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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.

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
substrate react to titansiloxanes under water release [29]. This
reaction is strongly promoted by drying the surfaces prior to
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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).

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;03-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
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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]
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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 §ir 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
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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