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Abstract We investigate the transport properties of few-

nm-long single-walled carbon nanotube (SWCNT)

p-n junctions for the first time by using ab initio quantum

transport calculations. Unlike the previously reported few-

lm-long SWCNT p-n junctions, which rectify positively,

all the investigated ultrashort SWCNT p-n junctions show

negative rectification effect, accompanied by negative

differential resistance.
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1 Introduction

Scaling down of the characteristic dimensions of conven-

tional Si-based optic and electronic devices have become

an imperative need, on account of the rising technical

demands of modern information society such as high-

capacity performance, high-speed capability, high degree

of integration, and low-power consumption [1, 2]. How-

ever, the miniaturization of traditional Si-based electronic

devices is approaching the physical and geometrical limits

[3]. On the other hand, single-walled carbon nanotubes

(SWCNTs) [4, 5] have attracted a great deal of attentions

as a counterpart of silicon in nanoscale in the field of

semiconductor devices because of its high carrier mobility,

long mean-free-paths of carrier, large aspect ratios (length

to diameter), large current density, and flexibility to

fabrication [6–15].

The p-n junction, which is characterized by rectification,

in particular, is one of the fundamental building blocks of

electronic circuits for all modern semiconductor devices

[16, 17]. When it is heavily doped, it forms Esaki diode and

shows negative differential resistance (NDR) [18].

Recently, amounts of efforts have been made to construct

p-n junctions from semiconducting SWCNTs [19–26]. By

covering the left part of a SWCNT with methylmethacry-

late (PMMA) layer and then adsorbing potassium atoms

onto the surface of the right part, Zhou et al. [20] suc-

cessfully realized a p-n junction with a length of 3.5 lm.

This SWCNT p-n junction shows rectifying characteristics

with typical rectification ratio of 2 or NDR under different

gate voltages. Later, air-stable, high-quality (the rectifica-

tion ratio is about 103) and low-leakage SWCNT

p-n junction with a length of 20 lm was fabricated by

Shim with simple photopatterned polymer layers [24].

Recently, Kato et al. [26] utilized controllable plasma ion
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irradiation technique to encapsulate Cs/I or Cs/C60 inside

SWCNTs and obtained air-stable p-n junction structures of

Cs/I@SWCNTs and Cs/C60@SWCNTs with a length of

1 lm and a maximum rectification ratio between 103 and

104. To our knowledge, all these experimentally achieved

SWCNT p-n junctions are in the micro-length scale which

is about ten times larger than current silicon transistors and

always rectify in the positive direction. Namely, it is easier

for current to flow from the p region to the n region.

Besides, in most cases, there is no NDR effect in these

SWCNT p-n junctions.

On the other hand, amounts of theoretical and

experimental research have been done on the donor-insu-

lator-acceptor (DrA) molecular diodes (also called the

Aviram–Ratner molecular diodes) since it was proposed by

Aviram and Ratner in 1974 theoretically [27–34]. In this

DrA model, the donor (D) and acceptor (A) wires connect

to external reservoirs, respectively, and the r bonds

between them introduce an effective barrier to block the

electron from transferring through. Because of the lower

oxidation potential and higher energy level of the D wire,

electrons and holes are injected into the A and D segments,

respectively, and subsequent annihilation happens in this

system. Consequently, current will flow easier from D to A

region; thus, the Aviram–Ratner molecular diodes rectify

in the negative direction.

What will happen if the length of a SWCNT

p-n junction is reduced to molecular size? Several funda-

mental and intriguing questions arise: (1) Does the few-

nm-long SWCNT p-n junction still rectify? (2) Which

direction will the rectification be in? (3) Are NDR effects

available in this device? In this article, we investigate the

transport properties of few-nm-long SWCNT p-n junctions

by using density functional theory (DFT) combined with

non-equilibrium Green’s function (NEGF) method. Con-

trary to the micro-length-scale SWCNT p-n junctions,

negative rectification effects are observed in all these

studied ultrashort SWCNT p-n junctions, accompanied by

NDR effects.

