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Abstract 1 

It is still a great challenge to avoid the degradation of ultrathin black phosphorus (BP) since its 2 

discovery in 2014. Various methods have been explored to stabilize the properties of ultrathin BP 3 

through capping technology or chemical passivation. Besides, the large metal-semiconductor contact 4 

resistance is also one of the critical issues. The two problems hinder the further development of 5 

ultrathin BP devices. Herein, we demonstrate that polymethyl methacrylate (PMMA) capping can not 6 

only enhance the durability of the ultrathin BP effectively and nondestructively, but also tune the 7 

effective Schottky barriers (SBs) formed at the interfaces between the metal and semiconductor 8 

dramatically. Particularly, the Schottky barrier (SB) for electron injection from metal to 9 

semiconductor is decreased by ~ 13 meV and the performance of the BP field effect transistor (FET) 10 

is strongly enhanced with the current on/off ratio increased by 6.8 times for the hole conduction after 11 

the PMMA capping. In addition, after the electron beam irradiation to the PMMA layer, the charge 12 

neutral point of the BP FET exhibits remarkable negative shift resulting in the electron dominated 13 

semiconductor channel at zero gate voltage. Furthermore, through partially capping the BP channel, 14 

a prototype of BP p-n diode was demonstrated with a maximum rectification factor of 21.3. The diode 15 

performs quite well with just a quarter of the BP channel capped by the PMMA layer. Our findings 16 

suggest that the PMMA capped ultrathin BP would be a promising choice for future device 17 

applications.   18 

 19 

 20 

 21 

 22 

 23 

 24 

 25 
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1.Introduction 1 

The surge of black phosphorus (BP) research promotes the innovation of two-dimensional (2D) 2 

materials family and its applications. BP is a layered semiconductor consisting of puckered 3 

phosphorus atom planes with strong intralayer covalent bonds and weak van der Waals interlayer 4 

interaction. Compared with the representative 2D materials, such as graphene and transition metal 5 

dichalcogenides (TMDs), BP owns both intrinsic thickness dependent bandgap ranging from ~0.3 eV 6 

in bulk to ~2.0 eV in monolayer and favorable field effect mobility (~1000 cm2/V·s) at room 7 

temperature.[1-4] In addition to these advantages above, the puckered honeycomb structure leads to 8 

highly anisotropic electrical transport, thermal conductivity, optical responses and mechanical elastic 9 

moduli.[5-9] Hence, BP is regarded as a promising candidate for future high-performance logic circuit, 10 

optoelectronics, energy storage and molecular sensors.[10-14] However, the weak ambient stability 11 

is the Achilles’ Heel, nanoscale BP suffers from the degradation in ambient environment within 12 

several hours primarily due to the reaction with oxygen.[15-20] Thus, finding a proper way of 13 

protecting ultrathin BP against degradation is imperative and full of challenge. Up to now, the problem 14 

can be surmounted by various capping schemes including Al2O3[21-23], SiO2[24], hexagonal boron 15 

nitride (h-BN) or graphene sandwich structure[25-27], polymer[28, 29] or by different chemical 16 

decoration, including titanium sulfonate ligand[30], aryl diazonium moieties[31], and benzyl 17 

viologen[32]. Among these methods, atomic layer deposition (ALD) introduces excess water in the 18 

growth process of Al2O3, which is not suitable for ultrathin BP. The encapsulation of sandwiched h-19 

BN or graphene is normally used to assemble heterostructure and has a low throughput. Various 20 

chemicals decoration may be toxic and unstable for a durable protection. Capping polymer is regarded 21 

as one of the most promising methods. Polymethyl methacrylate (PMMA) is a kind of common non-22 

hazardous organic material. It can be used to encapsulate ultrathin BP flake. Tayari et al utilized 23 
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PMMA to protect BP quantum wells.[28] However, the effect of PMMA on the intrinsic properties 1 

of ultrathin BP has not been studied in details.  2 

Only the ultrathin BP with proper and durable protection should be competent for various electronic, 3 

photonic and energy storage applications. Field effect transistor (FET) as a basic three-terminal device 4 

constitutes the contemporary microelectronic industry. However, BP MOSFETs suffer from high 5 

contact resistance due to the Schottky barriers (SBs) formed at the metal-semiconductor interfaces. 6 

Unlike traditional silicon based FETs, 2D materials are difficult to form heavily doped regions 7 

effectively by ion implantation.[33-35] The contact resistance is highly dependent on the Fermi level 8 

alignment of the source/drain electrodes with the semiconductor energy bands.[36, 37] There are two 9 

main approaches for tuning the SBs at the interface by choosing the metal electrode with appropriate 10 

work function and surface electrostatic doping.[38, 39] High work function metals, such as Ni and 11 

