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We demonstrate rectifying Schottky diodes fabricated using as-grown single-walled carbon nanotubes

(SWNT) ensembles, without removing the metallic SWNTs, for optoelectronic device applications.

The SWNTs are contact by a low work-function metal through a high-bandgap charge-blocking layer

(ZnO) resulting in highly-nonlinear current-voltage properties compared to control ensemble SWNT

devices, fabricated without a charge-blocking layer, which show resistive behaviour. This significant

improvement in diode behaviour is obtained by reducing source-drain leakage from the metallic

SWNTs using the charge-blocking layer which channels charge transport via the semiconducting

SWNTs. Moreover, we explore an alternative method of creating the charge barrier layer via

oxidizing a thin film of Zn deposited on directly on the SWNTs which could potentially reduce cost

and increasing scalability of this technique to obtain highly rectifying diodes from as-grown ensemble

SWNTs. VC 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4869551]

Single-walled carbon nanotubes (SWNTs) have strong

light absorption property, spanning a broad spectrum from the

ultraviolet to the near-infrared wavelengths, through direct

inter-subband optical transitions.1,2 In addition, SWNTs have

weak elastic scattering and suppressed inelastic scattering at

low bias resulting in a mean-free path and a carrier mobility

of �0.5 lm and 105 cm2 V�1 s�1, respectively.3,4 Apart from

these unique optical and electrical properties, SWNT also

demonstrates superior mechanical and chemical stability ideal

for high performance, low-cost, and lightweight optoelec-

tronics devices.5,6 In particular, there is a significant interest

in using SWNTs as the active material for novel photovoltaic

applications.7,8 A unique property of SWNTs in converting

single absorbed photons to multiple electron-hole pairs could

make SWNT photovoltaics operate with power conversion

efficiencies exceeding the Shockley-Queisser upper limit.9

In order to generate photocurrent, excitons created in a

SWNT—with a binding energy of 300–400 meV9—have to

dissociate into free charge carriers.10 In a SWNT based photo-

voltaic, exciton dissociation occurs at the semiconducting (s-)

SWNT and (m-) metal Schottky junction10–12 when the

built-in field at the junction is greater than the exciton binding

energy.11 Driven by the simpler design and well understood

physics of bulk semiconductor-metal interfaces, Schottky

based SWNT photovoltaics might be possible candidates for

large area photovoltaic devices. However, Schottky junctions

with sufficient built-in potential to dissociate excitons (i.e.,

>400 meV) cannot be created between small-bandgap SWNT

(sb-SWNT) (i.e., band-gap less than 400 meV) or metallic (m-)

SWNT based SWNT and metal interfaces. Since as-grown en-

semble of SWNTs is approximately 30% metallic SWNTs,13

fabrication of non-linear devices using as-grown ensembles of

SWNTS with significant rectification and a built-in potential

for photocurrent generation is challenging. One solution is to

remove the m-SWNT via post-synthesis purification methods,

thereby isolating a high percentage of pure s-SWNT for fabri-

cating near ideal Schottky junctions.14 Alternating-current

dielectrophoresis,15 buoyancy in structure-discriminating sur-

factants,16 as well as organic polymers with specific bindings

to selectively dissolve s-SWNT17 are examples of the techni-

ques explored in lowering m-SWNTs from as-grown SWNT

ensembles. However, such filtering techniques are not applica-

ble for on-wafer grown SWNT films (typically synthesised via

a chemical vapour deposition method) suitable for integrated

SWNT based device fabrication. For these devices, removal of

m-SWNT has been attempted by selectively burning m-SWNT

under applied high bias,11

In this paper, we demonstrate highly rectifying as-grown

ensemble SWNT-metal junctions without physically remov-

ing the m-SWNTs from the as-grown SWNT ensemble. We

use an undoped ZnO barrier layer that restricts charge trans-

port through the m-SWNTs, without affecting transport via

the s-SWNTs, to demonstrate significantly improved the non-

linear electrical performance in ensemble SWNTs-metal

Schottky diodes. As the m-SWNTs become electrically iso-

lated, the Schottky built-in potential is determined by the

larger-bandgap s-SWNT/metal junction, making exciton dis-

sociation and photocurrent generation possible in the

ensemble-SWNT diodes. Furthermore, we demonstrate an al-

ternative deposition method of the ZnO barrier layer using a

low-cost and highly scalable process of oxidizing thin-film of

metallic Zn deposited directly on the as-grown SWNTs.

