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ABSTRACT: In this paper, we present a broadband microwave
characterization of ferroelectric hafnium zirconium oxide
(Hfy sZrsO,) metal—ferroelectric—metal (MFM) thin film
varactor from 1 kHz up to 0.11 THz. The varactor is integrated
into the back-end-of-line (BEoL) of 180 nm CMOS technology as
a shunting capacitor for the coplanar waveguide (CPW)
transmission line. At low frequencies, the varactor shows a slight
imprint behavior, with a maximum tunability of 15% after the
wake-up. In the radio- and mmWave frequency range, the
varactor’s maximum tunability decreases slightly from 13% at 30
MHz to 10% at 110 GHz. Ferroelectric varactors were known for
their frequency-independent, linear tunability as well as low loss.
However, this potential was never fully realized due to limitations
in integration. Here, we show that ferroelectric HfO, thin films with good back-end-of-line compatibility support very large scale
integration. This opens up a broad range of possible applications in the mmWave and THz frequency range such as 6G
communications, imaging radar, or THz imaging.
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H INTRODUCTION °C,>* which facilitates the integration of the varactor into the
back-end-of line of CMOS processes.

The high-frequency characterization of ferroelectric hafnium
oxide thin films was a topic of different research groups up to

. . 5-9 .
microwave frequencies. The possible use for varactor

Ferroelectric materials are widely used in RF and mmWave
applications as tunable devices. Due to their high dielectric
permittivity, they are providing low-loss operation at
frequencies above 20 GHz, where they outperform conven-

tional dielectric materials. The most exploited ferroelectrics so implementations up to mil(}ilr{leter wave frequencies was
far are perovskite-based ferroelectrics, like barium strontium predicted from simulation.”™"" Previously, the wide-band
titanate (BST) and lead zirconium titanate (PZT), that have characterization of dielectric HfO, thin films has been
high tuning properties and low dielectric losses. More recently, intensively investigated. However, not a clear consensus
hafnium oxide (HfO,) has gained a lot of interest since the could be drawn for millimeter wave frequencies. Some of the
discovery of its ferroelectricity." The main research focus has studies claimed the presence of dielectric relaxation already at
been based on exploiting the use for nonvolatile memories like sub-GHz frequencies,">™'° while others did not reveal the
ferroelectric field effect transistors (FeFETs). Recently, it has decrease of permittivity up to 20 GHz.'® Our simulations
been shown that the integration of ferroelectric HfO, in the predict inaccuracies in the device fixture for this uncertainty.
back-end-of-line (BEoL) as a high-k ferroelectric capacitor is For example, in a previous study we applied the annular ring
feasible also in advanced node CMOS technologies.” The method, with which we were able to extract the capacitance—
ferroelectric can changi its permittivity upon applied bias and voltage (C—V) characteristics up to 0.5 GHz.” But due to the
performs as a varactor.” In comparison to the BST and PZT imperfectness of the extraction and due to the inhomogeneous
varactors, the main advantage of ferroelectric HtO, is its low distribution of electric fields on bottom thin film TiN

annealing temperature, good manufacturing properties for
etching and deposition, and low tuning voltages, which makes
it perfectly compatible with advanced CMOS node imple-
mentation and hence will make it now possible to design much
higher frequency varactor-tuned low-power millimeter wave
systems such as needed for 6G communications, imaging radar,
or THz imaging. When doped with Zr with a 1:1 doping ratio,
resulting Hf, ;Zr, O, ferroelectricity can be obtained at 400
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Figure 1. BEoL integration scheme of the MFM varactor into the 180 nm CMOS SOI technology (a), transmission electron microscopy of the
MFM varactor placed between metals #2 and #3 (b) and the MFM stack (c), and the XRD analysis of the MFM stack (d).
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Figure 2. Microscopy image of the test structure for RF characterization (a); the 3D illustration and the schematics of the DUT (b), OPEN (c),
and SHORT (d) de-embedding structures with a reference plane located in the vicinity of the varactor.