Pd, have been demonstrated to achieve different SB heights and the alignment of Fermi levels close 12 

to the valance band (Ev) facilitating hole injection. Likewise, low work function metal, such as Sc, 13 

boosts the electron injection and gives a record high current density of 580 μA/μm in BP Schottky 14 

barrier-MOSFET (SB-MOSFET).[40, 41] Though choosing a proper metal is able to modify the SBs 15 

effectively, the Fermi level pinning can make the metal’s Fermi level pinned at a fixed energy level, 16 

which hinders the optimization of this tuning method. Recently, surface electrostatic doping method 17 

inspires researchers to alter the work function of BP and energy level alignment by the aid of various 18 

adsorbates, such as metal atoms,[42, 43] silicon nitride,[44] caesium carbonate and molybdenum 19 

trioxide,[45] benzyl viologen,[32, 46] aluminum oxide,[47] ary diazonium,[31] potassium,[48] 20 

various polymers[49] and so on. Furthermore, the method of gate electrostatic doping is also used to 21 

create p-n diodes of few-layer BP.[50, 51] However, combing the requirement of durable protection 22 

and SB adjustment for ultrathin BP devices together, PMMA capping is considered as one of the most 23 
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appropriate methods to satisfy both requirements simultaneously. Therefore, it is critical to fully 1 

understand the influence of PMMA capping on the SB adjustment in BP SB-MOSFETs.    2 

In this study, we investigate the electrical transport properties of the PMMA capped BP MOSFETs 3 

by analyzing the current-voltage (I-V) characteristics quantitatively. The shapes of the I-V curves are 4 

very much affected by the height and width of the effective SBs.[52] Through adjusting the effective 5 

SBs, the conduction type of BP MOSFET can be varied from holes to electrons at zero gate voltage. 6 

The effective SB for electron injection is decreased remarkably after the capping. Moreover, the 7 

performance of the BP MOSFET is also enhanced substantially with higher on/off ratios. Finally, the 8 

prototypes of p-n diode and logic inverter based on ultrathin BP were also demonstrated successfully 9 

via e-beam irradiation to the PMMA film partially.[49]  10 

 11 

2. Results and discussion 12 

Figure 1(a) shows the Raman spectra of the PMMA capped BP flake as a function of storage time and 13 

kept in the ambient environment. Three characteristic peaks 𝐴𝐴𝑔𝑔1 , 𝐵𝐵2𝑔𝑔 and 𝐴𝐴𝑔𝑔2  are located at 362 cm-14 

1, 439 cm-1 and 467 cm-1, respectively, which are in good agreement with the reported results.[53, 54] 15 

After 17 hours of storage, no obvious Raman peak shifts were observed for the three Raman modes. 16 

The intensity ratio of the three peaks maintained at about 1:1.1:2.0 in the whole period. The 17 

unchanged Raman spectra suggest that the PMMA capping can protect the BP flake from degradation 18 

effectively. In addition, it is known that the degradation can reduce the field effect mobilities by an 19 

order of magnitude.[19, 55, 56] Hence, a standard BP MOSFET was fabricated to investigate the 20 

protective effect of the PMMA layer. The field effect mobility μFE can be extracted from the linear 21 

region of the FET transfer curves. Based on the formula, μFE = L/W·(1/Cg)·(dG/dVg), where L and W 22 

are the length and width of the FET channel, respectively, Cg is the capacitance per unit area, Vg is 23 
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the gate voltage and the G is the conductance. The hole mobilities and electron mobilities at different 1 

preserving time stages were calculated as shown in Figure 1(b). It is found that both the hole and 2 

electron mobilities of the PMMA capped FET are almost unchanged up to 50 hours. The inset shows 3 

the atomic force microscope (AFM) image of the BP sample revealing a clean surface without any 4 

bubbles. The thickness of the ultrathin BP flake is ~9.8 nm. It is worth mentioning that the AFM 5 

measurements were carried out after removing the PMMA layer and all the following FETs were 6 

fabricated based on flakes with the thickness less than 10 nm.  7 

The capping PMMA layer can not only make the devices durable but also change the effective SBs. 8 

Unlike the silicon MOSFETs, the electrical transport properties of BP FETs are highly dependent on 9 

the metal-semiconductor contacts due to the considerable SBs at the interfaces. To investigate the 10 

PMMA capping effect on the electrical transport properties, we measured the I-V characteristics of 11 

the capped FETs as compared with the uncapped ones, which directly reflect the properties of the 12 

effective SBs.[52, 57] All experiments were carried out at room temperature and in a vacuum ambient 13 

(10-6 Torr). The linear and semi-logarithmic plots of the transfer curves are shown in Figure 2(a). 14 

Herein, an obvious ambipolar behavior is observed with asymmetric hole and electron branches, 15 

which is attributed to the small band gap of the ultrathin BP and a weak Fermi level pinning at the 16 

Cr/BP interfaces.[14] The red curves derive from the capped device. The drain current of the BP FET 17 

decreases gradually and then followed by a shallow increase as the Vg becomes more positive with a 18 

minimum current at ~ +30 V. Whereas, the minima of the uncapped device is located at +57 V (black 19 

curve). In this article, we define the gate voltage at minimum drain current as the charge neutral 20 

point.[58] The clear shift of the charge neutral point suggests that the PMMA capping dramatically 21 

modulates the effective SBs by the surface electrostatic n-type doping.[59] The prominent p-type 22 

behavior in the uncapped FET indicates that the Fermi level of the Cr aligns with the energy level of 23 



