carried out in one step, which can be 

achieved at very high speed. In addition to the circuit simplicity, the extremely high mobility 

in graphene can further improve the operating speed. We have shown that the operating 

frequency of graphene transistors can be above 300 GHz [161], which means that the image 

comparison in graphene transistors can be completed within 10 ps. In contrast, the silicon 

CMOS based classifiers need four stages of calculation and the operating frequency is 

typically in MHz regime [157]. In addition, as compared to the 23 transistors required by the 

CMOS based classifier, the image classifier based on graphene transistor only needs one 

transistor per pixel, which can significantly reduce the chip area. More importantly, the 

target image is stored in the classifier array using a ferroelectric layer, which is non-volatile. 

This design can further reduce the energy consumption related to data storage and 

transportation. Furthermore, these graphene classifier arrays are especially suitable for 
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large networks, where the output current from each transistor can be directly summed up. 

Regardless of the number of units in the array, the operation time remains constant, which 

will be very important for sensor network applications. 

 

5.6 Future Directions for Improvements 

As shown above in Fig. 5.3 – 5.5, our FET cell current transfer curve demonstrated “U” 

Valley instead of “V” shape, which makes it less sensitive to color change in close vicinity to 

 

Figure 5-7. Comparison operation between the input and target images. Case 1: The input image is the same as the 

target image. Case 2: The input image is similar to the target image. Case 3: The input image is very different from 

the target image. These input images are converted to the maps of top gate voltages, labeled in red on each pixel. 

The corresponding total output currents for these three input images are 137.46 µA, 143.6 µA, and 163.54 µA 

respectively. The output current serves as a scalar indicator of the similarity level between the input and target 

images.  Low output current represents high similarity between two images. 
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target depth level very close or are far away from target depth level. The asymmetry in I-V 

curve and shallower P-branch makes the outputs more sensitive for deeper color than target 

level. Improvements regarding to these aspects requires optimizing the graphene transfer 

and device fabrication process, which would reduce the non-ideal effects (such as doping 

from absorbates) for graphene’s inherent properties. Besides, appropriate circuit design 

could potentially realize a transformation circuit to reshape the I-V curve to a more 

symmetric and linear output [162]. In addition, for a true classifier network circuit to work 

experimentally, it is desired to perform a statistical analysis for the variance of the devices’ 

performance. If performance variance is considerable among devices, each single cell need 

an individual characterization and training. 

Our demonstration above only has six levels, but we could characterize the device 

from measurements with more pulse levels. Alternatively, we could try a global fitting to 

predict the intermediate I-V shape between current levels. 

 

5.7 Summary 

In conclusion, we designed and demonstrated a new type of image classifier based on 

graphene ferroelectric transistors and highly optimized HZO ferroelectric layer. These 

devices utilize graphene’s unique ambipolar characteristics and zero bandgap to form analog 

devices to perform the “comparison” function. The V-shaped transfer characteristics of the 

graphene transistor enable direct calculation of the absolute distance between two inputs. 

This graphene classifier only needs one graphene transistor per pixel as compared to 23 

transistors per pixel in CMOS classifiers, significantly reducing the chip area of image 

recognition and signal processing circuits. More importantly, the operation frequency of the 
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graphene classifier can be over ~ 100 GHz, which is several orders of magnitude higher than 

that of a CMOS classifier. In addition, the non-volatile nature of ferroelectric hafnium oxide 

will eliminate the need for frequent image loading/unloading, which will further reduce the 

power consumption related to the data transfer. Its consistent and easy programmability 

enables dynamic operation flexibility. The analog classifiers based on graphene ferroelectric 

transistors will enable ultrahigh-speed image recognition and motion detection. 
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Chapter 6   Reconfigurable Logic Devices Based on Ferroelectric and 2D 

