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M
etal�insulator�metal (MIM) junc-
tions represent promising devices
for various electronic and optoe-

lectronic applications, such as antennas for
energy harvesting1,2 or infrared detection,3

field-emission cathodes4 and switching
memories.5 Of particular interest are de-
vices operating at a few THz, a frequency
range where sensing6 and communication7

are particularly attractive. Other applica-
tions of THz devices involve biomedical
investigation of DNA8 or enzymes,9 or
night-vision cameras and security equip-
ment. MIM structures consist of two metal
layers separated by a nanometer-sized in-
sulator. Several materials for the insulating
layer have been reported, including various
oxides.10�13 In the field of rectennas for
infrared detection, native aluminum oxide
(AlOx) has been the insulating material of
choice so far.14 However, naturally grown
oxides are not very reliable and reproducible
even in simultaneously fabricated diodes
(see Supporting Information). Here, we pre-
sent a fabricationmethod of a∼3.6 nm thick,
low-defect AlOx. When applying a high-
frequency alternating electrical field across
theMIM junction, for example, in the terahertz
(THz) regime, tunneling electrons can follow
this field as the cutoff frequency of nanoscale
MIM structures can reach several hundreds of
THz.15 Because of the nonlinear I�V charac-
teristics of a quantum mechanical tunneling
current, the MIM junction can act as a rectify-
ing device.16 By using two differentmetals for
the contacts, rectification can be achieved at
zero bias. So far, only isolated nanoscale MIM
diodes containing an air oxidized insulator
have been reported.17 We present here for
the first time a high-yield scalable method for
the fabrication of several millions of vertical
MIM nanodiodes in one single process step,
namely a temperature-enhanced nanotrans-
fer printingprocess. In previousworks, various

microscopic scale devices have been suc-
cessfully transfer-printed.18�21 In particu-
lar, we presented recently transfer-printed
MIM diodes (MHz rectifiers)22 which also
feature spatial dimensions in the micro-
meter range. A transfer-printed electrical
nanodevice has not been demonstrated so
far. A conductive atomic force microscope
(C-AFM) setup23 is used to electrically char-
acterize individual MIM nanodiodes. We
demonstrate the functioning of the nano-
devices and the fabrication method by
comparing the current�voltage character-
istics of the printed nanoscale MIM diodes
to those of printed microscale diodes, which
we previously reported. The diode operation
is analyzed by numerical simulations. Finally,
the THz performance of the transfer-printed
MIM structure is estimated.
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ABSTRACT Nanoscale metal�insulator�
metal (MIM) diodes represent important devices

in the fields of electronic circuits, detectors,

communication, and energy, as their cutoff

frequencies may extend into the “gap” between

the electronic microwave range and the optical

long-wave infrared regime. In this paper, we present a nanotransfer printing method, which

allows the efficient and simultaneous fabrication of large-scale arrays of MIM nanodiode

stacks, thus offering the possibility of low-cost mass production. In previous work, we have

demonstrated the successful transfer and electrical characterization of macroscopic structures.

Here, we demonstrate for the first time the fabrication of several millions of nanoscale diodes

with a single transfer-printing step using a temperature-enhanced process. The electrical

characterization of individual MIM nanodiodes was performed using a conductive atomic force

microscope (AFM) setup. Our analysis shows that the tunneling current is the dominant

conduction mechanism, and the electrical measurement data agree well with experimental

data on previously fabricated microscale diodes and numerical simulations.

KEYWORDS: metal�insulator�metal nanodiodes . nano transfer printing .
terahertz rectifier . conductive atomic force microscope . tunneling current
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DISCUSSION

Temperature-Enhanced Nanotransfer Printing of MIM Nano-
diodes. Electron-beam lithography (EBL)24,25 is a com-
monly used method for patterning materials and
fabricating devices with dimensions between 30 and
100 nm. However, EBL lacks the fabrication speed and
cost efficiency required for the processing of large
areas. In contrast, nanotransfer printing (nTP) offers
the possibility to print large, dense arrays of nanoscale
devices on arbitrary flat surfaces, provided the adhe-
sive and cohesive forces, surface energies, andmaterial
properties are properly tailored.26 Using temperature-
enhanced nTP, we have fabricated an array of approxi-
mately 4 million MIM pillar diodes, each with a dia-
meter of less than 100 nm, suitable for electronic and
optoelectronic applications.