The schematic band diagram shown in Fig. 1(a) explains

the principle of operation of the proposed ensemble-SWNT

Schottky diode with Pd (drain) and Al (source) electrodes to-

gether with a ZnO charge barrier layer. The valence energy

level of the s-SWNT form an ohmic contact with the Pd elec-

trode, and at the other end a Schottky junction is formed

with the low work-function Al.11 The Schottky junction can

still form even in the presence of an ultrathin hole blocking

layer (i.e., ZnO) between the s-SWNT and Al. In this device
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architecture, the photogenerated electrons can be extracted

under the built-in field at the Al contact via the conduction

band of ZnO. However, charge transport via the sb-SWNT

or m-SWNT is completely blocked by the wide-bandgap

blocking layer (ZnO). Conduction via the m-SWNT at Fermi

Energy (4.7 eV (Ref. 18)) is blocked due to the nearly zero

density of states within the mid-gap of the ZnO, and the sb-

SWNTs form a large potential barrier with the conduction

band of the ZnO (4.5 eV) mitigating electron transport. As a

result, both m-SWNT and sb-SWNT become isolated from

charge transport within this ensemble of SWNTs making s-

SWNTs solely responsible for the overall electrical behav-

iour in the diode.

A schematic of the fabricated device structure is shown

in Fig. 1(b). The SWNTs with an average diameter of

�1.5 nm, shown by atomic force micrograph in Fig. 1(c),

were synthesised using chemical vapour deposition on quartz

substrates patterned with 0.3 nm Fe catalysts.19 Growth of

SWNT was carried out at 900� in a 1 in. tube furnace using

CH4 (1900 sccm) and H2 (300 sccm) at ambient pressure for

60 min. Samples were characterized using atomic force mi-

croscopy (AFM) (Veeco Dimension 3100). SWNT density,

obtained by this recipe was approximately 1-SWNT per

15-lm2 of catalyst area. Therefore, we are able control the

number of SWNT per device by choosing an appropriate cat-

alyst area; i.e., to fabricate ensemble vs. individual SWNT

diodes we use 150-lm2 vs. 15-lm2 area, respectively.

SWNT Schottky junction two-terminal devices were fabri-

cated by evaporating Pd and Al contacts patterned by photo-

lithography, forming ensemble SWNT channel length of

�3 lm. Prior to depositing the Al contact, a thin layer of

undoped ZnO is deposited using pulse laser deposition as

explained in the previous work.20

Fig. 2(a) shows AFM of the channel area of an ensemble

SWNTs (�10) diode with Pd and ZnO/Al drain and source

electrodes on a quartz substrate. A 20 nm undoped ZnO layer

was deposited using pulse laser deposition. Fig. 2(b) shows

the current-voltage (I-V) characteristics of 5 diodes each on

average having �10 SWNTs. Each as-grown ensemble

SWNT device shows non-linear diode behaviour. In compar-

ison, the control ensemble-SWNT Schottky diode, prepared

identically (Fig. 2(b) inset) without the ZnO layer, shows the

expected completely linear I-V behaviour with �7.5 kX re-

sistance. Therefore, as predicted the ZnO barrier blocks the

transport via the m-SWNT and sb-SWNT producing highly

nonlinear diode IV characteristics.

We further investigate an alternative method of deposit-

ing intrinsic ZnO which is low cost, scalable, and which can

be used readily with the nano-fabrication methods. We oxi-

dized a thin-film of Zn which is directly deposited on the

SWNTs, under ambient conditions to obtain a thermally oxi-

dized ZnO, denoted ZnOt, hole blocking layer. On top of

substrates having SWNTs as described above, 5 nm thick Zn

was deposited on patterned areas defined by photolithogra-

phy. Afterwards, the substrates were thermally annealed in

FIG. 1. SWNT Schottky devices fabricated with a hole blocking ZnO layer.