IOP Publishing Li Yanyong et al 

7 
 

the BP near the Ev, which facilitates the hole injection into the channel. The energy bands of BP bend 1 

upward to form two triangular SBs, namely, the source and drain barriers.[58, 60] After the capping, 2 

the PMMA layer induces positive fixed charges at the interface.[42, 45, 47] In order to preserve charge 3 

neutrality, the fixed positive charges must be balanced by an equal amount of charges with opposite 4 

sign in the BP. This charge transfer results in dipoles over a distance of atomic dimensions, which 5 

causes the strong downward band bending of BP and even forms an inversion layer.[61-63] The strong 6 

downward band bending inevitably reduces the depletion width of the triangular SBs formed at the 7 

interface between the contact edge and BP.[64, 65] The change of the SBs will facilitate the electron 8 

injection into the BP channel, i.e. reduces the effective SBs for electrons. Figure 2(b) shows the 9 

schematic diagrams of the energy bands under the influence of the PMMA capping. In the flat-band 10 

condition, the Fermi level of the Cr electrode aligns close to the Ev of the BP as shown in the upper 11 

panel of Figure 2(b). Notably, the conduction band minimum in the bulk is equal to that at the interface, 12 

and the activation energy is same as the SBs in flat-band condition.[66] So, flat-band voltage (VFB) 13 

is a key point, where the thermionic emission region is separated with tunneling region.[67] Assuming 14 

the FET is in the flat-band condition, qΦ𝐵𝐵𝐵𝐵 and qΦ𝐵𝐵𝐵𝐵 represent the effective SBs for electron and 15 

hole injection, respectively. Obviously, the qΦ𝐵𝐵𝐵𝐵 is much larger than qΦ𝐵𝐵𝐵𝐵, which means the hole 16 

conductance dominates the MOSFET in this case. By contrast, after capping the PMMA layer, the 17 

effective SBs for electron to decrease, but for hole to increase as shown in the lower panel of Figure 18 

2(b).[63] Besides of the negative shift of charge neutral point, it is found that the off-state drain current 19 

also declines obviously after the capping. Herein, we define the on-state current as the value of the 20 

drain current at Vg = -70 V and Vd = 100 mV and the off-state current is the value of the drain current 21 

at the charge neutral point. It is known that the off-state current density highly depends on the changes 22 

of the effective SBs.[67] Low off-state current contributes proportionally to increasement of the 23 
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on/off ratio in the SB-MOSFET. Obviously, the off-state current in the capped device decreases by 1 

about ten times, from 1.3×10-8 A to 1.7×10-9 A. Accordingly, the on/off current ratio is found to be ~ 2 

7.5×103 for the hole conduction, which is much larger than that in the uncapped device (~ 1.1×103).  3 

Due to the ultrathin channel thickness and improved electrostatic control, the Vg dramatically 4 

influences the width of the source and drain SBs, which is known as the gate electrostatic doping 5 

effect.[68] Figure 2(c) displays the I-V characteristics of the SB-MOSFET under various gate 6 

voltages. The slopes of the I-V curves increase gradually as the Vg become more negative, which 7 

reflects the increase of conductivity in the hole dominated side. For instance, as the Vg varies from 8 

30 V to -20 V gradually, the conductivity of the uncapped device rises from 3.75 S/m (Vg= 30 V) to 9 

33.5 S/m (Vg= -20 V). In contrast, the outcomes in the capped device are significantly distinct. As 10 

shown in Figure 2(d), though the I-V curves are still symmetric and linear in the hole side (Vg < 20 11 

V), the conductivity of the FET decreases a little to 31 S/m at the same Vg = -20 V, which indicates 12 

that the hole conduction is suppressed after the capping. The variation of the total resistance of the 13 

FET may derive from the change of the effective SBs at the contacts and/or the n-type doped BP 14 

channel. Given only the latter one is taken into account, the shape of the I-V curve should maintain 15 

symmetry and linearity. However, in the inset of Figure 2(d), the I-V curves in the capped FET 16 

become asymmetric and rectified as the Vg becomes positive (from 20 V to 30 V). Therefore, the 17 

change of the SBs at the contacts should play an important role in the variation of the total resistance. 18 

As discussed above, the PMMA capping causes strong downward band bending of the BP, which 19 

inevitably leads to the change of the contact resistance.[69] As for the question, how do the SBs at 20 

the source and drain contacts change? The model of back-to-back SB diodes can be employed for the 21 

explanation.[52] In this model, the source and drain SBs lie in reverse and forward states, respectively. 22 

Besides of the Vg, the drain bias (Vd) also affects the effective SBs dramatically. In the experiments, 23 
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Vd was the same (100 mV) for the capped and uncapped FETs in the condition of Vg = +30 V. 1 

Surprisingly, the shapes of the I-V curves are distinct obviously. The capped FET has already lain in 2 

the electron dominated side, when the Vg reaches +30 V, which indicates that the PMMA capping 3 

readily promotes the drain SB to reach the flat-band condition in the capped FET. As the drain SB in 4 

the MOSFET lies in the forward state, the combination of Vg and Vd determines the shape of the drain 5 