Materials 
 

6.1 Motivation 

A key limiting factor in current computing systems is the “memory bottleneck”, the 

fact that more time and energy is spent transferring data between memory and computing 

than with the computation itself. In recent years, the processor-in-memory (PIM) 

architecture has been explored to address this problem, wherein a logic layer is 3D stacked 

with a DRAM layer, to reduce energy consumed in data transfer, while simultaneously 

increasing performance [158, 163]. However, 3D integration in these circuits was mainly 

achieved by stacking wafers/dies and interconnecting them vertically, using through-silicon 

vias (TSVs).  This technique has drawbacks of high cost, long vertical distance between the 

wafers, and the very limited number of wafers that can be stacked. In addition, since the 

function of each logic blocks is fixed, the data still needs to be transferred between different 

logic blocks. In this project, we design and fabricate ferroelectric reconfigurable logic 

devices, which can be integrated with memory circuits monolithically and the function of the 

logic devices can be dynamically changed during operation. The logic circuits enabled by 

these reconfigurable devices can evolve with time based on the demand for the next 

operation or calculation. In this way, the “big data” is no longer needed to be transported 

from one logic block to another, instead one logic block on top or underneath the memory 

block can fulfill all the needed data analysis and processing operations. This technique will 

enable a new computing paradigm, where the process latency and energy consumption will 

no longer be limited by the memory bottleneck.  
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6.2 Background 

In the past, the most common type of reconfigurable hardware is field-programmable 

gate array (FPGA). FPGAs contain an array of logic blocks, and a hierarchy of "reconfigurable 

interconnects" that allow the blocks to be "re-wired” in various configurations. In this design, 

a large amount of chip area is consumed by the networks of wires, memory arrays and logic 

control circuits for re-wiring the connections. Therefore, the circuits implemented by FPGA 

typically have low circuit density, low speed and high energy consumption. To overcome this 

limitation, reconfigurability at logic device level is needed. 

In traditional silicon CMOS, the type of the transistor (nMOSFET or pMOSFET) is 

determined by the doping type at source/drain region, which is fixed once the fabrication is 

completed. N-type (p-type) doping at source/drain region leads to nMOSFET (pMOSFET).  

For 2D material-based transistors, however, the channel typically is not intentionally doped 

due to lacking of mature doping process. Therefore, most 2D transistors are Schottky barrier 

field-effect transistors (SB-FET), where the source and drain metal electrodes form Schottky 

contacts with 2D material channel. Depending on the metal work function, 2D material 

bandgap, electron affinity, and density/location of interface states, the 2D transistors can 

show n-type, p-type or ambipolar behavior [44-46, 51, 144, 164-166]. As a result, the device 

type is highly influenced by the thickness of 2D channel, metal contact materials, and process 

conditions.  

Recently, it was demonstrated that the type of 2D transistors can be dynamically 

switched between nMOSFET and pMOSFET by electrostatic gating [50, 150, 167-170].  

Figure 6-1 shows the optical image and schematic of a WSe2 CMOS inverter implemented by 



86 
 

electrostatic doping [167]. In addition to the global back gate, each transistor has a local 

program gate on the top of the channel. Figure 6-2a (2b)  shows transfer characteristics of 

the PFET (NFET) with and without the program voltage -6V (6V) [167]. when a negative 

(positive) voltage is applied on the program gate of the PFET (NFET), the transfer curve 

shifts to the right (left), indicating that more hole (electron) is induced in the channel by the 

electrostatic gating. To further enhance the electron (hole) transport in the NFETs (PFETs), 

low work function metal Ni was used as the contacts for NFETs, while high work function 

metal Pd was used as the contacts for PFETs. Based on these complementary transistors, an 

inverter is demonstrated with a maximum gain of ~ 12 at Vin ~ 0.4 V and a noise margin of 

~ 2 V.  This device indicates that manipulating the types of the 2D transistors through 

electrostatic gating is feasible. However, these devices need continued voltage supply on the 

program gates to maintain the doping level, which will consume a large amount of power. In 

this project, we propose to develop ferroelectric reconfigurable devices, where the doping in 

 