First, a stamp was designed and fabricated from a
silicon wafer by EBL and highly anisotropy reactive ion
etching (RIE). The stamp contains an array of cylindrical
mesas covering a square area of 300 � 300 μm2 (see
Figure 1a for a schematic, and Figure 2a for an electron
microscopy image). Successful transfers with stamps
up to 1 cm2 have also been performed. Themesas have
a height of 80 nm to provide good physical stability
during the printing process. The diameter of themesas
and the spacing between adjacent mesas was de-
signed between 50 and 100 nm.

The preparation of the stamp prior to printing is
outlined in Figure 1b�e. First, the stamp was covered
with an alkylsilane self-assembled monolayer (SAM) to
reduce its surface energy. Next, a 15 nm thick layer of
AuPd was deposited by thermal evaporation onto the
SAM-covered stamp to provide a delamination layer
from which the MIM pillars can later be easily trans-
ferred to the target substrate. In the next step, a 25 nm
thick layer of aluminum with a surface roughness of
less than 1 nmwas deposited as the first electrode. The
stamp was then briefly exposed to oxygen plasma to
form a high-quality aluminumoxide tunnel barrier with
a thickness of 3.6 nm.27 Compared with aluminum
oxide obtained by native oxidation in air, the oxygen-
plasma-grown oxide has been found to provide sub-
stantially better reliability and reproducibility. To com-
plete the MIM structure, a 15 nm thick AuPd layer was
then deposited as the second electrode. Finally, a 4 nm
thick layer of titaniumwas deposited by evaporation to
provide an adhesion promoter for the nanotransfer
printing process. To facilitate good physical contact
between the stamp and the target substrate, the layer
stack deposited onto the stamp must be as smooth
as possible. Therefore, metals with a small grain size,
such as Al, AuPd, and Ti, are more desirable than, for
example, Au. During themetal evaporations the stamp
was held perpendicular to the metal source in order to
minimize the deposition of metals on the sidewalls of
the mesas (see Figure 2b) and Figure 2c)).

As target substrate we have used a p-type silicon
wafer covered with an AuPd layer (to electrically con-
nect the bottom electrodes of all diodes) and a thin
titanium layer (to provide good adhesion of the printed
layer stack). Immediately prior to printing, the titanium-
coated surfaces of the stamp and the target substrate
were physically activated (the parameters can be
found in the Supporting Information). When the tita-
nium-covered MIM pillars on top of the mesas of the
stamp are brought into physical contact with the
titanium-covered target substrate, individual and iso-
lated MIM nanodiodes are transferred from the stamp
to the substrate, resulting in a high density of devices.
The transfer process is facilitated by applying a tem-
perature of 200 �C during printing. We found that such
a high temperature promotes the formation of cova-
lent bonds between the titanium layers on the top of
the stamp and on the substrate due to the removal of
water molecules.28

Morphological Characterization of Printed Nanoscale MIM
Diodes. To investigate the quality of the nTP process,
three nominally identical samples were fabricated and
investigated by scanning electron microscopy (SEM).
The transfer yield, which we define as the number of
properly transferred MIM diode stacks divided by the
number of pillars on the stamp, was found to be 98%,
which means approximately 4 million diodes were
successfully transferred. During themetal and insulator
deposition process, material was deposited not only on

