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mance enabled by the used functional semiconductor ink. Thin films from such
inks typically exhibit a low charge carrier mobility, which inhibits high frequency
device operation and limits their use for applications within the Internet-of-
Things concept, such as wireless electronic tags and sensors. Our approach to
overcome this issue is the use of printable silicon. The silicon is deposited using
nanoparticle inks and is subsequently processed into self-organized crystalline
u-cone shaped structures using an excimer laser treatment. Due to the high crys-
tallinity of the Si u-cones, they can be used for devices capable of high frequency
operation. In this article, this is demonstrated on the example of a Schottky diode
operating at switching speeds up to 2.84 GHz and thereby putting printable high
frequency electronics within reach.

KEYWORDS
RFID tags, Schottky diode, semiconductor inks, silicon nanoparticle, UHF

1 | INTRODUCTION

healthcare (wearable monitoring devices). One electronic
key element for such applications is the diode. This ver-

As part of the Internet-of-Things (IoT) concept, where
wireless communication and networking are of signifi-
cant importance, the operational frequency of many tar-
geted radio frequency identification (RFID) applications is
located in the ultra-high-frequency (UHF) band (300 MHz
to 3 GHz) or even higher. Potential applications include the
full traceability and monitoring of “things”, covering, for
example, the sectors logistics (warehouse inventory, trans-
portation of goods), security (anti-counterfeiting), and

satile device can be used, for example, in energy harvest-
ing circuits to extract energy from the incoming RF sig-
nal or as a frequency multiplier for clutter suppression
purposes.!] However, to be suitable for such IoT appli-
cations, a list of requirements needs to be fulfilled by
the device. (1) The price point and (2) the often desired
mechanical flexibility require cost-effective production,
involving a printing process on low temperature sub-
strates, typically based on polymers or paper. (3) Further,
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the performance of today’s printable, flexible electronics
needs improvement, as it is often limited by the moder-
ate electronic performance accessible with current semi-
conductor functional inks. These inks are mainly based
on metal oxides or organic materials. The advantage of
organic materials is their high compatibility with solution
process- and printability. Further, these materials do not
require high processing temperatures, making their pro-
cessing suitable for the usage of flexible and lightweight
substrates.|**] Yet, the low charge carrier mobility in thin
films of such materials limits the operational frequen-
cies of printed state-of-the-art organic devices, such as
diodes, to approximately 10 MHz.l°! The use of metal
oxides, for example, diode implementation allows much
higher switching speeds; however, the fabrication process
has a tremendous impact on the final electronic perfor-
mance. While manufacturing processes such as physical
vapor deposition, pulsed laser deposition, and atomic layer
deposition allow high device switching speeds in the GHz
range, printing processes result in grain boundaries and
a low thin film uniformity, which affects the device per-
formance and has limited the application of printed metal
oxides in large scale fabrication.!**] An approach to over-
come these issues for printed UHF electronics and to com-
bine solution processing with high frequency device oper-
ation is the use of silicon (Si) and to make it printable.
One strategy to realize this idea is the fabrication of silane-
based inks as a precursor to form high purity amorphous or
micro-/nanocrystalline Si layers.[°! However, the pyrolytic
transformation of silane requires high temperatures which
are not suitable for most flexible substrates. Addition-
ally, toxic monosilane is produced during the transforma-
tion and an inert atmosphere is needed because of the
pyrophoric nature of liquid silanes.[*”] Another concept
was demonstrated by Sani et al., where particles pressed
into a SU-8 matrix were used for a Schottky diode applica-
tion operating up to cut-off frequencies of 1.8 GHz.!*] Yet,
despite the good performance of this approach in terms of
device switchability, the concept has performance limiting
issues due to grain/particle boundaries, or due to the use
of a multi-material particle system. Therefore, in the fol-
lowing, a printable Si diode technology approach is dis-
cussed, which is based on using Si-nanoparticle (Si-NP)
inks with a cost below 10 micro $-Cent per diode, although
high purity Siis used. These inks allow full control in terms
of particle doping, printability, and substrate wettability.
Grain/particle boundary issues are solved by a laser treat-
ment of the deposited Si nanoparticles, which results into a
self-organized cone-shaped u-structure. Due to the lateral
discontinuity of the u-cones, as well as their small foot-
print, this structure is expected to be mechanically flexi-
ble. Additionally, this Si u-structure is highly crystalline
as demonstrated in Section 2, and therefore offers great

potential for high frequency applications. Embedded into
an insulator matrix, these u-cones are used for the real-
ization of a new type of Schottky diode working up to
2.84 GHz.