(a) Flat band diagram of Pd/ensemble-SWNTs/ZnO/Al device. (b)

Schematic of the Schottky diode SWNT device fabricated on a quartz sub-

strate. ZnO layer is either deposited using pulse laser deposition method or

oxidizing a metallic thin film of Zn layer deposited using e-beam evapora-

tion. (c) Atomic Force Micrograph of the showing the height (�1.5 nm) of

an individual SWNT found in the ensemble. (Scale bar 100 nm)

FIG. 2. (a) AFM of as-grown ensembles of SWNTs (�10) crossing a Pd and

ZnO/Al contact. (b) I-V characteristics of Pd/SWNTs/ZnO/Al devices con-

sisting of multiple SWNT crossing the source-drain channel fabricated with

the charge blocking ZnO layer synthesised using pulse laser deposition.

(Inset) I-V characteristics of the Pd/SWNT/Al control device fabricated with

Pd and Al drain and source contact, without the ZnO layer.
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air at 300� for 5 min. Conversion of Zn to ZnOt was qualita-

tively determined by observing a distinct change in colour

from the dull-grey (indicating Zn) to near transparent (indi-

cating a higher bandgap ZnO) using an optical microscope.

Afterwards, the source (Al) and drain (Pd) contacts were de-

posited following as described earlier.

Fig. 3(a) shows the IV characteristics the

Pd/SWNTs/ZnOt (5 nm)/Al device which is having similar

SWNT count (�10) to Fig 2. As synthesised, the device

shows a linear I-V (solid-line) which indicates that the ZnOt

layer is highly conductive. However, after annealing the

whole device for (350 �C for 1 min) under ambient conditions,

the I-V characteristics transformed from a linear to non-linear

diode behaviour (dashed-line). Using the low bias region

of the I-V curve and fitting to an ideal-diode equation

I ¼ IsðexpðqV=gkTÞ � 1Þ, where Is is the reverse saturation

current, q is the charge of an electron, V is the bias voltage, k
is the Boltzmann constant, and T is the absolute temperature,

the g (ideality factor) is obtained as 3.0 (inset). We postulate

that, post-deposition annealing must have further passivated

the trap-states and/or stoichiometry inhomogeneity of the

ZnOt thereby improving the dielectric behaviour of the

hole-blocking layer. As a result, a dramatic enhancement of

the non-linear behaviour of the Pd/SWNTs/ZnOc (5 nm)/Al is

obtained.

Furthermore, we looked into the effect of a hole block-

ing layer (ZnOt) on diodes having only a single SWNT

between Pd and ZnOt/Al contacts. Channels with single

SWNT were selected from characterizing the15 lm2 catalyst

areas after growth using AFM and Scanning Electron

Microscopy. Fig. 3(b) shows a single SWNT device which

showed linear I-V, with a conductance of 0.5 lS, prior to

post-deposition thermal annealing (solid-line) indicating that

the SWNT is either a small bandgap or metallic in nature.

Upon post-deposition annealing at 350� for 1 min, the con-

ductance of the device is reduced by two orders of magnitude

to 5.4 nS. Therefore, the impact of the ZnOt to the transport

of the sb-SWNT or m-SWNT is clearly evident from the

above. The small residual conductance can be attributed to

leakage pathways through the barrier due to non-uniformity

in the film and also the presence of defects.

We also looked in to the comparative behaviour of the

ZnOt barrier layer on the transport of an individual SWNT

with non-linear I-V characteristics prior to annealing, which

is expected behaviour from s-SWNT as shown in Fig 3(c).

Prior to post-deposition annealing, the ideality factor of the

diode is 3.7. Upon post-deposition annealing, � reduces to

3.0 suggesting that the hole-barrier layer has further miti-

gated minority carrier recombination at the junction.

Furthermore, the forward bias conductance of the diode is

also increased from 20 nS to 166 nS which can be attributed

to the improvement of the ohmic behaviour at the drain (Pd)

contact. As a result, using the individual SWNT diodes, we

are able to confirm the effect of the ZnO barrier layer on the

charge transport of the various SWNT species, explaining

the observed ensemble SWNT diode I-Vs shown in Figs. 2

and 3(a).

In conclusion, in this paper we investigated the effect of

a hole-barrier (ZnO) on the charge transport of an as-grown

ensemble-SWNT diode, which converts the device proper-

ties from linear to highly non-linear diode characteristics

useful for SWNT applications. Furthermore, we proposed an

alternative method of thermally oxidizing such a barrier

layer, which could prove a lower-cost and simpler technique

for device fabrication. We believe that use of this type of a

charge barrier can facilitate the fabrication of the ensemble-

SWNT which can be used for various optoelectronic devices

in the future.
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