2 Model and method

To fabricate SWCNT p-n junctions, nitrogen (N) and

boron (B) atoms are doped to substitute for two carbon

atoms (as shown in Fig. 1a), converting the two ends of

the semiconducting (7, 0) SWCNT to n-type and p-type,

respectively. We also dope the interior of the SWCNT

with potassium (K) and I iodine (I) along the axis of the

tube, serving as donor and acceptor, respectively

(as shown in Fig. 1b). It has been tested that the trans-

mission spectrum and current are not sensitive to small

changes in the position of the dopants. Here, we use

B-SWCNT-N(m) and I-SWCNT-K(m) to denote different

types of SWCNT p-n junctions, where m represents the

number of unit cells of the SWCNT along the transport

direction. We have chosen m to be 6, 8, 9, 10, 11, 12,

and 16 and the corresponding lengths of the SWCNT

p-n junctions range from 2.5 to 7.0 nm. The two-probe

device is fabricated to calculate the transport property.

It is divided into left electrode, extended molecule, and

right electrode three parts, as shown in Fig. 1a. The

extended molecule consists of the SWCNT p-n junction

and four surface layers of two lithium (Li) electrodes.

Our test shows that longer surface layers would not

significantly affect the transport properties, which means

four surface layers provide sufficient screening to keep

the electrode bulk-like. In our model, as many as 500

atoms are involved, and we use the simple Li electrodes

to save computational cost, which have already been

used in some other transport calculations [35, 36]. The

two homogeneous semi-infinite metal electrodes are

quasi-one-dimensional and represented by a 3 9 3 unit

cell with Li (100) as surface. The SWCNT–metal sepa-

ration is 2.3 Å, providing a strong coupling at the

interface. No optimization is performed for the SWCNT–

metal contact to maintain a symmetric current about the

bias, otherwise the effects of the donor and acceptor

doping will be overwhelmed by the asymmetric

SWCNT–metal contact.

The transport properties are calculated by the Ato-

mistix Toolkit 2008.10 code, which is based on the

combination of DFT with NEGF method [37–39]. In our

calculation, the Perdew-Burke-Ernzerhof (PBE) form of

the generalized gradient approximation (GGA) [40] for

exchange–correlation functional is used. Single-f function

is used as basis set for the valence orbitals of each atom.

Each ion plus its core electrons are described by norm-

conserving pseudo-potentials [41]. The mesh cutoff of

electron density is chosen as 150 Ry, and a Monkhorst–

Pack 1 9 1 9 500 k-mesh is used [42] to achieve a

balance between calculation efficiency and accuracy. The

electron temperature is set to 300 K, and the conver-

gence criterion for the total energy is 10-5 Ry. The

current is calculated using the Landauer-Büttiker formula

[43],

IðVÞ ¼ 2e

h

Zþ1

�1
fTðE;VÞ½fLðE � lLÞ � fRðE � lRÞ�gdE

ð1Þ
where T(E,V) is the transmission probability, fL/R the

Fermi–Dirac distribution function for the left (L)/right

(R) electrode, and lL/lR the electrochemical potential of

the left (L)/right (R) electrode.
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3 Result and discussion

The voltage drop at Vbias = 1.0 V of the K-SWCNT-I(8)

model is shown in Fig. 1b. It is clearly shown that the

effective potential drops non-linearly in different parts of

the device. The homogeneous voltage drop in the electrode

and surface layers demonstrates sufficient screening of the

surface layers. Little voltage drop is detected at the Li–C

atom interfaces, which means small resistance at the

metal–SWCNT interface, in agreement with the previous

study that the localized hybridization between the electron

states of carbon and metal atoms lowers the potential

barrier at the metal–SWCNT interface [44]. A large volt-

age drop occurs in the central region of the p-n junction,

indicative of formation of a barrier region between the

p region and n region. In order to confirm the formation of

the SWCNT p-n junctions, the transfer character of the

I-SWCNT-K(8) junction is investigated and shown in

Fig. 1c. A remarkable symmetrical hump structure about

the gate voltage is observed, which is unique to p-n junc-

tions [20, 26] and also observed in few-lm-long SWCNT

p-n junctions [26].