2 | RESULTS AND DISCUSSION

For the device processing, Si-NPs synthesized in a hot-wall
reactor are used. For a detailed process and device fab-
rication description see Section 3. A brief device process
overview is discussed in the following. In order to allow
for solution processing, the NPs are dispersed and elec-
trostatically stabilized in ethanol. The ink is spin-coated
on top of a sputter-deposited tungsten (W) layer forming a
porous Si layer (Figure 1A). A pulsed laser treatment of the
~450 nm thick NP film with a KrF excimer laser emitting
at 248 nm with 2.07 J cm™2 leads to an initial melting.
Subsequently, the Si surface tension in conjunction with
the large density of heterogeneities of the Si nanoparticle
thin film will cause the Si melt to agglomerate/dewett
in random locations, forming the porous nanosphere
network shown in Figure 1B.l'%!!] The resulting u-cones
have slightly different shapes and heights, as can be seen
in Figures 1B and 2B, which is the consequence of the cone
density being controlled by the laser energy density and
the cone height dependence on the Si-NP layer thickness.
To form a Schottky diode structure, the Si u-cones are
embedded in SU-8 serving as an insulator to ensure the
current flow through the silicon and to avoid shortening
the device. A layer of 200 nm aluminum is evaporated as a
top contact metallization. A scanning electron microscope
image of a diode integrated u-cone is shown in Figure 2A.
The device area is defined by the size of the circular top
contact, which equals 0.78 mm? and includes the active
area defined by the area covered with Si u-cones and the
parasitic capacitance caused by the insulator between the
cones. With a cone density of approximately 600,000 cones
per mm?, this translates into roughly 468,000 single cone
diodes in parallel per device. To examine the influence
of the NP doping concentration on the current-voltage
(IV) behavior of the u-cone diodes, differently doped
nanoparticles are used for the diode realization. For type
I samples intrinsic particles are used, type II samples are
realized using Si-NPs with a doping concentration of 5 X
10'® cm™3 and finally for type III samples a NP doping
concentration of 5 x 101 cm™3 is used.

Before the electronic functionality of the Si u-cone
diodes is evaluated, an investigation of the cone crys-
tallinity using u-Raman spectroscopy is discussed in the
following. Here, a spot diameter of ~1 um allows for the
measurement of individual u-cones. Raman spectra of
a representative nanoparticle thin film, laser processed
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FIGURE 1

by the laser treatment of the Si-NP thin film laser modified with an effective laser energy density of 2.07 J cm™.
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FIGURE 2
ture. (A) SEM image of one Si y-cone embedded in an insulator and

Crosscut images of the resulting u-cone diode struc-

sandwiched between W as bottom and Al as top contact metalliza-
tion. (B) Schematic image of the diode structure displaying the vary-
ing cone heights.

u-cones, as well as a single crystalline Si reference are illus-
trated in Figure 3. For comparison, these are normalized to
the maximum of the Raman peak centered at ~520 cm™.
Further, a Raman intensity offset is used for clarity. The
Raman spectrum of the unsintered NPs (a) in Figure 3 can
be considered as a mix of crystalline and amorphous Si-
fractions. The peak centered at 520 cm™~! corresponds to the
transverse optical (TO) phonon energy of crystalline Si (c-
Si). Compared to the c-Si reference (c), this peak position
is slightly shifted towards lower energies (Aw = 1.8 cm™),
which is due to the small particle size d < 70 nm.['213!
The asymmetrical broadening towards lower energies can
be attributed to the TO phonon peak of amorphous Si
(underlaying broad peak at ~480 cm™). This broad peak
and the lower energy peaks (inset Figure 3) are caused by
the amorphous-like components of the sample, including
grain boundaries and surfaces which can be considered as
disordered material.l'"*! However, after the laser modifica-
tion and Si p-cone formation, the structure yields a highly
crystalline signal, as can be seen from spectrum (b) in Fig-
ure 3, with a sharp Raman peak centered at 521.6 cm™".
This is in good agreement with the Raman signal of the
monocrystalline Si-reference (c). The crystalline volume
fraction of the u-cones is considered to be 100%, as no TO

Scanning electron microscope (SEM) image of (A) a Si-NP thin film and (B) the self-organized cone shaped Si structure caused
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FIGURE 3 First order Raman spectra of the unsintered Si-NPs

(a) and the Si p-cone structures (sintered Si-NPs) (b) compared to
a c-Si reference (c). For comparison, these are normalized to the
maximum of the Raman peak centered at ~520 cm™. Further, a
Raman intensity offset is used for clarity. Inset: Lower energy peaks
attributed to amorphous-like components.

phonon modes of amorphous Si and no lower energy peaks
(inset Figure 3) are detected. The slightly increased Full
Width Half Maximum (FWHM) of the Raman main peak
of the Si u-cones, when compared to the c-Si reference (4.77
and 3.50 cm™) can be attributed to existing internal strain
and grain size effects.!”]

