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Abstract

We investigate the electronic properties of black and blue phosphorus nanoribbons, which enables

us to propose junction-free field effect transistors that comprise metallic armchair nanoribbons as

electrodes and, in between, a semiconducting zigzag nanoribbon as channel material (cut out of

a single sheet of monolayer black or blue phosphorus). Using first principles calculations and the

non-equilibrium Green’s function method, we characterize the proposed field effect transistors.

It turns out that it is possible to achieve outstanding performance, with high on/off ratios, low

subthreshold swings, and high transconductances.
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I. INTRODUCTION

As the miniaturization of electronic elements, such as field effect transistors (FETs), is

approaching the physical and geometrical limits, two-dimensional crystalline compounds in-

cluding graphene, monolayer transition metal dichalcogenides, and phosphorene are attract-

ing considerable attention. Various novel properties have been discovered in these materials

that differ fundamentally from those of the bulk counterparts, see for instance Refs. [1–5].

Graphene is known for its low effective mass and ultra-high carrier mobility of up to ∼ 105

cm2V−1s−1. However, the absence of a band gap limits its applications in electronic devices,

and makes it difficult to achieve a high on/off ratio in FETs [6]. Being the prototypical ex-

ample of a two-dimensional transition metal dichalcogenide, monolayer MoS2, on the other

hand, possesses a large direct band gap (1.8 eV) and provides a relatively high on/off ratio

[7, 8]. However, the carrier mobility is limited to ∼ 102 cm2V−1s−1 [9]. The transport

properties of phosphorene fall somewhere in between those of graphene and the monolayer

transition metal dichalcogenides. In particular, for few-layer phosphorene FETs band gaps

of 0.3 eV to 2.0 eV, mobilities of ∼ 103 cm2V−1s−1, and on/off ratios of ∼ 105 have been

reported [10, 11]. Further device applications based on phosphorene have been discussed in

Refs. [12–14].

Phosphorene (derived from black phosphorus; αP) is a two-dimensional material that can

be mechanically exfoliated similar to graphene [15]. It shares with graphene the honeycomb

lattice but is characterized by a distinct structural anisotropy that is clearly reflected by

its electronic states [16, 17]. Dislocations of P atoms can convert the puckered structure of

αP into a buckled structure with hexagonal unit cell, giving rise to another two-dimensional

allotrope (derived from blue phosphorus; βP) [18]. Based on first principles calculations, βP

is as stable as αP, but is predicted to have very different electronic properties. While αP

has a direct band gap of ∼ 1 eV at the Γ point, the ∼ 2 eV band gap of βP is indirect. The

electronic states of both materials can be easily modulated by employing axial strain [16, 18].

It may be possible to mechanically exfoliate βP from the bulk compound, while so far it

only has been synthesized by molecular beam epitaxial growth on Au(111) substrate [19].

Both αP and βP have great potential in applications due to their extraordinary electronic

and thermal transport characteristics [20].

In order to engineer nanostructured FETs a series of strategies has been applied in the
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past [21–23], including the use of nanotubes and nanoribbons [24–26]. Because of quantum

confinement and unique edge effects, nanoribbons exhibit many exploitable features, in par-

ticular from the electrical, optical and magnetic point of view [27, 28]. Nanoribbons of αP

can be both metallic and semiconducting, depending on their crystallographic direction and

the functionalization of the edges [29–31]. The electronic transport in metallic αP nanorib-

bons has been investigated theoretically, finding a robust negative differential resistance [32].

On the other hand, both armchair and zigzag βP nanoribbons are semiconducting, while

the nature of the band gap (direct or indirect) is different [33, 34].

In order to establish the properties of αP and βP nanoribbons we study in this paper

in a first step their electronic structure. In a second step we propose a FET design based

on connected armchair and zigzag nanoribbons cut out of a single sheet of αP or βP, which

ensures atomically perfect junctions. We then characterize the performance of such devices

by means of transport calculations using the non-equilibrium Green’s function method.

II. METHODS

Our first principles calculations are based on density functional theory as implemented

in the SIESTA code [36, 37]. All structures are fully relaxed until the Hellman-Feynman

forces have declined to less than 0.02 eV/Å. We employ double zeta plus polarization basis

sets, describe the core electrons by norm-conserving Troullier-Martins pseudopotentials [38],

and use for the exchange correlation functional the generalized gradient approximation. The

reciprocal space is sampled on a Monkhorst-Pack 1×1×10 k-mesh and the real space mesh

refers to an energy cutoff of 200 Ry.