Figure 6-1. WSe2 CMOS inverter with (a) device false color optical image, (b) Schematic representation, and (c) 

circuit diagram of the inverter with electrostatic doping through top gate voltages VP and VN applied to TP and TN 

respectively. Pd is used as the contact electrode for the PFET and Ni is used as the contact electrode for the 

NFET. 60 nm Al2O3 is used as the top gate (program gate) dielectric and 20 nm SiO2 is used as the back gate 

(control gate) dielectric. 
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2D materials is determined by the non-volatile polarization in the ferroelectric materials, 

which will significantly reduce the energy consumption. 

 

6.3 Device Structure and Operating Principle 

The structure of the ferroelectric reconfigurable logic device we designed is 

illustrated in Fig. 6-3a. Two embedded gates are formed on the SiO2/Si substrates. A 

ferroelectric layer is deposited on the embedded gates. 2D material with narrow or moderate 

bandgap, such as black phosphorus and molybdenum ditelluride (MoTe2), is transferred on 

the ferroelectric layer. Source/drain contacts are formed on the 2D channel. When program 

pulses are applied on the embedded gates, the direction and amplitude of the polarization in 

the ferroelectric layer can be modulated locally.  These polarization charges will induce 

electrons or holes in the 2D materials under the source/drain contacts and dynamically 

change the transistor type from n to p or vice versa (Fig. 6-3b).  

 

Figure 6-2. (a) Transfer characteristics of the PFET with top gate (polarity gate) biases VP = 0.0 V and VP = -6.0 V. 

(b) Transfer characteristics of the NFET with top gate biases VP = 0.0 V and VP = 6.0 V. 
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6.4 Device Fabrication 

As a proof of concept on the electrostatically controlled reconfigurable device, we 

fabricated dual-gate black phosphorus MOSFETs (Fig. 6-4). A 12 nm ALD HZO is used as 

bottom dielectric while a 30 nm ALD Al2O3 by is used as top gate dielectric. Source/drain and 

top gate electrodes are deposited with 15 nm Cr/Au . The thickness of the black phosphorus 

flake is ~ 20nm. 

 
 

Figure 6-3. (a) An illustration for n/p reconfigurable device. (b) Its characteristics. The carrier polarity and 

modulation in 2D material is controlled through the dipoles switching in ferroelectric layer. 
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Figure 6-4. A double-gate black phosphorus FET fabricated. A positive back 

gate bias introduces n-doping. 
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For our prototype ferroelectric reconfigurable logic device (Fig. 6-5), we used MoTe2 

as the channel since it has moderate bandgap and ambipolar current transport. We first 

deposit ~ 15 nm HZO on highly doped silicon layer and then formed the recess window using 

the procedure described in Chapter 5. After a few-layers MoTe2 flake is transferred into the 

window, a two-step optical lithography with two separate e-beam metal-deposition (~ 15 

nm) is applied to deposit heterogeneous metal contacts at the drain and source sides to 

facilitate the transport for either electrons or holes (Explained in Section 6.5). 

 

6.5 Results and Analysis 

Our dual-gate BP MOSFET shows dynamic switching between electron and hole 

transport. All three types of transport curves (p, ambipolar, and n) are observed with the 

program gate biased at 0 V, 1 V, 2V, respectively (Fig. 6-6). The effective tuning of the carrier 

polarity in these devices is attributed to the small bandgap of BP (Eg ~ 0.3 eV). These results 

 
 
Figure 6-5. (a) Micrograph for our ferroelectric back gate MoTe2 FET fabricated (top view). (b) Its structure shown 
from side view. A positive back gate pulse introduces n-doping. 
 

a b
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indicate the feasibility of dynamic reconfiguration of transport polarity by electrostatic 

gating.  