In the following, the electronic functionality of the Si
u-cone diodes is discussed. Due to their slightly different
shape and height, as outlined in conjunction with Figures 1
and 2, each u-cone has a different contribution to the
current flow. Therefore, the current flow is not homoge-
neously distributed over the whole contact area and con-
sequently, rather than using the current density, it is more
appropriate to describe the charge transport through the
device using absolute current levels.
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FIGURE 4 (A)Linear scaled plot of the average current values

for the different sample types I-III (dashed lines) and the related stan-
dard deviation based on three (I) or four samples (IT and III). Further-
more, one measured IV-curve per doping concentration (bold scatter
plot) is modeled with the thermionic emission (TE) and thermionic
field emission (TFE) theory based simulation. Inset in (A): Close-up
view of the IV-curve of sample I to show its rectification at a smaller
scale. (B) Semi-logarithmic plot of the average IV-characteristics, as
well as one respective modeled device characteristic.

Average IV-characteristics and their standard devi-
ation for devices using the three doping levels under
investigation are shown in Figure 4 (dashed lines and
error bars). All diodes exhibit a clear rectifying behavior
and an increase in doping concentration leads to larger
currents. In comparison to the intrinsic samples (dashed
line inset Figure 4), an increased doping concentration
of 5 x 1077 cm? (red dashed line) leads to a current
enhancement by two orders of magnitude for voltages
greater than 0.25 V. The reverse current follows the same
trend as can be seen from Figure 4B. Further, the turn-on
as well as the break-down voltages are shifted towards

lower values, and the current slope increases for larger
doping concentrations at higher voltage values. This is
suggested to be the consequence of a decrease in series
resistance and therefore an increase in the semiconductor
bulk conductivity.''7] Unlike the IV-characteristic of a
standard Si diode, the curve progression of the samples
seems to be smoother and deviates from the expected
steep exponential increase. Further, the reverse current is
relatively high, which significantly reduces the On/Off-
ratio of the devices (On/Off ratio < 50 in the considered
range).

In the following, this new type of Schottky diode is
described using thermionic emission (TE) and thermionic
field emission (TFE) theory with a large signal model.!'”'%]
Aside from the non-linearity of the current, the model
considers barrier lowering and the diode junction capac-
itance. Exemplarily one arbitrary device per doping con-
centration was modeled. These devices are highlighted in
Figure 4 by the bold scatter plots. The simulation results
(solid lines) are in good agreement with the measured
data and are within the standard deviation of the respec-
tive device. Here, only a brief overview of the device
model is given. Further information can be found in recent
contributions.! !

The current-voltage relationship of a diode with a single
Si u-cone can be described as follows:

V — IRg V — IRg
I = IS €Xp E—O 1-— €Xp _V—th (1)

where V represents the applied voltage in the forward
direction and Rg the series resistance, which considers the
Si-bulk resistance as well as the contact resistance of the
ohmic contact. The parameter E, (see Equation (2)) is used
to relate the tunneling energy E,q and the thermal voltage
Vin assuming room temperature (T = 300 K).

E
EO = Eoocoth <ﬂ> . (2)
Vin

The tunneling energy E, (see Equation (3)) is mainly
dependent on the doping concentration N, and the effec-
tive mass of the majority carriers m*, as well as the semi-
conductor permittivity ,:

N
Ego = 18.5-107151/ —2-. 3
00 mre, (3)

The saturation current Ig is dependent on the applied
theory. For TE it equals:

