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Abstract—Infrared (IR) detectors have been fabricated
consisting of antenna-coupled metal-oxide-metal diodes
(ACMOMDs). These detectors were defined using electron
beam lithography with shadow evaporation metal deposition.
They are designed to be sensitive to the IR range and work at
room temperature without cooling or biasing. In order to achieve
large arrays of ACMOMDs, nanotransfer printing have been used
to cover a large area with metal-oxide-metal (MOM) diodes and
with antenna structures. The printed antenna structures consist
of gold and aluminum and exhibit a low electrical resistivity.
A large area array of MOM tunneling diodes with an ultrathin
dielectric (~3.6-nm aluminum oxide) has also been fabricated via
the transfer-printing process. The MOM diodes exhibit excellent
tunneling characteristics. Both direct and Fowler-Nordheim
tunneling has been observed over eight orders of magnitude in
current density. Static device parameters have been extracted via
kinetic Monte Carlo simulations and have confirmed the existence
of a dipole layer at the aluminum/aluminum oxide interface
of the printed tunneling diodes. The mechanical yield of the
transfer-printing process for the MOM tunneling diodes is almost
a 100 %, confirming that transfer printing is suitable for large area
effective fabrication of these quantum devices.

Index Terms—Antenna arrays, infrared (IR) detectors,
metal-oxide-metal (MOM) techniques, quantum devices,
rectennas, terahertz optoelectronics.

I. INTRODUCTION

NFRARED detectors are important devices in e.g., security
I and medical fields. Antenna-coupled metal-oxide—metal
diodes (ACMOMDs) are a promising candidate for infrared
(IR) detectors due to their small size, CMOS compatibility, and
ability to offer full functionality without cooling or applied bias
[1]-[4]. The concept of ACMOMD was first introduced in the
1970s [5]-[7]. The device consists of two main components:
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the dipole antenna for receiving electromagnetic waves in a
certain wavelength range and a metal-oxide—-metal (MOM)
diode that serves as the rectifying device. By varying the size
of the dipole antenna, the sensitivity to a certain wavelength
can be achieved. A dipole antenna length of several tenths of
micrometers corresponds to the IR regime. The absorbed light
induces a high-frequency ac current in the terahertz range,
which is too fast for most electronic devices. Tunneling diodes
are promising candidates for the rectification of terahertz
signals because of the femtosecond tunneling times of an elec-
tron through a thin barrier in a MOM diode [8]. By selecting
electrode metals with dissimilar work functions, the tunneling
current through the thin dielectric becomes asymmetric with
respect to the polarity of the voltage applied across the MOM
diode, leading to the potential for excellent rectification at high
frequencies [9], [10]. The thin dielectric layer must be on the
order of a few nanometers to allow sufficiently large electrical
current, and the area must be in the range of 50 nm x 50 nm
to convert terahertz ac current into dc current [11]. Therefore,
the MOM diode is the most challenging component of these
detectors.

In Section II, the fabrication of ACMOMDs with electron
beam lithography (EBL) techniques and the fabrication of an-
tenna structures and MOM tunneling diodes over large areas in a
nanotransfer-printing (nTP) process with both conventional and
unconventional stamps. The electrical characterization of MOM
tunneling diodes produced with EBL and with nTP techniques
is presented in Section III, followed by the IR characterization
of the EBL-defined ACMOMDs (Section IV).

II. FABRICATION

A. Device Fabrication With EBL

High-frequency performance of ACMOMDs is limited by the
RC time constant of the MOM diode. One way to lower this
delay is to reduce the associated diode capacitance by fabri-
cating thin lines on the order of 50 nm through EBL. We have
developed two different EBL processes viz.: 1) a shadow evap-
oration technique that requires only one EBL step [1] and 2) a
two-step lithography process in which two separate EBL expo-
sures are performed with an intermediate step of oxide etching
and regrowth [9]. The EBL has been performed using a 75-kV
EBL system from Elionix Inc., Billerica, MA (ELS-7700). The
substrate for these devices is a p-type Si (100) substrate with
1.5-pm thermally grown SiOs.