The I–Vbias characteristics of a pure SWCNT with length

of 8 unit cells and 8 SWCNT p-n junctions are plotted in

Fig. 2. The I–Vbias curve of the pure ultrashort SWCNT is

symmetric about Vbias, non-linear, and has some steps.

Experimentally, the I–Vbias curve of a few-nm-long pure

SWCNT [45, 46] is linear at lower bias and saturates at

higher bias. We attribute this difference to a substantial

difference in the contact way. In the experiment, the

electrodes are deposited on the SWCNTs and form weak

non-covalent contact on the sidewall of SWCNTs. How-

ever, in our two-probe model, the metal electrodes form

strong covalent contact at the ends of the SWCNTs. The

transport property is sensitive to the contact way, and

different contacts lead to the different I–Vbias curves.

Remarkably, negative rectification is observed in all

checked SWCNT p-n junctions. Apparently, the negative

rectification is ascribed to the donor and acceptor doping

on the semiconducting SWCNT rather than an asymmetric

contact between the nanotubes and source and drain elec-

trodes as reported in some previous studies [25]. The

negative rectification in few-nm-long SWCNT p-n junc-

tions is contrary to a positive rectification in few-lm-long

SWCNT p-n junctions but consistent with that in typical

Aviram–Ratner molecular diodes. Therefore, the rectifica-

tion direction of SWCNT p-n junctions strongly depends

on their size. The rectification ratio (RR) is defined as

RR = |I-/I?|, where I? and I- are the currents under the

positive and negative bias, respectively. Generally, at small

bias of lower than 0.4 V, there are no obvious rectifica-

tions, and with the increasing of the absolute value of the

bias voltages, RRs first increase to 4.0–17.6, then decrease,

and finally all these p-n junctions keep constant RRs

between 1.5 and 2.5 from Vbias = 1.2–2 V. The RR reaches

the largest value of 17.6 in the B-SWCNT-N(12) junction

at Vbias = 0.8 V.

In addition to negative rectification effect, NDR effects

are observed in all these checked SWCNT p-n junctions in

both positive and negative bias voltages. By contrast, NDR

only exists under positive bias voltages in Esaki diodes.

The current drops are generally several lA with the largest

Fig. 1 Two-probe model of the

(7, 0) SWCNT p-n junction

connected to Li electrode:

a Substitutional doping of B and

N as acceptor and donor,

respectively, in the SWCNT

with 12 unit cells. b Interior

doping of I and K atoms in the

tube axis as acceptor and donor,

respectively, in the SWCNT

with 8 unit cells. In b, the large

voltage drop in the central

region of the p-n junction is

apparent from the shown

voltage contour at the bias of

1 V. Grey ball: C; purple ball:
Li; red ball: I; blue ball: K; pink
ball: B; yellow ball: N.
c IDS-Vgate characteristics of

the I-SWCNT-K(8) junction

under a source-drain bias

voltage of VDS = 0.01 V. The

symmetrical current hump about

the gate voltage is unique to

p-n junctions [20, 26]
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value of 4.7 lA in both the B-SWCNT-N(6) (Fig. 2d) and

the I-SWCNT-K(9) junctions (Fig. 2f). Such current drops

are comparable with those in other SWCNT-based NDR

devices [47–49]. In all the I-SWCNT-K(m) junctions, the

current firstly begin to drop from Vbias = 0.4 V (NDR

effect). The largest peak-to-valley ratio (PVR) of current is

5 in the checked p-n junctions (the B-SWCNT-I(12)

junction).

Figure 3 shows the contours plot of the transmission

spectra of the pure SWCNT(8) and I-SWCNT-K(8) as a

function of the bias voltage. The transmission spectra of

the pure SWCNT(8) are symmetrical about the positive and

negative bias voltage, a result in agreement with no recti-

fication effect in pure tube. However, the transmission

spectra under negative bias of the I-SWCNT-K(8) are

apparently stronger than those under positive bias, a result

consistent with a larger current under negative bias in the

I-SWCNT-K(8) junction (Current is an integration of the

transmission coefficients within the bias window). There is

a transmission peak near E-Ef = 0.1 eV, and it disappears

at bias of larger than 0.4 V, and this is responsible for the

first current drop from Vbias = 0.4 V. Consequently, the

first NDR peak appears.