Ismp = AA*T?exp (;ib> @
th
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with A being the effective diode area, A* the effective
Richardson constant which equals 32 Acm 2K for p-type -
Si, £ describes the difference between the Fermi energy and é
the valence band maximum. Further, ¢, corresponds to E
the Schottky barrier height. Due to the voltage dependency g
of the transition between pure TE and TFE, the following &
condition for TFE is used:!'®! ,§-
B = 90] —m e
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As every individual u-cone diode has a slightly different FIGURE 5 Highfrequency measurement. (A) Schematic repre-

shape and size, as discussed above, their embedding varies.
Higher cones stand out from the insulator layer, whereas
others are still covered with a thin insulating layer. Con-
sequently, every u-cone diode exhibits a different Schottky
barrier height. Therefore, a parallel circuit of 1000 different
elementary diodes is assumed for the modeling effort. Even
though the real devices consist of approximately 468,000
parallel-connected u-cone diodes, this sample size is suf-
ficient to cover the underlying statistics. A more detailed
account for the modeling of such parallel-connected u-
cone diodes can be found elsewhere.l'”! The distribution
of the barrier height from cone diode to cone diode is ana-
lyzed by utilizing a random barrier height for the individ-
ual elementary diodes, assuming a Gaussian distribution
with the mean value ¢, and the standard deviation ¢. The
resulting sample barrier heights for the different doping
concentrations are% = 1.35eVando; = 0.4 eV (intrin-
sic), E,H = 0.86eV and o;; = 0.21 eV (p = 5-10'° cm™3),
$p11 = 0.7eV and op;; = 0.16 eV (p = 510" cm™). These
mean barrier heights are relatively high compared to lit-
erature values of standard Si devices,['] which can be
explained by the already addressed cone height variation
(Figure 2B). Cones smaller than the thickness of the insu-
lator exhibit a native oxide layer and are still embedded
in the insulator (Figure 2B: middle u-cone). These inter-
layers will most likely lead to an increase and variation
in barrier height. Deviations towards lower barrier val-
ues are assumed to be the consequence of u-cones not
covered by the polymer. As the native oxide of these u-
cones has been removed by a hydrofluoric acid (HF) dip,
it is suggested that these cones carry most of the current.
Furthermore, this distribution in the single cone barrier
height and the related unequal distribution in current flow
are responsible for the discussed IV-characteristic devia-

sentation of the measuring set-up consisting of a frequency generator
and analyzer and two frequency filters. A low pass (LP) filter in front
of the device under test (DUT) is used to suppress higher order har-
monics of the generator. A high pass (HP) filter is used to avoid the
generation of higher order harmonics inside the analyzer. (B) Mea-
sured output power of the generated second order harmonic under
zero bias condition with 15 dBm input power. To get the excitation
frequency the frequency value has to be halved.

tion when compared to an ideal device. The series resis-
tances determined by the simulation are Rg; = 660 Q,
Rgy = 7.3 Q and Rgp;r = 6 Q. As expected, an increase
in doping concentration leads to a decreased series
resistance.

The aim is to use the Si u-cone diodes as frequency mul-
tipliers for clutter suppression purposes in low-cost, pas-
sive and chipless RFID tag applications. With this applica-
tion in mind, the cutoff frequency of the devices is deter-
mined by measuring the second order harmonics, gener-
ated by the diodes due to their non-linearity under zero
bias condition. For the measurements, a set-up consisting
of a frequency generator and an analyzer in combination
with two frequency filters is used (Figure 5A). A low pass
(LP) filter is required to suppress higher order harmonics
of the generator. A high pass (HP) filter is used to suppress
the excitation frequency and therefore the generation of
higher order harmonics inside the analyzer. For the inves-
tigation of the frequency response, a type II sample (p = 5
x 10' cm~3) and a type ITI sample (p = 5 x 107 cm™3) with
reduced device areas of a few hundred um? integrated into
a microstrip line are used. The decrease in the active area
is required for high frequency operation, as the value of
the parasitic capacitance is directly related to the device
area. Type I samples are not used in this experiment, as the
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turn-on voltage is high and the determined high series
resistance would lead to enhanced losses. The frequency
dependent second order harmonic plot of the devices
under test is illustrated in Figure 5B. Here, an output
power of approximately —60 dBm for the type II sample
and —66 dBm for the type III sample were detected up to
a frequency of 5.66 GHz, when using an input power of
15 dBm. This value corresponds to an excitation frequency
of 2.83 GHz. For higher frequencies, the signal starts
to drop down to the noise level at —95 dBm. Consid-
ering the output power at 2.83 GHz as a reference, the
—3 dB cutoff frequencies of these diode structures are
estimated at fupn = 2.84 GHz (p = 5 x 10'® cm™)
and foyopnr = 2.83 GHz (p = 5 x 107 cm ™). The output
power variation at lower frequencies is attributed to the
frequency-dependence of the reflection factor.!?>23! The
observed high losses in this experiment are the conse-
quence of a non-ideal impedance matching, as well as a
relatively high series resistance (approximately a few kQ).
The latter is caused by the used top contact design, as
well as process fluctuations regarding the top contact size.
These effects superimpose the influence of the variation
in doping concentration on the device frequency behavior.
It would be excepted, that a higher doping concentration
leads to a higher conductivity and therefore an increased
device output power. However, this is not observed here.
Nevertheless, ultra-high switching speeds are demon-
strated for this new type of potentially printable Schottky
device concept, by showing a bandwidth of up to 5.68 GHz
when using the introduced Schottky diodes as a frequency
doubler.