The shadow evaporation technique is inspired from the Dolan
offset mask process that was developed in 1977 at AT&T Bell
Laboratories, Madison, WI [12]. In this technique, a bi-layer
e-beam resist is used. In our process, the bottom layer is 400 nm
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Fig. 1. SEM images of asymmetric barrier Al-Al,O3;-Pt ACMOMDs.
(a) Shadow evaporation device. The MOM overlap is shown in the inset.
(b) Two-step lithography device. The MOM is formed where the antenna arms
cross each other. The gold wire bonding pads are also seen where the antenna
leads make contact.

of co-polymer methyl methacrylate (MMA-EL9, MicroChem,
Newton, MA) and the top layer is 100 nm of less-sensitive poly
methyl methacrylate (PMMA-C2, MicroChem). The first layer
is flood exposed in ultraviolet (UV) light for 40 s. The UV expo-
sure step is critically important in order to sufficiently remove
the MMA after EBL exposure, leaving a PMMA bridge to fa-
cilitate double angle or shadow evaporation. Isopropyl alcohol
(IPA), methyl isobutyl ketone (MIBK), and methyl ethyl ketone
(MEK) are mixed in the ratio of 3:1:1.5% (vol.) [13] to pre-
pare the PMMA developer. The bridge width should be approx-
imately 40 nm to get a MOM overlap of 50 nm. The developed
sample is mounted on a variable angle stage after de-scum in
oxygen plasma using a PlasmaTherm RIE-790 etcher. Next, 30
nm of aluminum is deposited at an angle of +7° in an electron
beam evaporator (FC 1800, Airco Temescal (now BOC Coating
Technology), Suisun City, CA). In situ controlled oxidation of
aluminum is performed to form AlsOs, which serves as the tun-
neling oxide, followed by 30 nm of platinum deposited at an
angle of —7°. Although the oxide thickness has not been char-
acterized, it is estimated to be 2-2.5 nm, which is sufficiently
thin for tunneling of electrons [14]. Fig. 1(a) shows the com-
pleted shadow evaporation, or one-step EBL ACMOMD. The
MOM overlap is also shown in the inset. The antenna is 3.1-pm
long and ~50-nm wide, and the MOM overlap is ~50 nm x 50
nm.

The shadow evaporation technique uses controlled oxidation,
and hence is limited to insulators that are native oxides of
metals. To provide options for using different type of insulators
and/or multiple insulator layers, a two-step lithography tech-
nique has been developed [3], [9], [15]-[17]. In this process,
antenna arms and corresponding antenna leads are fabricated
in two separate EBL steps. The antenna arms overlap and cross
each other forming the MOM diode. Both of the EBL steps use
the bi-layer e-beam resists to facilitate liftoff. First, the antenna
arm and lead are metallized with 30 nm of aluminum. After
development and de-scum of the EBL for the second antenna
arm and lead, the sample is placed in the e-beam evaporator for
in situ oxide etching using an end-Hall gridless ion source. The
oxide regrowth is done using the in sifu controlled oxidation
of the etched surface of aluminum. Next, 30 nm of platinum
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is deposited following the controlled oxidation of aluminum.
An ACMOMD realized with the two-step EBL ACMOMD is
shown in Fig. 1(b).

B. Device Fabrication With nTP Process

The fabrication of ACMOMD with EBL technology in com-
bination with natural oxidation and lift-off techniques shows
very promising performance. In anticipation of the production
of dense arrays of hundreds or thousands of tunneling diodes for
imaging devices, an alternative fabrication method was devel-
oped, namely, direct transfer printing. A single metal layer [18]
or a stack of different materials (e.g., metals and insulators [19],
[20]) was prepared on a stamp and then transferred onto a target
substrate. Up to now, only stacks with thicknesses in the range
of several tens of nanometers have been realized and transferred
[21]. For the fabrication of a MOM diode, thinner oxides down
to a few nanometers are needed to permit large quantum-tun-
neling current densities [22], [23]. Furthermore, the antenna
arms must have a thickness of 50 nm or less. This can be easily
achieved using a stamp fabricated by a molecular beam epitaxy
(MBE) process.