As an effort to deeply understand the origin of the

negative rectification, we calculate both the molecular

projected self-consistent Hamiltonians (MPSHs, namely

the molecular levels under certain chemical environment)

(shown in the supporting information) and projected

density of states (PDOS) of the p and n regions. The

correlation between the PDOSs of the p and n regions

and the transmission spectra is significantly better than

that between the MPSHs of p and n regions and the

transmission spectra. The cause lies in the fact that the

interaction between the SWCNT (scattering region) and

metal electrodes and that between the p and n regions in

this case are so strong that the MPSHs make less sense.

Therefore, we adopt the PDOSs to analyze the transport

feature of nanoscale SWCNT p-n junctions. Actually,

PDOSs have been adopted by other researchers to suc-

cessfully explain the NDR effects in graphene nanorib-

bon [50]. We show the transmission spectra and PDOSs

at Vbias = 0 (middle panel in Fig. 4), 1.2 (right panel in

Fig. 4) and -1.2 V (left panel in Fig. 4) of the p and

n regions for the I-SWCNT-K(8) junction. The zero-bias

transmission spectra and PDOSs of the pure SWCNT are

shown in red dotted line for the purpose of comparison.

If we consider the phonon scattering, the above trans-

mission spectra would be much smoother. Unfortunately,

such a function is not introduced in the present Atomistix

package. The relation between the transmission coeffi-

cient T(E) and PDOSs of the p and n regions can be

described empirically by

TðEÞ ¼ PDOSðp regionÞ � PDOSðn regionÞ � kðEÞ
ð2Þ

where k(E) is a coupling strength.

Fig. 2 I–Vbias characteristics of

a a pure (7, 0) SWCNT with a

length of 8 unit cells, b, c the

B-SWCNT-N(m) (m = 6 and

12) and d–i the I-SWCNT-

K(m) (m = 8, 9, 10, 11, 12, and

16) junctions. Rectification in

negative direction and negative

differential resistance effects

can be observed from these

curves
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The two large double-peaks at E = 0.17 (T5 peak) and

0.65 (T6 peak) eV under zero bias of the I-SWCNT-K(8)

junction are ascribed to a resonant tunneling between the

two PDOS double-peaks in the p region (p2 and p3 peaks)

and the two PDOS double-peaks in the n region (n4 and n1
peaks) at the same energy. The PDOSs at the p and

n regions are nearly identical for the pure SWCNT, and the

I–Vbias characteristic is symmetric. The PDOSs at the p and

n regions become asymmetric in the I-SWCNT-K(8)

junction, causing an asymmetric I–Vbias characteristic. At

positive/negative bias, the PDOS peaks in the p/n and n/p

regions for the I-SWCNT-K(8) junction move roughly

linearly with the bias toward the lower and higher energy

direction, respectively, because they feel opposite electro-

static fields. But the shapes of the PDOS peaks can be

changed greatly by the bias. In Fig. 4b, c, the PDOS peaks

labeled as p1-/n1-, p2-/n2-, p3?/n3?, and p4?/n4? under

bias voltage of -1.2 V/1.2 V originate from the PDOS

peaks labeled as p1/n1, p2/n2, p3/n3, and p4/n4 at zero bias

voltage, respectively. At Vbias = -1.2 V, two wider PDOS

peaks at 0.1 and 0.43 V in the p (p1- and p2-) region

within the bias window resonate with those in the n (n1-
and n2-) region, forming two wider transmission peaks

(T1 and T2). At Vbias = 1.2 V, two shaper PDOS peaks at

0.23 and 0.55 V in the p (p3? and p4?) and n (n3? and n4?)

regions resonate within the bias window, forming two

shaper transmission peaks (T3 and T4). The currents are an

integral of the transmission coefficients within the bias

window, and thus, the current at Vbias = -1.2 V is larger

than that at Vbias = 1.2 V. The larger width of the p1 and p2
peaks than the p3 and p4 peaks are responsible for the larger

width of the p1- and p2- peaks than the p3? and p4? peaks

and thus responsible for the negative rectification behavior.