electrodes at high frequencies, which is similar to the well-
known skin effect, both the permittivity and tunability appear
to be decreasing at frequencies higher than 0.5 GHz. So far, the
highest frequency up to which the dielectric HfO, was
characterized with proper high-frequency fixture by using a
coplanar waveguide (CPW) transmission line was 20 GHz.'®
By using a CPW the parasitics were extracted by de-
embedding. This study gave proof that dielectric relaxation is
not affecting HfO, thin films up to the high microwave
frequency range. In this paper we present the characterization
of hafnium zirconium oxide (HZO) thin film capacitors
integrated into a CPW, using the OPEN—SHORT de-
embedding technique. We were able to extract the tuning in
permittivity at frequencies up to 110 GHz, which, to the
authors’ knowledge, is by far the highest frequency at which
this material has been characterized. A constant tuning of these
thin films was observed, which shows that they can be applied
as varactors for millimeter-wave applications.

B FABRICATION

The fabrication of the HZO varactors was carried out in the
BEoL section of a 180 nm HV SOI CMOS technology. The
whole stack, hereby, consists of five metal layers [Figure 1(a)],
where the thin film ferroelectric varactor was integrated as a
standard metal—insulator—metal (MIM) capacitor between
the Met.#2 and Met.#3 metallization layers [Figure 1(b)]. The
metal—ferroelectric—metal (MFM) stack consists of Zr-doped
HfO, with a 1:1 Hf:Zr doping ratio and a 10 nm thickness
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[Figure 1(c)], deposited on top of a TiN layer, that acts as
diffusion barrier for the AlCu electrodes. The top TiN film is
deposited on top of HZO to facilitate the formation of the
ferroelectric phase.

In Figure 1(d) X-ray diffraction (XRD) of the phase is
presented, in which the characteristics peaks of the
orthorhombic/tetragonal phase are observable at 30°. Also a
small content of the monoclinic phase is evident from the peak
at 32°.

The topology of the test structures is based on a CPW
transmission line [Figure 2(a)], with a lumped shunting
varactor in the center. For the broadband RF/mmWave
characterization the varactors with different areas, suitable for
different frequencies, were deposited (see Supporting
Information). The varactor device area was varied between 4
and 900 um?® for high- and low-frequency characterization,
respectively.

For the proper extraction of the varactor capacitance and
compensation of the parasitics, the OPEN—SHORT de-
embedding was implemented'” [Figure 2(b)—(d)]. A more
detailed explanation of the applied de-embedding technique is
presented in the Supporting Information.

B EXPERIMENTAL SETUP

Low-frequency electrical characterization of the varactors was
performed on an aixACCT TF analyzer 3000, which uses the virtual
ground method'® for dynamic hysteresis measurement, where the
electric field waveform is applied to the sample and the corresponding
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Figure 3. Schematic of the low-frequency characterization (a) using an aixACCT TF analyzer 3000 and of the mmWave characterization (b) using
a Keysight N5247B PNA-X VNA with 100 ym GSG Infinity probes (c).
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Figure 4. Low-frequency current—voltage (I-V) (a), polarization—voltage (P—V) (b), capacitance—voltage (C—V) (c), loss tangent—voltage (tan
6—V) (d) characteristics, and the tunability (e) of the MFM varactor upon electric field cycling, experiencing a wake-up effect.

displacement current is measured though the operational amplifier
[Figure 3(a)] and later integrated with time for polarization
calculation. The polarization—voltage (P—V) characteristics were
measured using a 1 kHz AC signal of 3 V amplitude with a triangular
waveform. The low-frequency capacitance—voltage (C—V) character-
istics were measured by integrating with time a small-amplitude (50
mV) sinusoidal AC signal of 1 kHz frequency, during the variation of
the bias voltage (V;,) between —3 and 3 V.