SB. Through narrowing the width of the triangular drain SB, the mechanism of electron injection is 6 

the tunneling or thermionic field emission, which decreases the effective SB for electron injection 7 

remarkably. So, the difference between the source and drain SBs leads to the asymmetry of the I-V 8 

curves in the same conditions for the capped and uncapped FETs. Furthermore, with the help of the 9 

additional downward band bending induced by the PMMA capping, it is easier for the electron 10 

injection from the drain to be dominated by tunneling or thermionic field emission in the same Vg 11 

and Vd in the capped FET. Hence, it should be easier to observe the asymmetric I-V curves in the 12 

electron dominated side in the capped FET. Since the negative shift of the charge neutral point reflects 13 

the degree of the additional downward band bending, to ascertain the capping effect, more FETs (11 14 

devices) were measured to verify the shifts of the charge neutral points. Clear negative shifts of the 15 

charge neutral points were observed in all these devices with the maximum shift magnitudes of -38 16 

V. The details can be found in the part 2 of the supplementary information. 17 

To further evaluate the PMMA capping influence, we have to extract the effective SBs using flat-18 

band SB extraction method.[70] Notably, we indicate that the flat-band voltage (VFB) is denoted as 19 

the point in the subthreshold regime where the slope of the semi-logarithmic Id versus Vg deviating 20 

from linear trend.[50] Note that the VFB divides the whole transfer curve in the off-state into two 21 

regions, the hole tunneling region dominated by carrier tunneling possibility and thermionic emission 22 

region.[71] Below the VFB, hole tunneling current is hindered effectively due to the substantial SB 23 
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width. So, the contribution from the hole tunneling current can be neglected in the off-state. By 1 

contrast, the hole thermionic emission current is limited by the channel potential Vd below VFB 2 

following the classic thermionic emission (TE) theory, and the SB height above the VFB. When the 3 

MOSFET reaches flat-band condition, the total activation energy that holes must overcome to access 4 

the channel is equal to the effective SB for hole. Hence, the effective SB can be revealed once the 5 

VFB is identified. 6 

Figure 3(a) displays the transfer curves of another uncapped BP FET under different temperatures. 7 

Herein, the drain current Id is composed of both the thermionic emission current and tunneling current. 8 

To simplify the calculation, we use the conventional TE theory to simulate the drain current in the 9 

high temperature range. Using the conventional TE equation, 10 

2 qexp( )[exp( ) 1]dB
d

B B

qVJ A T
k T k T

∗ − Φ
= −  11 

we used the Arrhenius-type plot, i.e. -ln (Id/T2) vs the reciprocal of the temperature (1/kBT), to extract 12 

the effective SB as shown in Figure 3(b). Herein, Jd is the drain current density through the FET, A* 13 

is the Richardson’s constant, kB is the Boltzmann constant, T is the temperature, qΦB is the effective 14 

SB and Vd is the drain bias. Through extracting the slopes of the curves in Figure 3(b) in the high 15 

temperature region, the effective SBs at different Vg were obtained. Then, the VFB can be readily 16 

determined from the curve of qΦB as a function of the Vg as shown in Figure 3(c). In the off-state, 17 

only the thermionic current determines the current flow through the device. VFB is reached when the 18 

tunneling current becomes relevant in the total current flow, which is reflected by the fact that the 19 

calculated qΦB deviates from the linear trend.[72] Hence, the extracted effective SB for hole at VFB 20 

is about 44.6 meV in the uncapped device. Notably, negative effective SBs were calculated when the 21 

Vg was less than 7 V. It may result from the contact-limited effects and ultrathin-body induced thermal 22 
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assisted tunneling.[72, 73] Referring to the band gap of ~10 nm BP of ~290 meV, the corresponding 1 

effective SB for electron is about 245.4 meV.[4, 50, 74] After the PMMA capping, the effective SB 2 

for hole conduction can be calculated by the same method as shown in Figure 3(d). The value is about 3 

57.6 meV for qΦBp and 232.4 meV for qΦBn. Therefore, the effective SB for electron injection is 4 

decreased by ~ 13 meV after the PMMA capping. 5 

It is reported that electron beam (e-beam) irradiation can solidify PMMA film by cross-linking and 6 

create small molecular free radicals to introduce positive fixed charges at the interfaces between BP 7 

and PMMA.[49, 75] Hence, we also employed this method to irradiate the PMMA capping layer for 8 

comprehensive understanding the influence of PMMA capping. Another BP MOSFET was fabricated 9 

in the same processes. The schematic diagram of the irradiation process is displayed in Figure 4(a). 10 

A layer of PMMA was spin-coated onto the as-fabricated FET. After the standard soft baking, e-beam 11 

was utilized to expose the PMMA in a specific area, as shown in the step 2 in Figure 4(a). The e-beam 12 

irradiated PMMA was solidified and could not be removed by acetone. Next, the unexposed PMMA 13 

was rinsed away by acetone. Finally, the FET capped by the irradiated PMMA was fabricated as 14 

shown in step 3. The photo of the irradiated BP MOSFET is also shown in Figure 4(a). The details of 15 

the irradiation process are described in the methods.  16 

Figure 4(b) displays the transfer characteristics of the BP FET before and after the e-beam irradiation. 17 