The positive rectification in the traditional p-n junction

can be understood in terms of the band structures of p- and

n-doped semiconductors well separated by a barrier (space

carrier region). The SWNT p-n junction with lm length is

still can be characterized by the traditional p-n junction and

has a positive rectification. However, the barrier is too

short, and the interaction of the p region and n region is so

strong that the band concept of the traditional p-n junction

is completely invalidated as the length of the SWNT

p-n junction is reduced to a few nm. In this case, the rec-

tification direction depends on the complex coupling of the

p region and n region and can no longer be predicted by a

simple band model and negative rectification becomes

possible.

To demonstrate the electron spatial distribution when a

resonant tunneling happens, we separately calculated

eigenstates of MPSHs of the p and n regions. The

Fig. 3 Contour plots of the

transmission spectra as

a function of bias voltage.

a Symmetric contour about

positive and negative bias

of the pure (7, 0) SWCNT.

b Asymmetric contour about

positive and negative bias

of the I-SWCNT-K(8) junction.

The transmission window

for the current integration is

demonstrated as the region

between the red crosses of

lLðVbiasÞ ¼ lLð0Þ � eVbias=2
and

lRðVbiasÞ ¼ lRð0Þ þ eVbias=2

Fig. 4 a–c Transmission spectra and PDOSs of the p region

(PR PDOS) (d–f) and n region (PN PDOS) (g–i) of the I-SWCNT-

K(8) junction (black line) at bias voltages of -1.2, 0.0, and 1.2 V,

respectively. The zero-bias transmission spectrum and PDOSs of the

pure (7, 0) tube is also shown in red dotted line. The green doted
vertical line indicates the bias window. Some major peaks in the

transmission spectrum, PR PDOS, and NR PDOS are labeled
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isosurfaces of the eigenstates in the p and n regions at

E-Ef = 0.43/0.55 eV (transmission peak T2/T4) are shown

in Fig. 5a, c. The positive/negative part of the wave

function of the p region corresponds to positive/negative

part of that of the n region, and this sign match favors large

transmission. The transmission eigenchannels of the T2/T4
peaks with eigenvalues of 1.6 and 1.7, respectively,

(compared with an eigenvalue of 2 in perfect transmission)

are displayed in Fig. 5b and d, respectively. These channels

extended to the whole device, which means that the

incoming wave function is scattered slightly and it is easy

for the electrons to pass through the whole SWCNT

p-n junction when resonant tunneling happens between the

p and n regions.

Till now, no nanoscale SWCNT p-n junctions have been

realized in experiment. However, nanoscale SWCNT field

effect transistors (FET) [45, 46] and various macroscale

SWCNT p-n junctions [20, 24, 26] have been already

realized. Here, we propose several ways to realize

nanoscale SWCNT p-n junctions. (1) Thanks to the

development of lithographic techniques, it is possible to

construct dual-gate in the nanoscale SWCNT channel to

create n- and p-doped regions by separate gate [51, 52].

(2) Nanoscale SWCNT p-n junction could be fabricated by

further downsizing the previously reported macroscale

SWCNT p-n junctions [20, 24, 26] constructed by polymer-

induced doping, chemical treatment by gas exposure,

plasma ion irradiation. We expect that with the develop-

ment of fabrication techniques, the nanoscale SWCNT

p-n junctions could be brought out soon.

4 Conclusion

We calculate the transport properties of several few-nm-

long SWCNT p-n junctions. Contrary to the micro-length-

scale SWCNT p-n junctions, negative rectification effects

are observed in all these studied ultrashort SWCNT

p-n junctions accompanied by the NDR effects. Our results

show that when the size of a SWCNT p-n junction is

minimized to nanoscale, the rectification direction may see

a dramatic change. This study is expected to promote the

realization of SWCNT p-n junctions in the nanometer scale

and observation of Aviram and Ratner diode behavior in

them.

5 Supporting information available

Molecular projected self-consistent Hamiltonians of the

p and n regions and transmission spectrum of the I-SWCNT-

K(8) junction at zero bias.
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