The RF measurements were carried out on a Keysight N5247B
PNA-X vector network analyzer [Figure 3(b)] with NS293A extender
heads in the frequency range between 30 MHz and 110 GHz applying
a —15 dBm signal. The 100 ym pitch ground—signal—ground (GSG)
Infinity probes were used to contact the pads [Figure 3(c)]. For the
capacitance tuning, the DC bias was applied upon RF signal by an
SMU B2902A using the bias tee, integrated into the extenders. The
RF measurements were performed both in the pristine state and after
cycling with a 1 kHz square signal of 3 V amplitude for 100 000 times.

B ELECTRICAL CHARACTERIZATION

In Figure 4 the basic low-frequency characteristics are
presented. The current—voltage (I—V) characteristics and the
polarization—voltage (P—V) characteristics with a distinguish-
ing hysteresis loop are shown in Figure 4(a) and (b),
respectively. The peak on the I-V curve is due to displacement
currents at the corresponding coercive voltage (V). The
pristine I-V and P—V curves show a pinched behavior, which
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manifests itself in two distinct displacement current peaks, i.e.,
antiferroelectric-like behavior.” Additionally an imprint is
present, evident from the peaks’ displacement toward higher
potential. Upon electric field cycling with +3 V, the HZO
undergoes a “wake-up” effect, expressed as an increase of the
ferroelectric (FE) behavior, which in turn is manifested in
increasing of the peaks’ amplitude and removal of the pinching
and partial removal of the imprint, which in turn results in the
conventional ferroelectric shape of the P—V curve. At later
stages of the cycling, after approximately 100000 cycles the
arising leakage current peaks are observable at 3 V [Figure
4(a)] that result in the rounding of the P—V flanks.

In Figure 4(c), a small-signal capacitance—voltage (C—V)
characterization is shown, with the extracted permittivity of the
HZO. The C—V curve has a distinctive butterfly shape with
peaks located at V,, whose origin is considered the movement
of ferroelectric domains upon bias sweep. On the pristine C—V
curve the peaks are broadened due to the pinching, similarly to
I-V peaks. Better visualization of pinched C—V characteristics
and of pinch removal upon cycling is presented in our previous
work.” The C—V characteristics also show an imprint behavior,
similar to that observed in Figure 4(a), which is not fully
removed upon cycling.

https://doi.org/10.1021/acsaelm.2c01273
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Figure 5. C—V characteristics at 30 MHz (a, b) and at 110 GHz (c, d), and tunability versus bias (e, f) of an HZO MFM varactor in the pristine
form (a, ¢, e) and after the wake-up cycling (b, d, f), obtained from the impedance analysis.

The origin of the imprint is most likely due to the
accumulation of space charges on one of the capacitor’s
electrodes, which could increase the pinching of the domain
walls'” and create a Schottky effect.” In general, the space
charges and defects have a significant influence on the C—V
characteristics of thin film ferroelectrics,” which could explain
why in comparison to P—V characteristics the small-signal C—
V characteristics show a more profound imprint. In polycrystal-
line thin films, like HZO, the grain boundary defects also play a
big role.”’ Although the C—V peaks are lying on the coercive
voltage values, their origin is in greater extent due to the
Schottky effect, caused by the depolarization field of
electrodes, that compensates the ferroelectric polarization.”
Since TiN electrodes are used on both sides of the HZO,
electrodes have the same work function. This, together with
the fact that the imprint does not disappear upon wake-up, can
indicate the formation of an additional layer, where the charge
traps are accumulating. This leads to forming of a built-in
potential, which shifts the coercive peaks toward higher bias
values.

In Figure 4(d) the loss tangent of the varactor is plotted
versus bias. The maximum dielectric losses are lying at
maximum tuning voltages and are attributed to the leakage
currents, which is expected for 10 nm HZO® at bias higher
than 3 V. The peaks lying in the vicinity of the coercive
voltages are due to energy loss on the domain switching and
domain-wall movement.”’
evident.

The varactor functionality is described by its tunability (),
which is defined as

The imprint behavior is also

_ e - W)

¢(V) 0
where €'(V_) and ¢'(V,) are real parts of the complex dielectric
permittivity at the coercive voltage V, and at maximum tuning
voltage V,, respectively.
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In our case the maximum tunability is achieved in the left
branch of a C—V curve, between —3 and 1.5 V in the pristine
state, and between —3 and 1 V after the full wake-up.