Figure 1. Sequence of process steps to prepare the stamp
for transfer-printing of the nanoscale MIM pillars. (a) An
array of mesas with a height of 80 nm and a diameter of 50
to 100nm is fabricatedon the surface of the silicon stampby
electron-beam lithography and highly anisotropic silicon
etching. (b) The silicon stamp is covered with an alkylsilane
self-assembled monolayer (SAM). (c) 15 nm of AuPd and
25 nmof Al (first electrode of theMIMdiodes) are deposited
by thermal evaporation. (d) The Al surface is exposed to
oxygen plasma to form a∼3.6 nm thick AlOx tunnel barrier.
(e) Finally, 15 nm of AuPd (second electrode of the MIM
diodes) and 4 nm of Ti (to promote adhesion to the target
substrate) are deposited by thermal evaporation.

A
RTIC

LE



BAREIß ET AL. VOL. 6 ’ NO. 3 ’ 2853–2859 ’ 2012

www.acsnano.org

2855

the top of the pillar structures of the stamp, but also
around the periphery of the previously deposited
metal stack (although not on the sidewalls of the
pillars). Therefore, the area of the MIM structure in-
creases with increasing metal layer thickness. Indeed,
the diameter of the transferred quantum devices was
found to be larger by about 45 nm than the original
feature size on all three stamps. Taking these effects
into consideration, the diode area and the distance
from each other can be tailored very precisely, and
nanoscale structures with a very high density can be
fabricated. To compete with high resolution EBL fabri-
cation techniques, the morphology and height of the
printed devices have to be homogeneous and must
remain unchanged after the printing process. The
fidelity of the printing process is proven by the perfect
match between the height of the transfer-printed MIM
diodes, measured with an atomic force microscope
(AFM), and the evaporated material thicknesses on the
stamp. The printed quantum pillars have a height of
60 nm and feature a stack shape expected from the

original layer depositions on the stamp. The top sur-
faces of the transferred tunneling diodes are very
smooth, thus providing an excellent contact area for
electrical characterization with a conductive AFM tip.

We have therefore demonstrated that several mil-
lions of MIM nanodiodes can be fabricated by a few
evaporation steps and a fast printing process, without
need of resists or other patterning steps (other than
those used to make the stamp), followed only by some
plasma treatments. Thus, temperature-enhanced nTP
provides a solution to the challenge of fabricating
large-scale and high-density homogeneous arrays of
nanoscale devices in a fast and economic way. The
stamp can be used several times before degradation
occurs.

Electrical Characterization with Conductive AFM Tips and
Numerical Simulation. The electrical properties of the
transfer-printed MIM nanodiodes have been quantified
using a conductive atomic force microscope (C-AFM).
With this high spatial resolution characterizationmethod,
several nanodiodes have been tested individually, and

Figure 2. Stamp preparation and large area out-of-plane printed nanodiodes. (a) A scanning electron microscope (SEM)
image of an edge of the Si stamp is shown at a tilt angel of 45�. The pillars feature a height of 80 nm and a diameter of 50 nm.
(b)Metal layers and an insulator are fabricatedon the stamp that is coveredwith a hydrophobic self-assembledmonolayer. (c)
No material was deposited on the sidewalls of the pillars as we used collimator plates during the evaporation. (d) After
covering the stampwithmetals and the insulator, almost thewhole array ofMIMnanodiodeswas transfer-printed on a target
substrate. (e) A zoom of the printed area covered with nanodiodes is presented here. (f) 3-Dimensional individual diodes can
be seen by tilting the electron beamby 54�. The surface of the printed nanodiodes is very smooth allowing contacting the top
with a conductive atomic force microscope.
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the static device parameters of single nanodevices have
been extracted, allowing conclusions about the under-
lying electron transportmechanism. The conductiveAFM
tips consisted of silicon covered by a Pt�Ti alloy and
featured a tip radius of 15 nm. The electrical setup
allowed a local application of voltages up to 10 V and
measurement of the current at the same time. The
sample with the printed rectifiers was placed on a
ceramic holder, wherein the AuPd layer on the substrate
was connected through a magnetic gold clamp from
the top (see Figure 3b). As the AuPd electrode of the
printedMIM structure was attached to the conductive
metal layer on the substrate, the bottom of the
transfer-printed diode was directly connected to
the gold clamp. The top of the diode, consisting of
the Al and the AuPd delimitation layers, was electri-
cally connected via the C-AFM tip. The conductive tip
and the gold clamp on the substrate were connected
to a parameter analyzer which was located in the
head of the C-AFM setup (see Figure 3a). This circuit
was used for the electrical characterization of single
MIM nanodiodes. The voltage was applied on the
C-AFM tip, and the current was measured at the same
time.