Electron transport calculations are performed using the non-equilibrium Green’s function

method (SMEAGOL package [39, 40]). Semi-infinite electrodes connected to the central

scattering region give rise to self-energies ΣL,R(E). The transmission through the scattering

region is described by the transmission coefficient

T (E) = Tr[GC(E)ΓL(E)G†
C(E)ΓR(E)],

where GC(E) is the retarded Green’s function of the central scattering region and ΓL,R(E) =

i[ΣL,R(E)−ΣL,R
†(E)]. For a voltage Vbias applied to the electrodes, the current is obtained
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from the Landauer equation

I(Vbias) =
2e

h

∫ ∞

−∞

[f(E − µL)− f(E − µR)] T (E, Vbias) dE,

with µL/R being the chemical potential of the left/right electrode and f the Fermi distri-

bution function. A square-shaped uniform potential gate is added next to the center of

the scattering region. The gate charge density enters the calculation of the electrostatic

potential to model a FET geometry.

III. ZIGZAG AND ARMCHAIR NANORIBBONS

In Fig. 1 we show side and front views of αP and βP nanoribbons, different colors indi-

cating the puckering and buckling of the structures. Band structures obtained for pristine

αP and βP nanoribbons of width 14.9 Å and 20.4 Å, respectively, are presented in Fig. 2.

The armchair nanoribbons turn out to be semiconducting and the zigzag nanoribbons to be

metallic. On the right hand side of Fig. 2 we show for the zigzag nanoribbons the charge

density obtained for the energy range from −0.2 eV to 0.2 eV. Free carriers are primarily

found on the edge P atoms. It is therefore clear that edge functionalization will play a critical

role for the electronic properties of these nanoribbons. Indeed, in Refs. [29, 30] it has been

demonstrated that zigzag αP nanoribbons are semiconducting (H, OH, F and Cl) or metallic

(S, Se and O) depending to the chemical species attached to the edges. Furthermore, Refs.

[33, 34] have found band gaps for H terminated armchair and zigzag βP nanoribbons.

We functionalize the edges of our nanoribbons with O due to its high reactivity. The

band structures presented in Fig. 3 reveal no influence of the O functionalization on the fact

that all armchair nanoribbons are semiconducting and all zigzag nanoribbons are metallic.
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FIG. 1. Crystallographic directions in αP and βP nanoribbons. Different colors are used to indicate

the puckering and buckling.
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FIG. 2. Band structures of pristine αP and βP nanoribbons. The right hand side shows the charge

density of the metallic zigzag nanoribbons for the energy range from −0.2 eV to 0.2 eV (isovalue

0.01 electrons/Å3).

The charge density of the zigzag nanoribbons for the energy range from −0.2 eV to 0.2 eV

is shown on the right hand side of Fig. 3. Free carriers are found for both the edge P and O

atoms. We have checked that the semiconducting or metallic character does not depend on

the width of the nanoribbon, in the range from 18.2 Å to 43.0 Å for αP and from 14.9 Å to

59.5 Å for βP.

IV. NANORIBBON FET

The different electronic characters of the αP and βP nanoribbons give rise to ideal plat-

forms for engineering FETs. We generate a junction between metallic and semiconducting

domains by means of a spatial pattern that combines O-functionalized armchair and zigzag

nanoribbons, as shown in Fig. 4. Techniques for fabricating nanoribbons of complex shape

are well established for graphene and are transferable to other two-dimensional materials [35].
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FIG. 3. Band structures of O-functionalized αP and βP nanoribbons. The right hand side shows

the charge density of the metallic zigzag nanoribbons for the energy range from −0.2 eV to 0.2 eV

(isovalue 0.01 electrons/Å3).

The chosen setup has several advantages from the engineering point of view. First, junctions

between nanoribbons of different chirality do not interrupt the structure, which is impossible

to achieve when electrodes of another material are used, since there will always be lattice

mismatch. Second, going beyond the structural stability aspect, it is generally difficult to

fabricate good contacts to a nanomaterial, resulting in high resistance often combined with

a small contact area. In our setup, on the other hand, the continuous metal-semiconductor

junction minimizes the contact resistance. Third, controlled doping on the nanoscale is a

huge challenge, whereas the edges of nanoribbons provide active sites for dopant atoms to

interact with. We note that the electrodes in practice will have to be contacted by normal

metals, however, this metal-metal resistance is not critical against the semiconductor-metal

resistance.