The Vd was set as 100 mV. After the irradiation, it is found that the ambipolar characteristic of the BP 18 

SB-MOSFET is more obvious with a larger drain current (Id) in the electron dominated side, which 19 

is more dramatic than the circumstance described in Figure 2(a). More importantly, the charge neutral 20 

point exhibits a substantial negative shift after irradiation, even below Vg = 0 V (from +16 V to -6 V). 21 

The negative charge neutral point implies that the device is under the control of electrons, when there 22 

is no applied gate voltage. It is reported that the positive fixed charges exist at the interfaces between 23 
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the irradiated PMMA layer and the BP surface.[49] Hence, masses of electrons induced by the surface 1 

electrostatic doping accumulate in the semiconductor channel leading to the negative shift of the 2 

charge neutral point. Moreover, these surface charges also enlarge the hysteresis loop formed in the 3 

process of forward and backward sweeping the gate voltage. As illustrated in the part 1 of the 4 

supplementary information, the hysteresis loop is enlarged after the irradiation implying the increase 5 

of the surface charges. 6 

Subsequently, we discuss the influence of the e-beam irradiation on the effective SBs with the 7 

reference to I-V curves and band diagrams at different stages. Figures 4(c) shows the I-V curves of 8 

the uncapped BP FET in the hole dominated side before irradiation. In the uncapped FET, the Fermi 9 

level (EF) of Cr aligns close to the valence band (Ev) facilitating the hole injection. Negative Vg 10 

promotes the hole electrostatic doping making the energy levels bend upward seriously and the top 11 

of the Ev gets closer to the EF as shown in the corresponding band diagram in Figure 5(a). Accordingly, 12 

the intrinsic heavy p-type doping results in a shorter depletion width and sizable hole tunneling 13 

current, which is revealed by the perfect linear I-V relationship under various gate voltages. The inset 14 

of Figure 4(c) shows the enlarged I-V characteristics under different Vg (from -30 V to 10 V), where 15 

the Vd ranges from -3 V to 0 V. Interestingly, the I-V curves always maintain the linear relationship 16 

without drain current saturation, even when the Vd increases as large as to -3 V. This behavior reveals 17 

that the effective SB for hole is too small to affect the device output. It is known that the saturation 18 

behavior in 2D FETs is not attributed to the pinch-off of the inversion layer in conventional Si MOFET, 19 

but to the current limitation of the source and drain SBs.[41] As we mentioned before, the Vd can also 20 

modify the effective SB near the drain side. With the increasing Vd, the drain SB becomes more and 21 

more smaller, which is expected to have less impact on the output curve. Therefore, the Id-Vd curves 22 

in the enlarged range display perfect linear without saturation. 23 
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In contrast, the I-V curves of the SB-MOSFET in the hole side are obviously distinct after the 1 

irradiation as shown in Figure 4(d). The I-V curves deviate from the linear relationship, which means 2 

that the effective SB for hole (qΦBp*) increases as explained above. The intrinsic hole transport in the 3 

irradiated FET is suppressed, like the circumstance in the capped FET without irradiation described 4 

in Figure 2(d). The energy bands of the BP are dragged down to form larger triangular SB as shown 5 

in Figure 5(b), which impedes the hole injection, especially the tunneling current. The increased 6 

effective SBs are bound to increase the whole resistance of the MOSFET. Through extracting the 7 

slopes of the I-V curves by linear fitting in Figure 4(d), it is proved that the conductivity becomes 8 

smaller in the irradiated device at the same Vg and Vd. For example, the conductivity is only 7.6 S/m 9 

in the irradiated device at Vd= -40 mV and Vg= -20 V. However, the conductivity is 13.2 S/m in the 10 

same conditions in the uncapped device as shown in Figure 4(c). Furthermore, because of the 11 

increased effective drain SB for hole, clear drain current saturation was observed in the enlarged 12 

output curves. As shown in the inset of Figure 4(d), as the Vd raises to 2 V gradually, Id almost 13 

maintains at 36 μA under the Vg = -20 V. The saturation behavior suggests that the drain SB dependent 14 

on the drain bias (qΦBp*-qVd) has not reached the flat-band condition as shown in Figure 5(b). Once 15 

the energy band of the BP near the drain side is approaching the flat-band as the Vd increases, the 16 

drain SB will diminish and the output curves in the large range will show saturation behavior.[76] 17 

As the Vg keeps increasing positively, the device is dominated by the electron conductance due to the 18 

gate-induced electrostatic doping effect. Figure 4(e) displays the sublinear I-V curves in the uncapped 19 

device, which suggests that strong SBs hinder the electron injection.[77] Moreover, the highly 20 

asymmetric I-V curves illustrate that the source SB is dramatically distinct from the drain one. In the 21 

inset of Figure 4(e), typical rectifying I-V behavior without drain current saturation is observed in the 22 

large range output relationship, even when the Vg reaches 60 V. The inflection point is observed near 23 
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Vd= 0.9 V. It suggests that the height of effective SB for electron (qΦBn) in the uncapped device are 1 

extremely large to block the thermionic emission electron injection. Besides, the width of the SB is 2 

also large enough to hinder the electron tunneling current, even at a large gate bias (Vg = 60 V).[78] 3 