Black phosphorus, however, is not thermodynamically stable in air. To further 

enhance the stability of the devices, we investigated ferroelectric reconfigurable devices 

based on MoTe2. The bandgap of MoTe2 is ~ 1eV, which is much larger than that of black 

phosphorus. To facilitate the electron and hole injection into the channel, we evaluated 

various contact metals. We found that low work function metals, such as Ti, facilitates 

electron injection, while high work function metal, such as Pd, enhances hole injection. In 

order to allow both electron and holes to participate the conduction, we fabricated 

asymmetric contact with Ti on the source and Pd on the drain side, shown in Fig. 6-5.  

As illustrated in the energy diagram in Fig. 6-7a, when the MoTe2 transistor has Ti 

contacts (low work function ~ 4.3 eV), the electron barrier at the metal/2D interface is small 

in favoring electron transport. On the other hand, when Pt contacts (large work function ~ 

5.2 eV) is used, the injection barrier for hole is smaller, hence favoring hole transport (Fig. 6- 

7b). When we deposit asymmetric contacts featuring drain with Pd and source with Ti, 

 

 
 

Figure 6-6. (a)-(c) A double-gate black phosphorus FET fabricated whose polarity could be switched by different back 

gate electrostatic doping.  
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ambipolar transport is observed. The transfer characteristics of a MoTe2 transistor 

measured at 80 K with asymmetric contact is shown in Fig. 6-7c. We can see a clear 

ambipolar conduction in the device. Since the positive drain bias is applied on the Pd contact, 

the hole can easily inject from the drain to the channel due to the smaller hole barrier at the 

drain side. In the meantime, the electrons can be easily injected from the source side due to 

 
 
Figure 6-7. MoTe2 MOSFET with different contact metal (a) n-branch dominant transfer characteristic 
facilitated by Ti contacts (b) p-branch dominant transfer characteristic facilitated by Pd contacts. (c) balanced 
p and n-branch transfer characteristic from asymmetric contacts. Data and figure in (a) and (b) with courtesy 
by group member Dr. Kai Xu. 
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the small electron barrier at the source side. Therefore, ambipolar transport is observed in 

this device.  

 Then we integrated ferroelectric hafnium zirconium oxide with the MoTe2 

transistors, aiming to achieve non-volatile switching of transistor polarity. In these devices, 

the carrier type and concentration of MoTe2 channel can be modulated by the polarization of 

ferroelectric layer. Figure 6-8a shows the transfer curves of the MoTe2 after +8V and -8V 

program pulses from the Si back gate. After positive program pulse is applied on the back 

gate while source and drain are grounded, the threshold voltage of the transistor shifts to 

the negative direction, which indicates n-doping in the channel. This is can be explained by 

the diagram in Fig. 6-8b. A positive back gate pulse will induce an upward polarization in the 

ferroelectric layer, which will attract electrons in the MoTe2 channel. This result indicate that 

the threshold voltage can be modulated by the polarization in the ferroelectric film. 

 

 
 
Figure 6-8. (a) Transfer curve shift with paired opposite pulse in agreement with ferroelectric polarization switching 
scheme. (b) Polarization orientation and the channel doping induced. The charge in circle dash line indicates the dipoles 
in the center channel region may not be fully polarized from the gate pulse due to an absence of top gate hence a 
potential lack of doping control in the MoTe2 channel central region. 
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However, the I-V curves have not fully converted between n and p type. The possible reason 

is that, with the absence of the top gate, program pulses between the source/drain and 

bottom gate could not introduce sufficient electric field in the center channel region. In the 

future, we will further investigate the dual-gate structure and optimize the ferroelectric 

layers, aiming to further enhance the switching between n- and p-type characteristics. 
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Chapter 7.   Conclusion and Future Work 

7.1 Conclusion 

In this thesis, we studied the electrical properties of 2D materials, developed 

ferroelectric hafnium zirconium oxide, and explored energy efficient analog and logic 

devices based on the hybrid stacks of ferroelectric dielectrics and 2D materials. The key 

results are summarized as follows. 