The MBE stamp process starts with a superlattice of AlGaAs
and GaAs grown on a GaAs wafer. A rectangular part of ap-
proximately 2 mm X 3 mm is then cut out of the wafer and the
GaAs layers are selectively etched in the breakage edge with
citric acid [see Fig. 2(a)]. The detailed fabrication method of
the MBE stamp, as well as our nTP tool prototype for executing
the transfer printing process are described elsewhere [24]. After
etching, a layer of Au with thickness of, e.g., 15 nm followed by
4 nm Ti (that serves during the transfer process as an adhesion
promoter) were deposited by thermal metal evaporation on the
edge of chip, which now serves as the stamp. By pressing the
stamp for 30 s at a pressure of 300 MPa on a bare or oxidized
Si substrate, the metal lines are transferred [see Fig. 2(b)]. We
are also able to transfer other metals, such as aluminum, and to
vary the film thickness. The electrical resistivity of the printed
lines is in the same range than from bulk material.

The antenna array was printed in an MBE stamp process,
whereas the MOM tunneling diode was fabricated in a transfer
printing process using a conventional (flat) silicon wafer as a
stamp. The silicon wafer covered with a hydrophobic organic
self-assembled monolayer (SAM) of perflouroctyl-trichlorsi-
lane as an antisticking. To create the hydrophobic SAM, the
wafer is briefly exposed to an oxygen plasma (to create a den-
sity of hydroxyl groups sufficient for molecular self-assembly),
placed for 30 min into a vacuum chamber along with 0.5 mL
of perflouroctyltrichlorsilane at a pressure of 10 mbar, and then
annealed at ~140 °C on a hotplate. Due to the excellent sta-
bility of silane SAMs on silicon [25], [26], the stamp can be uti-
lized repeatedly without damaging the antisticking SAM. The
entire MOM tunneling diode is then created on the SAM-cov-
ered silicon stamp. First, a stack of 20-nm-thick gold followed
by 30-nm-thick aluminum is deposited by vacuum evaporation
through a shadow mask. This Au/Al stack later serves as the top
electrode of the printed diode. The reason for depositing a stack
of two different metals is that this makes it possible to choose
a first metal (gold) that provides minimum adhesion to the flu-
oroalkyl SAM (to facilitate delamination from the stamp) and a
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Fig. 2. (a) SEM image from MBE mold on the edge of a chip and (b) transfer-
printed gold lines. The MBE mold in this structure consists of six layers of
200-nm-thick AlGaAs separated by 200-nm-thick layers of GaAs grown on a
GaAs wafer. After etching GaAs selectively, the structure results in six free-
standing AlGaAs-bars (clearly visible in the inset) on the edge of the chip. The
transfer-printed lines extend in this figure over 800 ;m. MBE stamps with struc-
tures down to 30 nm have been fabricated, and the experimental results are cur-
rently under investigation.

second metal (aluminum) that can be plasma oxidized to create
a thin compact tunneling dielectric (AlO,.). This oxidation is
performed by a brief oxygen—plasma treatment that increases
the thickness of the native AlO,. layer on the aluminum surface
from ~1.6 to ~3.6 nm [27], [28]. In the next step, a stack of
30-nm-thick gold (as the bottom electrode of the printed diode)
followed by 4-nm-thick titanium (to promote adhesion of the
printed diode to the target substrate) is deposited by vacuum
evaporation through the same shadow mask. The titanium is al-
lowed to oxidize and titanol surface groups are created by a UV
and plasma treatment.

The completed diodes (Au/Al/AlO./Au/TiO.) are then
transfer printed onto the target substrate, namely, a silicon
wafer covered with a 200-nm-thick layer of thermally grown
silicon dioxide (Fig. 3). Transfer printing is performed using
an Obducat NIL-2.5 Nanoimprinter at a temperature of 200 °C
and a pressure of 50 bar for 5 min. During the transfer process,
the titanol and silanol surface groups on the stamp and on the
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Fig. 3. Optical image of the: (a) top view of a part of the whole array of
transfer-printed MOM tunneling diodes comprising a 3.6-nm-thick dielectric
and (b) from the stamp after the transfer-printing process. Here, 100% of the
diodes were transferred and some gold remained on the stamp at the corners. A
cross section of the structure after transfer printing is shown in (c).

substrate react to titansiloxanes under water release [29]. This
reaction is strongly promoted by drying the surfaces prior to
transfer and removing physisorbed water from the interface at
200 °C during the printing process [30].