As shown in Figure 5(c), the high Vd (3 V) still cannot diminish the large drain SB (qΦBn-qVd), which 4 

makes the energy bands of the BP near the drain side cannot approach the flat-band condition. 5 

Therefore, no saturation behavior is observed and the Vd is mostly loaded by the reversed SB instead 6 

of the ultrathin BP channel for the electron conductance. The degraded lateral electric field makes it 7 

difficult to reach saturation regime unless an extreme large Vd is applied.  8 

In contrast, after the irradiation it is clearly found that the I-V curves in Figure 4(f) are more linear 9 

than those in Figure 4(e), which suggests that the effective SB for electron (qΦBn*) is reduced after 10 

the irradiation. The energy levels of the BP are dragged down by masses of electron doping as shown 11 

in Figure 5(d). The reduced effective SB can enhance the electron thermionic emission and tunneling 12 

currents, which reduces the whole resistance of the FET greatly. For instance, comparing the output 13 

curves in the inset of Figure 4(e) and (f), after the irradiation, the whole resistance of the device 14 

declines from 620 kΩ to 145 kΩ, nearly ~ 4 times in the same condition of Vg = 40 V and Vd = 100 15 

mV. In addition, clear drain current saturation can be observed in the enlarged output curves as shown 16 

in the inset of Figure 4(f). The high Vd makes the drain SB height to decrease by qΦBn*-qVd, which 17 

facilitates the energy band near the drain side to reach the flat-band condition and allows the hole 18 

injection from the drain electrode. However, compared with the band diagram in Figure 5(a), the 19 

reduced drain SB for electron is not as low as that for the hole current. Therefore, the drain SB is still 20 

expected to have an impact on the output curves in the electron dominated side, which makes the 21 

drain current to be saturated at high Vd (~3 V). Our explanation can be verified by the fact that the 22 

electron conductance is ~10 times smaller than the hole conductance.  23 
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Next, as the e-beam irradiation can lead to n-type doping to BP, we demonstrated a prototype of p-n 1 

diode by capping the BP channel partially with an irradiated PMMA layer and leaving the other part 2 

uncapped. The schematic diagram of the structure is shown in Figure 6(a). Figure 6(b) displays the 3 

linear and semi-logarithmic transfer curves of the p-n diode. Unlike the normal transfer curves shown 4 

in Figure 4(b), two valleys are observed in the transfer curve. Herein, we define five representative 5 

states (from A to E) to explain the transition of the energy bands in the BP p-n diode. When the Vg is 6 

much negative than -5 V (charge neutral point of the capped part), the Fermi levels of the Cr at both 7 

the source and the drain align near the Ev due to the intrinsic p-type nature of the ultrathin BP.[16] A 8 

hole accumulation layer is formed by the negative gate bias in the on-state. The larger the gate bias 9 

is, the thinner the effective SBs are. The hole thermionic and tunneling currents overcome the SBs to 10 

form large drain current. Accordingly, the I-V curves are almost linear as shown in Figure 6(c). 11 

Therefore, the p-p junction is formed in that state. As the Vg increases gradually to near -5 V, the 12 

energy bands shift downward by the electrostatic doping and the Fermi level of the BP shifts toward 13 

the conduction band. However, as the PMMA capping can induce n-type doping, the capped region 14 

of the BP channel will reach the flat-band condition in advance. An analogic i-p junction is achieved 15 

successfully. The I-V curve becomes rectified as shown in Figure 6(d). The forward bias can reduce 16 

the built-in electric field between the capped and uncapped regions. When the Vg increases over -5 V, 17 

the energy band in the capped region shifts downward further, and the Fermi level of the BP gets 18 

closer to the conduction band. Hence, the capped region has already been dominated by electron 19 

conductance. However, the uncapped region is still in hole dominated regime so that the p-n junction 20 

is formed and the built-in field between the two regions is the largest in this state. The I-V curve is 21 

rectified with the maximum rectification factor of 21.3 as shown in Figure 6(e), which is much larger 22 

than that of graphene.[79] As the Vg increases over 10 V, the uncapped region almost reaches the flat-23 
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band condition due to the gate-induced electrostatic doping and the drain bias. The effective SB near 1 

the drain side for the electron conductance becomes lower. Large electron current passes over the SB. 2 

Oppositely, the barriers for hole starts to increase so that the whole conductance declines under the 3 

forward bias as shown in Figure 6(f). Hence, the n-i junction is formed in this condition. Finally, n-n 4 

junction is formed when the Vg increases further. Electron accumulation layer exists in the whole BP 5 

channel. Besides, the different effective SBs at the source and drain lead to the asymmetric I-V curves 6 

as shown in Figure 6(g). Based on the analysis above, it is found that the rectifying states of the BP 7 

p-n diode can be tuned by varying the Vg directly.  8 

To investigate the influence of the partially capped and irradiated BP channel areas, we prepared three 9 