In Figure 4(e) the tunability is plotted versus cycles. It can
be seen that upon wake-up the maximum tunability is
increasing from 8% to 15%.

B MMWAVE CHARACTERIZATION

During the mmWave characterization, following a de-
embedding procedure, the real and imaginary permittivities
€' and €”, as well as loss tangent tan §, were calculated from
the real and imaginary parts of the complex transfer impedance
Z,,, using the following relations:

,  —ImZ,d
weAIZ),| 2)
"o _ReZIZ
Im Z,, (3)
E//
tand = —
e (4)

where Z,, is a forward transfer impedance, @ is the frequency,
A is the area, and d is the thickness of the capacitor. More
details on the derivation of these relations are given in the
Supporting Information. Hereinafter we will refer only to the
real part of the complex permittivity as “permittivity”.

In Figure S(a)—(d), the C—V characteristics of the
terroelectric HZO MFM varactors are presented at 30 MHz
[Figure 5(a), (b)] and at 110 GHz [Figure S(c), (d)] in the
pristine form [Figure 5(a), (c)] and after the wake-up cycling
[Figure S(b), (d)]. It can be seen that the C—V characteristics
have the characteristic butterfly shape, as in Figure 4(c), but
with a higher proportion of the imprint behavior. It also
evident that at higher frequencies the permittivity reaches
higher values. Thus, for a better comparison, the C-V
characteristics were normalized to tunability and plotted in
Figure S(e) and (f) for pristine and cycled samples,

https://doi.org/10.1021/acsaelm.2c01273
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respectively, where some slight reduction of the tunability
upon frequency increase is visible.

In Figure 6(a) and (b) the permittivity is plotted in the
frequency domain in logarithmic scale for the pristine and
woken-up HZO, respectively. Both plots are composed of
measurement data obtained from varactors with different areas.
The 30 MHz—1 GHz frequency range was measured using a
900 um’ varactor, whereas the 1—110 GHz range was
measured using a 4 um* varactor. The reason for split
measurements is due to the different cutoff frequencies of the
varactors and is explained in more detail in the Supporting
Information. The permittivity data show a good convergence
for such a large area difference. In the frequency range of 30
MHz—40 GHz a slight reduction of permittivity is visible for
both pristine and cycled samples, which could be associated
with the dielectric relaxation. At a frequency higher than 40
GHz, the permittivity shows a strong increase up to & = 49
and ¢ = 50 at 110 GHz in the pristine and cycled state,
respectively. Such an increase is probably an artifact caused by
the skin effect'” arising from the parasitic inductance of a thin
shunting contact line, which was not fully compensated by the
de-embedding (see the Supporting Information). Also, the
increasing permittivity could be caused by the parasitic
capacitance of the substrate as a result of the absence of a
proper metal shielding. Therefore, the exact values of
permittivity are only tangible up to 40 GHz. Upon the bias
sweep, the permittivity shifts toward higher or lower values in
the entire frequency range.

In Figure 6(c), the tunability is plotted versus frequency
both for pristine and cycled HZO. At 30 MHz, the maximum
values of tunability for pristine and cycled samples reach 10%
and 12.9%, respectively. Upon increasing frequency, the
tunability of the pristine sample experiences a slight increase
up to 10.5% at 20 GHz, showing a smooth transition between
measurements at different frequency ranges, and then reduces
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up to 8.5% at 110 GHz. The tunability of the cycled samples,
however, demonstrates a worse transition and shows a
reduction from 12.9% at 30 MHz up to 11% at 110 GHz. In
general, however, it can be concluded that the tunability is
fairly stable, given the huge frequency range.