III. ELECTRICAL CHARACTERIZATION OF MOM DIODES

A. Electron Beam Defined MOM Diodes

The fabricated ACMOMDs need to go through electrical
characterizations to verify the nonlinear characteristics of the
Al-Al>,O3-Pt MOM diode. Since these are unbiased detectors,
the quantities of interest are zero-biased resistance and zero-bi-
ased curvature coefficient, which are defined as

dv
zero-biased res. = R%,B = (E) (@€))]
V=0
d’I
zero-biasedcurv.coeff. = fy%,B = d(}/; . 2)
W V=0

DC voltage is swept from —300 to +300 mV and the current
is measured. A polynomial fit is generated and first derivative
of voltage at zero-bias (R%P) and the ratio of second deriva-
tive of current to the first derivative of current (y4P) are de-
rived. Fig. 4(a) shows a typical current—voltage (I-V) charac-
teristic of an Al-Al,O3-Pt diode [1], [9]. As expected the I-V
shows a nonlinear asymmetric variation, a very typical behavior
of asymmetric Al-Al,O3—Pt diodes. In Fig. 4(b), variation of
the curvature coefficient is shown for different bias voltages.
Since these ACMOMDs are unbiased, for rectification of the
IR radiation, there should be nonzero v4P at zero bias (V = 0).
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Fig. 4. DC measurements of asymmetric barrier Al-Al,O;—Pt ACMOMDs.
(a) Measured current in the voltage scan range of —300 to +300 mV and its fifth
degree polynomial fit. (b) Variation of calculated curvature coefficient versus
bias voltage. At zero bias, the curvature coefficient is nonzero, which is a re-
quired condition for unbiased ACMOMDs.

Typically, the values of v4° for ACMOMDSs have been found
to be on the order of ~1 per volt [1], [9].

B. Printed MOM Diodes

The total thickness of the MOM tunneling diodes before and
after transfer printing was measured by atomic force microscopy
(AFM), confirming the structural integrity of the transferred
diodes, as the total thickness of the devices did not change upon
transfer. The electrical characterization was done in the transfer-
printed cross structure by contacting the printed top and bottom
electrodes outside of the active diode area using probe needles
and a parameter analyzer. The current through the 3.6-nm thin
plasma-grown AlQO, dielectric was measured as a function of
the applied bias on the gold bottom electrode. The aluminum
top electrode was set to zero potential. The resulting /-V char-
acteristic of a transfer-printed MOM diode is shown in Fig. 5, as
well as the I-V characteristic of a reference MOM diode, which
was fabricated by conventional thermal metal deposition (not
transfer printed). Symbols and lines represent experimental data
and theoretical values, respectively. Comparing the slope of the
I-V curve of a transfer-printed tunneling diode with the refer-
ence diode, it can be seen that the electron transport mechanism
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Fig. 5. Current density through a transfer-printed MOM tunneling diode mea-
sured as a function of applied voltage on the Au electrode. The lines represent
the kinetic Monte Carlo simulation results using (1). In the inset, the /-V curve
of a transfer-printed MOM tunneling diode is compared to that of a diode based
on the same materials stack that was not transfer printed.

in both structures is identical. Furthermore, the current densi-
ties in the transfer-printed diode and in the reference diode are
of the same order of magnitude, again confirming that the diodes
are not damaged by the printing process. In order to identify the
transport mechanism occurring in the MOM diodes, the mea-
sured current was modeled using a kinetic Monte Carlo simu-
lator that encompasses models for the most relevant leakage cur-
rent processes, e.g., quantum mechanical tunneling, thermionic
emission, or trap-assisted tunneling [31], [32]. Direct tunneling
of electrons through the oxide barrier was found to be the domi-
nant transport mechanism due to the very small oxide thickness.
Consequently, the current density j can be described analyti-
cally by the well-known Tsu—Esaki formula [33]

oo lXp PR
_ emckBT kBT
YT /P(E’*)ln o (U dE;
N e 2]
PAT5T
3)