In summary, a new type of Si u-cone based Schottky
diode concept is introduced, which can be solution pro-
cessed and still allows for operating frequencies up to
2.84 GHz. For the device processing, Si-NPs are electro-
statically stabilized in ethanol to form solution process-
able inks. A laser treatment of the ink deposited thin
films leads to a self-organized cone-shaped Si pu-structure,
which is highly crystalline as demonstrated by Raman
measurements. Embedded in an insulator and sandwiched
between one ohmic and one Schottky contact, the concept
allows to realize Schottky diodes. Their IV-characteristic
can be described in good agreement by using the TE and
TFE theory. When compared to ideal Si devices, the Si u-
cone Schottky diodes exhibit a smoother curve progres-
sion, higher leakage currents, and a reduced On/Off-ratio.
This deviation can be attributed to a variation in single
cone barrier height. In conclusion, a printable crystalline
Si based device is demonstrated, which has allowed for an
output bandwidth of 5.68 GHz when used as a frequency
doubler. Thereby, the switching speed of the printable Si
device concept extends well into the microwave range,

putting flexible, low-cost, and high frequency electronics
within reach.

3 | MATERIALS AND METHODS

The Si-NPs are synthesized in a hot-wall reactor (HWR).
For Boron doping a mixture of the gaseous precursors
monosilane and diborane is thermally decomposed within
the HWR, whereas nitrogen serves as the carrier gas.[?*%%]
The diameter of the NPs is <70 nm.

To fabricate the ink, the NPs are dispersed in ethanol and
milled using yttrium stabilized zirconia beads. Afterward,
the dispersion consisting of 16 wt% Si-NPs is filtered with
a glass fiber filter with a pore size of 0.7 um and it is spin-
coated on top of a sputter deposited tungsten layer.

The ~450 nm thick NP thin film is modified using
an ATLEX-300SI KrF excimer laser (ATL Lasertechnik
GmbH), emitting at a wavelength of 248 nm with a pulse
duration of 4-6 ns. The laser beam has a top-hat — Gaus-
sian line profile of 10 mm x 29 um (FWHM). The repetition
frequency, the scan speed, and the effective energy den-
sity were set to 100 Hz, 9.3 mm min~! and 2.07 J cm~2. To
avoid oxidation of the Si-melt during processing, the pro-
cess chamber is flushed with nitrogen.

SU-8 2000.5 is used as an insulator between anode and
cathode, and it is structured via photolithography. Plasma
etching for 20 seconds is used to remove the SU-8 from the
top of the cones.

Afterward, a hydrofluoric acid (HF) dip (5% HF, 20 sec-
onds) is used to remove the native silicon oxide layer from
the top of the cones and a layer of 200 nm aluminum
is evaporated as top contact metallization. For the IV-
measurements the top contact size equals 0.78 mm?. The
average current values are based on three devices for type
I samples, and four devices for type II as well as type III
samples. For the measurement of the second order har-
monic the top contact size is reduced to a few hundred pm?
(type II sample: 658 um? and type III sample: 826 um?).

The Raman spectra of the silicon have been mea-
sured at room temperature using a Renishaw InVia
Raman microscope in backscattering geometry (grating
2400 lines mm™!) with a spot diameter of ~1 um. An
excitation wavelength of 532 nm is used and the laser
intensity is set to 78 pW.

DC measurements are conducted using a KEITHLEY
4200-SCS. For the microwave measurements, an exci-
tation frequency sweep between 2.5 and 3 GHz with
15 dBm input power is generated using a Keysight MXG
Vector Signal Generator N5182B. To suppress higher
order harmonics of the generator, a low pass filter with
a cut off frequency of 3 GHz is used in front of the
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device. The second order harmonics are analyzed using
a Keysight MXA Signal Analyzer N9020A. To avoid the
generation of higher order harmonics inside the analyzer,
a high pass filter with a cut off frequency of 3 GHz in
front of the analyzer is used to suppress the excitation
frequency.
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