It should also be noted that during the RF characterization
the bias was swept very slowly with 0.5 V steps, and the
duration of each measurement took 10 s, which indicates the
stability of the varactor tuning. Considering the imprint
behavior, these ferroelectric varactors can potentially be used
in nonvolatile capacitive crossbar arrays for in-memory
cornputing.19

In Figure 7(a) and (b) the tan 6—V characteristics are
presented for pristine and cycled samples, respectively. Unlike
in Figure 4(d), the loss tangent peaks are only present at
coercive fields, which can be explained by the RF measurement
setup, where the real part of the impedance is less sensitive to
the leakage currents. At frequencies above 1 GHz, the peaks
are not visible at all, which can be explained by the small area
of the varactor (4 um?) used for characterization in this
frequency range. Because of the small number of domains, they
do not generate sufficiently strong displacement currents
during the switching process that could sufficiently contribute
to the formation of the corresponding peaks. Hence, the
dielectric and extrinsic losses predominate over the ferro-
electric ones. This is also visible in Figure 7(c) and (d), where
the frequency dependence of tan § is plotted for pristine and
cycled HZO, respectively. In the lower frequency range (<1
GHz) the variation of the tan § upon bias is more profound
than at higher frequencies. In the frequency range of 1—110
GHz, the loss tangent showed an increase upon frequency
from 0.01 up to 0.35 in the pristine state and from 0.01 to 0.67
after wake-up.

This kind of increase is linear in the frequency domain,
which could be originating from the intrinsic losses due to
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Figure 8. Tunability vs bias (a, b) and tunability vs frequency (c, d) at different temperatures for pristine and cycled samples, respectively.
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Figure 9. Applied bias range (a) and permittivity (b) in the time domain and resulting C—V characteristics (c) at 1 GHz upon multiple cycles in

the varactor regime.

phonon interaction®* or universal relaxation law.”* In the case
of parallel-plate varactors, the series electrode resistance plays a
significant role in the loss tangent.26 Such a high linear increase
is most likely a result of series shunting resistance, which was
not fully de-embedded (see discussion in the Supporting
Information).

We have also performed the measurements at elevated
temperatures of S0 and 75 °C (Figure 8). C—V characteristics
of both pristine [Figure 8(a)] and cycled [Figure 8(b)]
samples reveal an increase of tunability with temperature
caused by enhancing of the FE behavior and a decrease of an
imprint and Schottky behavior. This can be explained by an
increased mobility of the charge carriers on the interface layer,
where the Schottky contact is formed, allowing higher
displacement currents. In Figure 8(c) and (d) the tunabilities
of the pristine and cycled samples are plotted in the frequency
domain, where the tunability is stable in the whole frequency
range.

For the demonstration of a continuous functionality in the
varactor regime,” we have swept the bias between —3 and 1.5
V [Figure 9(a)] continuously 7 times. The resulting
permittivity variation in time domain is depicted in Figure
9(b) for different frequencies, where a stable tuning can be
observed. In Figure 9(c) the C—V characteristics at 1 GHz are
extracted, demonstrating stable tuning behavior with over 7
sweeps. The tuning behavior also demonstrates a high degree
of linearity, which is beneficial for analog applications.

B CONCLUSION

In this paper we demonstrated a broadband RF character-
ization of the MFM hafnium zirconium oxide thin film
varactor, integrated into the BEoL of a 180 nm CMOS SOI
technology. At low frequencies of 1 kHz the varactor shows a
strong imprint behavior, which can be attributed to the
formation of a charge trap layer near one of the electrodes, that
increases the pinning of the domain walls and creates a

Schottky effect. The maximum tunability at low frequency
reaches 8% in the pristine state and 15% after the wake-up,
caused by cycling 100 000 times at 1 kHz frequency. During
the frequency sweep between 30 MHz and 110 GHz and the
bias sweep between —3 and 3 V, the varactor has shown more
profound imprint behavior than at low frequency. At 30 MHz
maximum tunability has changed to 10% in the pristine state
and 13% after the wake-up. The tunability showed a good
stability in the entire frequency range, both at room
temperature and up to 75 °C, and experiences only a slight
decrease of 2% in the 40—110 GHz frequency range. During
the multiple cycles in the varactor regime, the device has
demonstrated a stable and linear tuning, which is advantageous
for the analog applications.
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