BP p-n diodes with different capped areas which are covered 25%, 50% and 75% of the whole BP 10 

channel. The results are shown in Figure 6(h). As the capped area enlarges, the number of valleys in 11 

the transfer curve changes from two to one. In addition, the charge neutral point shifts toward the 12 

negative direction more and more seriously. Moreover, the conductance in the electron dominated 13 

range becomes larger and larger gradually as the proportions of the capped area increase, which 14 

suggests that more electron dopants are introduced. The number of valleys decreases suggesting that 15 

the built-in field is quite small in the diode with the proportions of capped area larger than 25%. 16 

Therefore, with a quarter of the BP channel capped by the PMMA, the BP p-n diode can perform well 17 

enough. It is more efficient than the reported benzyl viologen solution.[46] Finally, another prototype 18 

about the logic inverter with a gain of 0.18 at Vdd= 1 V was also successfully demonstrated as shown 19 

in the part 3 of the supplementary information. Based on the analysis of various BP devices above, it 20 

is of great interest to utilize the PMMA capping technique to modify the electron transport properties 21 

of the ultrathin BP based devices. 22 

  23 
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3.Conclusion 1 

In conclusion, we have comprehensively studied the influence of PMMA capping on the ultrathin BP 2 

FETs. The durability of the capped BP FETs in ambient is prolonged. It is found that the PMMA 3 

capping layer serves as an electron dopant and results in a dramatic decline of effective SB for electron 4 

injection by ~13 meV. Moreover, the capped device exhibits an enhanced on/off ratio ~7.5×103 for 5 

the hole conduction. After the e-beam irradiation to the PMMA layer, a larger negative shift of the 6 

charge neural point is observed, and the electron conductivities of the device are enhanced 7 

dramatically by ~4 times. As proof-of-concept device, the gate tunable p-n diode was successfully 8 

demonstrated. The rectification factor can be tuned by the gate voltage with a maximum of 21.3. 9 

Furthermore, the diode can perform well with just a quarter of the BP channel capped by the PMMA. 10 

This work demonstrates a facile and convenient method of achieving two urgent purposes 11 

simultaneously, namely, the enhanced durability in ambient and modification of the effective SB. This 12 

method of fabricating BP SB-MOSFETs with tunable effective SBs offers more opportunity to the 13 

development of 2D materials in the field of microelectronics and photonics.  14 

 15 

4. Methods 16 

Ultrathin BP flakes were mechanically exfoliated from commercially available nature bulk material 17 

(from Smart-Elements) using Scotch tape onto SiO2 (285 nm)/p-type Si substrates. PMMA powder 18 

(with average Mw ca. 9.96×105) was dissolved in anisole solution (99.7%) for 3 days to from PMMA 19 

solution. Subsequently, the PMMA solution was spin-coated onto the substrates with the speed of 20 

4000 rpm to form a PMMA capping layer with the thickness of ~300 nm. The substrate was heated 21 

for 5 mins at 110℃ on a hot plate to solidify the PMMA film. The experiments described above were 22 

carried out in a glove box (MBRAUN) fulfilled with argon. Optical microscope and Raman 23 
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spectroscopy (WITech alpha-300) were used to identify and characterize the BP flakes. Raman signals 1 

were acquired from the same spot in the whole processes to enhance the comparability. The laser 2 

power (488 nm) was set as 0.5 mW to prevent the heating damage to the BP flakes. The capped BP 3 

flake was transferred into a vacuum chamber for electron beam lithography to pattern the source and 4 

drain electrodes. After dipping into the developer, the sample was immediately transferred into the 5 

vacuum chamber of the electron beam evaporator, a layer of 5 nm/60 nm Cr/Au was deposited as the 6 

source and drain metal under the base vacuum of 10-7 Torr. The evaporation rates for Cr and Au were 7 

set as 0.3 Å/s and 0.7 Å/s, respectively. Subsequently, the standard lift-off processes were carried out 8 

to pattern the contact electrodes. To enhance the contact electric properties, the device was rapidly 9 

annealed in argon ambient at 300 ℃ for 10 minutes. To selectively cover the BP FET, we utilized the 10 

e-beam irradiation. Specifically, a PMMA layer was spin-coated onto the as-fabricated BP FET with 11 

the speed of 4000 rpm. After soft baking at 110℃ for 1 min, the e-beam lithography technique was 12 

employed to selectively expose the PMMA with a high dose of 2×104 μC/cm2. The filament voltage 13 

was configured as 25 keV. The PMMA in the exposed area was solidified. Subsequently, acetone was 14 

used to remove the non-irradiated PMMA. For the BP p-n diode, through the irradiation to the PMMA 15 

layer, we capped a part of the BP channel with the PMMA layer and left the other part uncapped. All 16 

the electrical measurements were carried out using Keithley 4200 in a vacuum chamber of 10-6 Torr 17 

at room temperature. A Desi-vac container was employed to transfer sample between each step.  18 
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 1 

Figure 1. The influence of PMMA capping on the durability of BP SB-MOSFET stored in ambient. 2 

a) Raman spectra of the capped ultrathin BP flake as a function of the storage time in ambient. Notably, 3 

the black one in the bottom represents the Raman spectrum of the uncapped ultrathin BP flake. b) The 4 

dependence of electron and hole mobilities on the storage time for the capped FET. The insets are the 5 

optical image and the AFM image of the device. The height of this ultrathin BP flake is ~9.8 nm. The 6 

channel length of the BP FET is 4.6 μm, and the width of 2.8 μm. 7 
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 1 