As the area of the MIM diode is in the nanometer
range, currents from 10�19 A up to 10�6 A are ex-
pected. Although the C-AFM setup was in a tempera-
ture, humidity, and vibration controlled environment,
electrical noise still occurred, and the lowest measur-
able currents were in the 100 pA-range which is similar
to C-AFMmeasurements reported in literature.29,30 We
investigated several nanodiodes, and only one diode
showed a short circuit behavior. In all other diodes, an
exponential I�V characteristic was measured (see
Figure 4a). An asymmetric tunneling current behavior
with respect to the applied bias was observed as
expected due to the asymmetric diode structure with
different metal electrodes. In a comparison of the
measured current density of the nanoscale tunneling
diodes with previously transfer-printed diodes featur-
ing an area in the micrometer range,31 the current
densities are in excellent agreement to each other
proving the quality of the materials and fabrication
process. The electrical stability under an applied vol-
tage was improved by a factor of at least 2 by reducing
the area of the tunneling diodes. The previously pre-
sented tunneling diodes showed a breakdown behav-
ior around 5 to 6 V. In contrast, the nanoscale diodes
worked at least up to 10 V. We believe that the
improved break down behavior is related to the re-
duced number of defects found in the insulating layers
as the diode area is scaled down. This is another
indication of the high quality of the ultrathin AlOx layer
fabricated by the plasma treatment.

To extract static device parameters and to determine
whether or not tunneling is the dominant transport
mechanism, numerical simulations were carried out.32

Hole currents can be neglected since the tunnel barrier
for holes is much higher than for electrons. By assum-
ing that direct/Fowler-Nordheim tunneling is the
dominant tunneling process, the current density can
be modeled by the Tsu�Esaki formula:33

J ¼ emekBT

2π2p3

Z
P(E) ln

1þ exp(�E=kBT)
1þ exp[�(eV þ E)=kBT]

� �
dE

where P(E) is the transmission coefficient for electrons
with energy E. An excellent fit of the simulation for
voltages up to 6 Vwas accomplishedwhen considering
an energy dependent effective tunneling mass and
using tunnel barrier heights of 4.2 eV for the AuPd
electrode and 2.8 eV for the Al electrode. The value of
4.2 eV at the AuPd�AlOx interface corresponds to the
barrier height of Au in the Schottky limit. As the barrier
height at the Al�AlOx interface is known to be depen-
dent on the growth mechanism, a smaller barrier
height of 2.8 eV than the expected value of 3.1 eV
can be explained by the formation of a dipole layer
produced by charge transfer between the Al electrode
and interfacial gap states in the AlOxwhich is known to
reduce the oxide barrier height.34,35 For higher vol-
tages, the simulation predicts higher values for the
current density. However scattering processes like
electron�phonon interactions are not included in the
simulation which are expected to reduce the tunneling
current.36

Currently, we are working on a carbon-nanotubes
(CNT)/graphene transfer process in order to place a
highly conductive film on the topMIM layer for addres-
sing not only single MIM nanodiodes, but an array of
diodes.