where m¢ is the conductivity mass for the injected electrons
and P(E;) is the transmission coefficient for electrons with
transversal energy F, calculated in the Wentzel-Kramers—Bril-
louin approximation. In the calculation of P(FE;), an effective
tunneling mass of myx = 0.38mg for the aluminum oxide, a
tunneling barriers of 4.2 eV for the gold electrode, and 2.8 eV
for the aluminum electrode have been taken. A good agreement
with the experimental data is obtained, as shown in Fig. 5. The
extracted barrier height of 4.2 eV corresponds to a gold/alu-
minum oxide interface in the Schottky limit, i.e., without any
barrier reduction due to charge transfer across the interface [34].
Correspondingly, a barrier height of 3.2 eV would be expected
for the aluminum barrier (taking ®5; = 4.2 eV), which is
slightly larger than the extracted value of 2.8 eV. This discrep-
ancy may be due to the formation of a dipole layer caused by
charge transfer between the aluminum electrode and interfacial
gap states in the aluminum oxide, which is known to reduce the
barrier height [35]. Direct tunneling occurs for voltages between
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Fig. 6. IR response of ACMOMDs. It consists of a polarization-dependent part,
which varies as cos? and a polarization-independent response, which is believed
to be of thermal origin. The device shows a polarization ratio of 5.

—4.2 V and +2.8 V on the gold electrode and Fowler—Nord-
heim tunneling takes place for higher absolute voltages. For cur-
rent densities |j| > 1072 A/cm?, irreversible degradation of the
tunneling diode during the measurement, and finally, short cir-
cuiting, was observed.

IV. IR CHARACTERIZATION OF ACMOMD

All of the ACMOMDs, fabricated through either the evapo-
ration technique or the two step EBL technique that pass the dc
test of showing nonzero curvature coefficient are subjected to IR
characterization for full detector functionality. A linearly polar-
ized continuous wave (CW) CO, laser (Lasy4G-SWT, Access
Laser Company) has been used as the IR source. The shape of
the IR beam has been characterized through the knife-edge ex-
periment and the 1/e? beamwidth was found to be ~4 mm. The
laser beam passes through a polarizer, mechanical chopper, and
a half-wave plate before it hits the device-under-test, the AC-
MOMD:s. The half-wave plate is used to rotate the polarization
of the IR laser without changing the orientation of devices or
the laser.

According to classical antenna theory, if the polarization of
the IR laser is rotated with respect to the orientation of the
ACMOMD, the IR response of the ACMOMD should show a
cosine-squared behavior [36], i.e., if O1r is the angle between
the orientation of the ACMOMD and the electric field vector,
the IR response should follow | cos(é1r)|? type variation. The
IR response of ACMOMDs consists of polarization-dependent
response that is varying cosine squared, as discussed, and the
polarization-independent response, which is believed to be of
thermal origin [16], [17]. In a co-polarized condition, the elec-
tric field is fully aligned with the ACMOMD, and in a cross-po-
larized condition, the electric field vector is perpendicular to
the ACMOMD orientation. The ratio of the corresponding IR
responses of the co-polarized and cross-polarized conditions
gives the polarization ratio of an ACMOMD. A typical IR re-
sponse of an ACMOMD is shown in Fig. 6. It is seen that the
polarization-dependent signal is cosine squared varying with a
dc offset provided by the polarization-independent signal. The

2755

polarization ratio for this ACMOMD is ~5. Presence of a po-
larization-dependent component in the IR response of the AC-
MOMDs shows that ACMOMDs behave as classical antennas
and their radiation characteristics and other antenna parameters
are governed by classical antenna theory.

V. CONCLUSION AND OUTLOOK

In summary, we have reported on the fabrication and char-
acterization of IR detectors consisting of ACMOMDs. Two
different processes comprising the EBL and the nTP technique
have been described in detail to fabricate these detectors. The
MOM diodes defined with EBL show unsymmetrical behavior,
which is suitable to rectify high-frequency ac current into
direct current. The transfer-printed MOM tunneling diodes
with the oxygen-plasma-grown aluminum-oxide dielectric
have shown that the dielectric retains its high quality during the
transfer-printing process. Tunnel currents have been measured
over eight orders of magnitude, including the transition from
direct tunneling to Fowler—Nordheim tunneling. By comparison
to a theoretical tunneling model, the static electronic properties
of the diodes, i.e., the tunneling barrier heights and the tunneling
effective mass, have been determined. As the mechanical yield
of the transfer-printing process is almost 100%, we believe that
transfer printing is an efficient and economical process to cover
large areas with rectifying MOM tunneling diodes without
affecting their electrical performance. Polarization-dependent
measurements shows a | cos(é1r)|? type variation of the IR
response, which proves that ACMOMDs behave as classical
antennas. In future work, we will focus on the fabrication of
large arrays of complete ACMOMDs with the nTP technique.
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