In order to explore the potential of the proposed FETs, we first address zero-bias electron

transport calculations. In Fig. 5 we present the transmission coefficient as a function of the
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FIG. 4. Schematics of αP and βP FETs, composed of O-functionalized semiconducting zigzag and

metallic armchair nanoribbons.

energy for channel widths of 14.9 Å (αP) and 20.4 Å (βP) and channel lengths of 32.5 Å

(αP) and 30.1 Å (βP). The overall behavior is similar, with a wide transport gap that rep-

resents the armchair semiconducting channel (low resistance of contacts to electrodes). For

analyzing the dominant contributions to the transmission, we calculate the eigenchannels

by diagonalizing the transmission matrix. For the states contributing most to the transmis-

sion (largest eigenvalue) we plot the eigenfunctions originating from the left electrode at the

valence band maximum, see the right hand side of Fig. 5. The transmission eigenfunctions

extend over the whole semiconducting channel (tunneling regime), while in the electrodes

they are localized on the edges as here the metallic nanoribbons provide free carriers. An

exception are thin nanoribbons, see for example the αP FET in Fig. 5, where the whole left

electrode is covered. We note that the corresponding eigenfunctions originating from the

right electrode behave equivalently, as expected from the symmetry of the system [41].

Figure 6 shows typical I-Vgate characteristics of the αP and βP FETs, for small Vbias =

0.002 V. The curves are close to the symmetric behavior of ambipolar transistors. The on-

current is found to be 7 × 10−4 µA in both cases, while the off-current (minimum leakage

current) is 3 × 10−6 µA for the αP FET and 2 × 10−6 µA for the βP FET. These values

result in high on/off ratios of 233 for the αP FET and 350 for the βP FET, reflecting

7



0

0.5

1

1.5

2

2.5
T

 (
E

)

-4 -2 0 2 4
E-E

F
 (eV)

0

0.5

1

1.5

2

2.5

T
 (

E
)

αP FET

βP FET

FIG. 5. Transmission coefficients of the αP and βP FETs. The right hand side shows for the states

contributing most to the transmission the eigenfunctions originating from the left electrode at the

valence band maximum (isovalue 0.001/Å3).

the atomically perfect junctions between the metallic and semiconducting nanoribbons (low

contact resistance). The lower panels of Fig. 6 show the I-Vbias characteristics for different

values of Vgate. We observe the typical power-law behavior of tunneling transport, which

gradually changes into an Ohmic behavior when Vgate increases. Significant variations of

the I-Vbias characteristics as a function of Vgate indicate that the transport properties of the

proposed FETs can be effectively modulated.

For further characterization of the FETs we calculate the transconductance (dI/dVgate)/L,

where L is the channel length, using the highest calculated Vbias (2 V) as approximation for

the point of current saturation. The higher the transconductance the higher is the amplifi-

cation that the device is capable to deliver. For αP and βP FETs with channel lengths of

32.5 Å and 30.1 Å, for example (the dependence on the channel length is small), we obtain

transconductances of 11.2 kS/m and 9.3 kS/m, respectively, which clearly exceed the best

values of ∼ 7 kS/m obtained experimentally for carbon nanotube FETs [42, 43]. The switch-

ing behavior of a FET can be assessed in terms of the subthreshold swing (d(log I)/dVgate)
−1,

small values being desirable for low power consumption. We obtain values of 70.5 mV/decade

and 63.9 mV/decade, respectively, i.e., close to the theoretical limit of (kBT/e)/ ln 10 ∼ 60
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FIG. 6. Comparison of αP and βP FETs: I-Vgate characteristics for Vbias = 0.002 V and I-Vbias

characteristics for different values of Vgate.

mV/decade. The values compare well with those of carbon nanotube FETs and commercial

silicon-based FETs (70 mV/decade to 80 mV/decade) [42, 43]. Few-layer phosphorene FETs

achieve much worse subthreshold swings [10].

V. CONCLUSIONS

We have performed band structure calculations to study the electronic properties of αP

and βP nanoribbons. It turns out that both these two-dimensional materials give rise

to promising platforms for engineering junction-free FETs based on semiconducting zigzag

nanoribbons connected to metallic armchair nanoribbons as electrodes. Electronic transport

calculations have been used to elucidate trends in the performance of the proposed FETs

with respect to key operational parameters. It is possible to achieve simultaneously high

on/off ratios (reflecting the atomically perfect junctions), low subthreshold swings close to

the theoretical limit, and high transconductances. We find that βP FETs perform slightly

better than αP FETs, since the subthreshold swing is smaller and the transconductance

higher. Importantly, the performance is expected to be well tunable by means of controlled

functionalization of the nanoribbon edges. The proposed devices can be naturally integrated
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in circuit architectures fabricated by nanopatterning.
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