Estimation of the Nanodiodes Cut-off Frequency. The cut-
off frequency (fcut) is the maximum frequency at which
an electrical device still works properly.37 By approx-
imating a nanodiode as a parallel-plate-type capacitor,
fcut is defined as

fcut ¼ 1
2πRC

¼ d

2πRε0εrA

where R is the resistance of the lead lines (here the
external wires and the AuPd substrate), and C is
defined by the capacitive area A and dielectric thick-
ness d. Here, the tunnel resistance of the diode can be
neglected as it is much higher and in parallel to
the resistance of the lead lines.16 The increase of the
thickness of the dielectric leads to an increase of the
cutoff frequency. However, the tunneling current is
exponentially dependent on the tunnel barrier thick-
ness. Thus, a dramatic current decrease can be ex-
pected when increasing the thickness of the dielectric.
In general, a direct measurement of the permittivity of
MIM nanodiodes is not possible with a C-AFM setup.
However, we have previously determined the permit-
tivity of the MIM diodes comprising a microscale area
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in a low noise probe station and the diodes showed a
capacitance density of C/A = 1.19 � 10�6 F/cm2.31

We showed there that the dielectric constant εr is
strongly dependent on the insulator thickness,
although it is independent of the area A. The resistance
R of the AuPd substrate that took over the lead lines
was determined to be 8.93 Ω. The area of the MIM
tunneling diodes was measured via SEM, and the
diameter of the smallest printed pillars was deter-
mined to be 93 nm. A cut-frequency of 219 THz for
the smallest MIM diodes can therefore be estimated. A
further increase of the cutoff frequency is possible by
reducing the diode area; however, because of the
vertical thickness of theMIMnanodiodes, scaling down
below 50 nm appears to be challenging so far. A better
way to improve the performance of the device is the
use of a low-k material, for example, with a permittivity
below the value of 4.8 that we determined for the
3.6 nm thin AlOx.

CONCLUSION

We have presented a sophisticated large-area
nanoscale device fabrication method for the transfer-
printing of metal�oxide�metal tunneling nano-
diodes which feature asymmetric I�V characteristics.
We showed that the efficient fabrication of several
million tunneling nanodiodeswithin one process step
is possible. An implementation to CMOS technology
can realistically be considered, as the transfer-printing
process is applicable for almost every substrate and
the temperature required is rather low. We can tailor
the cutoff frequency by varying the diode area, as the
general conducting mechanism and the static device
parameters are independent of the diode area. The
AlOx insulator has a thickness of 3.6 nm and retains
its high quality during the printing process, so that
even voltages up to 10 V can be applied without
destroying the quantum device. The electrical perfor-
mance of the nanoscale devices is in good agreement

Figure 3. Conductive atomic force microscope setup. (a) A photograph of the conductive atomic force microscope (AFM)
setup: The parameter analyzer and the AFM tip are implemented in the head, and the substrate holder comprises ceramic
plate and gold clamps for connecting the sample substrate. (b) A schematic view of the AFM setup: TheMIM pillars (turquois)
that are transfer-printed on a Si wafer (white) comprising a conductive AuPd layer (orange) are contacted from the top via a
conductive AFM tip (here, positive voltage). The AuPd-layer on the substrate is connected via a gold clamp (here, negative
voltage).

Figure 4. I�V Characteristics of MIM nanodiode. (a) The I�V characteristic of a transfer-printed nanoscale MIM pillar (half-
open symbols), measured using a conductive AFM setup, is presented in comparison with previously fabricated microscale
MIM diodes (full symbols), characterized with a probe station, and numerical simulations (line). For a better comparison the
positive and the negative polarity (on aluminum) are both shown on the positive V-axis, and the absolute logarithmic scale is
used for the current density for the same reason. The nanoscale andmicroscaleMIM structures show an excellent agreement,
and the simulation could extract static device parameters. (b) The calculated cutoff frequencies of three different transfer-
printed MIM diodes comprising areas between 93 and 144 nm are shown in the table, and two SEM images show the spatial
dimensions of MIM diode arrays.
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with previously fabricated microdiodes. Numerical
simulation shows that direct Fowler�Nordheim tun-
neling is the main conducting mechanism for the
electrons, and static device parameters were ex-
tracted. Since the cutoff frequency of the smallest
diodes is estimated as 219 THz, MIM nanodiodes are

promising for extremely high-speed electronic and
optoelectronic applications. Moreover, the fabrica-
tion of these nanoscale devices in dense arrays over
large areas provides the possibility to fabricate tera-
hertz rectifiers or also other devices in an economic
and fast way.