We synthesized high-quality ferroelectric hafnium zirconium oxide with remanent 

polarization up to 35 µC/cm2, endurance higher than 4.9 × 104 cycles, and retention over 10 

years at room temperature. We found that Al2O3 capping layer and recess window process 

can effectively enhance the remanent polarization in hafnium zirconium oxide while reduce 

the leakage current under the source/drain contact pads in the transistors.  

Based on these high-performance ferroelectric dielectrics, we successfully 

demonstrated ferroelectric graphene classifiers. These devices utilize graphene’s unique 

ambipolar characteristics and zero bandgap to form analog devices to perform the 

“comparison” function. The V-shaped transfer characteristics of the graphene transistor 

enable direct calculation of the absolute distance between two inputs. This graphene 

classifier only needs one graphene transistor per pixel as compared to 23 transistors per 

pixel in CMOS classifiers, significantly reducing the chip area of image recognition and signal 

processing circuits. In addition, the non-volatile nature of ferroelectric hafnium oxide will 

eliminate the need for frequent image loading/unloading, which will further reduce the 

power consumption related to the data transfer. The analog classifiers based on graphene 
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ferroelectric transistors will enable ultrahigh-speed image recognition and motion 

detection. 

Furthermore, we investigated ferroelectric reconfigurable logic devices. We found 

that black phosphorus transistors can be effectively switch from p-type, ambipolar to n-type 

by electrostatic gating. To make the reconfiguration non-volatile, we further investigated 

ferroelectric reconfigurable devices based on MoTe2. We found that the threshold voltage of 

the MoTe2 transistors can be modulated by the polarization in the ferroelectric film, which 

indicate the feasibility of these reconfigurable devices. These reconfigurable devices will 

enable the ultimate flexibility of circuit functionality and minimize the data transport, which 

will significantly increase energy efficiency in computing. 

In addition, we studied the electrical properties of 2D materials. We proposed and 

demonstrated a new method to determine the bandgap of black phosphorus using C-V 

measurements. Based on the transition frequency, we can extract the bandgap of the 

semiconductor.  A 0.30 eV bandgap is determined for thick black phosphorus flakes (50 nm). 

For comparison, we also extracted the bandgaps using minimum conductance and threshold 

voltage methods. The bandgaps extracted from the three methods are consistent with each 

other. This new method is especially useful for narrow and/or indirect bandgap materials, 

where photoluminescence measurements are beyond the spectrum range or detecting limit. 

We also systematically studied the interface states of black phosphorus and WSe2 capacitors. 

Although 2D materials are free of dangling bonds, the intimate contact of these 2D materials 

with high-k dielectrics still generates a large number of interface traps. The interface states 

can be as high as 1013 cm-2eV-1 in BP/BN capacitors, while reduces to ~ 5 × 1012 cm-2eV-1 in 
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BP/BN capacitors. The interface state density in WSe2 and black phosphorus shows strong 

voltage dependence. As the surface Fermi level shifts from midgap to the band edges, the 

interface-state density increases exponentially. These characterization and analysis 

methods can be broadly applied to other 2D semiconductors and serve as important tools 

for material selection, process optimization, and device design for 2D electronics and 

optoelectronics. 

 

7.2 Future Work 

In the future, we propose to further investigate the ferroelectric reconfigurable 

devices based on hafnium zirconium oxide and moderate bandgap 2D materials.  We plan to 

investigate dual gate structure and optimize the top gate dielectrics to maintain the 

ambipolar characteristics of the MoTe2 transistors against undesired interfacial doping. The 

dual-gate structure can further enhance the vertical electric field in the center channel region 

and facilitate the polarization switching. In addition, we will further optimize the synthesis 

of doped HfO2 to enhance its ferroelectricity, aiming to demonstrate ferroelectric 

reconfigurable devices with prominent polarity switching. These new ferroelectric 

reconfigurable devices will help usher in a new computing paradigm that breaks the memory 

bottleneck of current computing systems. This new computing platform with high energy 

efficiency and high speed will have broad applications in computing and communication. 
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