Figure 2. The influence of PMMA capping on the electrical transport properties of BP SB-MOSFET 2 

with channel length of 1.7 μm and width of 4.0 μm. a) Linear and semi-logarithmic plots of transfer 3 

curves of the FET before (black one) and after (red one) the capping. The source-drain voltage (Vd) 4 

was set as 100 mV. b) The schematic diagrams of the energy bands of the uncapped BP (upper panel) 5 

and the capped one (lower panel). EV, EF and Ec represent the valence band, Fermi level and the 6 

conductive band, respectively. qΦ𝐵𝐵𝐵𝐵 and qΦ𝐵𝐵𝐵𝐵 represent the effective SBs for electron and hole in 7 

the uncapped FET, respectively. qΦ𝐵𝐵𝐵𝐵
∗  and qΦ𝐵𝐵𝐵𝐵

∗  are the effective SBs in the capped FET. c) I-V 8 

curves of the uncapped FET under the gate voltage (Vg) from -20 V to 30 V with a step of 10 V. d) I-9 

V curves of the same FET with the capping layer under Vg from -20 V to 10 V with a step of 10 V. 10 

The inset shows the I-V curves under Vg = 20 V and 30 V, respectively.  11 
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 1 

Figure 3. The extraction of effective SB in BP SB-MOSFET with the channel length of 2.0 μm and 2 

width of 3.7 μm. a) Experimental transfer characteristics of the uncapped FET with Cr/Au contacts 3 

under different operating temperatures. b) Arrhenius-type plot composed of the -ln (Id/T2) as a 4 

function of the 1/kBT at different gate voltages. c-d) The extracted effective SB for hole conduction 5 

(qΦBp) as a function of the applied gate voltages in the uncapped BP FET (c) and capped BP FET (d), 6 

respectively. 7 
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Figure 4. The influence of the irradiation to PMMA layer on the electrical transport properties of BP 2 

SB-MOSFET with the channel length of 4.8 μm and width of 3.0 μm. a) The schematic diagrams of 3 

the process of the irradiation. In step 1, an as-fabricated FET was spin-coated with a layer of PMMA. 4 

In step 2, the PMMA layer was exposed by e-beam irradiation. In step 3, the non-irradiated PMMA 5 

was rinsed away by acetone with the exposed area left. The photo of the final device is also displayed 6 

in the upper right corner. b) Linear and semi-logarithmic plots of transfer characteristics of the FET 7 

before (black lines) and after (red lines) the irradiation. c) I-V curves of the uncapped FET in the 8 



IOP Publishing Li Yanyong et al 

31 
 

small range of Vd in hole dominated side. Vg varies from -40 V to 10 V. The inset shows the 1 

corresponding hole dominated output curves in the enlarged range. Vg changes from -30 V to 10 V. 2 

d) I-V curves of the irradiated FET in the small range of Vd in hole dominated side. Vg changes from 3 

-60 V to -10 V. The inset shows the corresponding hole dominated output curves in the enlarged range. 4 

e) I-V curves of the uncapped FET in the small range of Vd in electron dominated side. Vg changes 5 

from 20 V to 60 V. The inset shows the corresponding electron dominated output curves in the 6 

enlarged range. f) I-V curves of the irradiated FET in the small range of Vd in the electron dominated 7 

side. Vg changes from 10 V to 60 V. The inset shows the corresponding electron dominated curves in 8 

the enlarged range. 9 
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Figure 5. Qualitative energy band diagrams of the BP SB-MOSFET. Schematic diagrams of the 2 

energy band structures between the BP and metal contacts before a) and after b) the irradiation in the 3 

hole dominated side. Analogously, the energy band structures before c) and after d) the irradiation in 4 

the electron dominated side. The numbers (1-4) in the four panels are corresponding to the I-V curves 5 

shown in Figure 4(c-f). Ec and Ev represent the minimum energy of the conductive band the maximum 6 

energy of the valence band, respectively. EF is the Fermi level energy. qΦ𝐵𝐵𝐵𝐵 and qΦ𝐵𝐵𝐵𝐵 represent the 7 

effective SBs for electron and hole in the uncapped device, respectively. qΦ𝐵𝐵𝐵𝐵
∗  and qΦ𝐵𝐵𝐵𝐵

∗  represent 8 

the effective SBs for the electron and hole in the irradiated device, respectively. The potential 9 

difference between the source and the drain is Vd. 10 
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Figure.6 Electrical properties of BP p-n diode with Cr/Au metal stacks as contact electrodes. The 2 

whole channel length is 7.5 μm and the width of the channel is 3.0 μm. a) The schematic diagram and 3 
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photo of the BP p-n diode fabricated by selectively capping part of the BP channel through the e-1 

beam irradiation. b) Linear and semi-logarithmic plots of the transfer curves of the BP p-n diode. Five 2 

main states are labeled as A to F, respectively. c-g) Corresponding I-V curves under the five states. 3 

The insets show the corresponding band diagrams at each stage. h) Transfer curves for the BP p-n 4 

diode with different proportions of the capped areas for the whole BP channel. 5 
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