METHODS
Hydrophobization of the Stamp. The silicon stamp was cleaned

and activated by exposing it for 30 s to an oxygen plasma and
then placed along with 0.5 mL of 1H,1H,2H,2H-perflouroctyltri-
chlorosilane (Alfa Aesar, Ward Hill, USA) into a desiccator at a
pressure of 10mbar for 15min. This results in the formation of a
hydrophobic self-assembledmonolayer (SAM) on the surface of
the stamp. The SAMwas annealed by placing the stampon a hot
plate at a temperature 140 �C for 30 min.

Metal Deposition onto the Stamp. A stack of AuPd (15 nm thick)
and Ti (4 nm thick) was deposited onto the SAM-covered silicon
stamp in a Leybold UNIVEX 450 vacuum evaporator. To mini-
mize the amount of metal deposited onto the sidewalls of the
pillars, collimator plates with an aperture diameter of 5 cmwere
placed over the evaporation sources, and the substrate was
placed at a relatively long distance of about 30 cm from the
sources. The background pressure during the evaporations was
below 10�6 mbar and the deposition rate was 0.4 Å/s. Following
the deposition of the AuPd/Ti stack, a 25 nm thick Al layer was
deposited in a Leybold UNIVEX 300 vacuum evaporator at a
background pressure of about 10�7 mbar.

Insulator Growth on the Stamp. The AlOx insulator was obtained
by oxidizing the surface of the 25 nm thick Al layer in an Oxford
Plasma Technology reactive ion etch (RIE) systemoperated at an
oxygen pressure of 10 mTorr and with a plasma power of 200W
for 30 s. This results in the formation of a dense, 3.6 nm thick
AlOx insulator.

Metal Deposition onto the Target Substrate. As the target sub-
strate, a doped silicon wafer was employed. A stack of Ti (4 nm
thick), AuPd (25 nm thick), and Ti (4 nm thick) was deposited
onto the wafer in a Leybold UNIVEX 350G vacuum evaporator.
The background pressure during the evaporations was 2.5 �
10�6 mbar and the deposition rate was 0.4 Å/s. To obtain a
uniform film thickness, the wafer was rotated during the
evaporations.

Transfer Printing of MIM Nanodiodes. The Ti layers on the
surfaces of the stamp and the target wafer were activated
(hydophilized) by exposing them to an oxygen plasma for
10 s (stamp) and 2min (wafer) in amicrowave plasma generator
operated at an oxygen flow rate of 80mL/min andwith a plasma
power of 200 W. The stamp and the substrate were then placed
in an Obducat NIL 2.5 nanoimprinter, heated to a temperature
of 200 �C, and then pressed against each other for 3 min with a
pressure of 50 bar. After allowing the stamp and the substrate to
cool to a temperature of 90 �C, the stamp was released, thus
transferring the MIM nanodiodes to the target substrate.

Electrical Characterization of MIM Nanodiodes. We used an Asylum
ResearchMFP-3D atomic forcemicroscopewith anORCAholder
that features two transimpedance amplifiers with a gain of
either 1 � 106 V/A or 1 � 109 V/A. The sample was clamped via
the conductive substrate to a gold electrode, which was also
connected to the cantilever holder (head), thus creating a
complete circuit between the sample and the cantilever tip.
We used Ti/Pt (5/20)-coated silicon tips (OMCL-AC240TM, Olym-
pus, Japan) for the measurement. More details on these mea-
surements can be found in the Supporting Information.
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