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As nascent nonlinear oscillators, nano-constriction spin Hall nano-oscillators (SHNOs) represent a promising potential
for integration into more complicated systems such as neural networks, magnetic field sensors, and radio frequency (RF)
signal classification, their tunable high-frequency operating regime, easy synchronization, and CMOS compatibility can
streamline the process. To implement SHNOs in any of these networks, the electrical features of a single device are
needed before designing the signal detection CMOS circuitry. This study centers on presenting an empirical electrical
model of the SHNO based on a comprehensive characterization of the output impedance of a single SHNO, and its

available output power in the range of 2-10 GHz at various bias currents.

I. INTRODUCTION

As complementary metal-oxide-semiconductor (CMOS)
technology is reaching its physical limit, other technologies
are about to thrive. In particular, nonlinear spiking and
oscillatory spintronic devices exhibit tremendous potential
in leading-edge areas such as emulating the spiking behav-
iors of neurons™, RF signal classification®, ultra-fast mi-
crowave spectral analysis’, and the possibility of implement-
ing highly accelerated neuromorphic computing systems®®.
Among the family of spintronic microwave oscillators, nano-
constriction spin Hall nano-oscillators (SHNOs) are simple
heavy metal/ferromagnet bilayers (HM/FM) through which
the pure spin current is produced by passing DC bias current
(Ip) and leads to a steady-state precession, known as auto-
oscillation!*12,  Considering their facile fabrication, broad
frequency tunability!?, easy injection locking!®, robust mutual
synchronization!?, and individual tunability!®1Z, the SHNOs
are particularly promising for various applications from mag-
netic field sensors'® to neural network integration® 120,

When implementing an SHNO-based network, it is es-
sential to ascertain the oscillation status of the SHNO (e.g.,
firing/non-firing in case of a neural network). However, due
to the relatively low power and high noise of the output oscil-
lating signal*!, the CMOS detector and the SHNO necessitate
achieving a good impedance matching®®. If not, reflecting a
significant share of the available SHNO output power makes
it ;Islore challenging to detect the SHNO signal, as confirmed
e

In the realm of SHNO output signal detection, fully inte-
grated approaches not only reduce detector size and power
consumption but also are more adaptable for the joint integra-
tion of SHNO and detectors; whether homogeneous or het-
erogeneous. The selection of the optimal technology and de-
tector’s architecture is dependent on the SHNO’s electrical

characteristics, which include its working frequency, output
power, noise, and output impedance23. Hence, an accurate
electrical model of the SHNO is mandatory. This model must
include information about the SHNO: (i) output power, (ii)
noise levels, and (iii) output impedance. This information al-
lows for knowing the SHNO signal-to-noise (SNR) ratio and
therefore deduce the maximum accepted noise level of the re-
ceiver so that the SHNO signal is not masked by its noise.
Moreover, an optimized design of the electrical circuitry that
senses the SHNO output signal requires information on the
SHNO output impedance to address an excellent impedance
coupling between this detector and the SHNO, minimizing the
power losses.

It is known that the SHNO output power increases as its 0s-
cillation frequency goes up, which in turn, allows a quicker
classification of its state**. But this increase in frequency
must be accompanied by a guarantee of observation of the os-
cillation by the integrated detector, whose implementation is
limited to its (i) maximum detection frequency and, (ii) mini-
mum practicable bandwidth (BW) associated with the SNR. In
this study, we demonstrate that excellent trade-offs in terms of
SHNO output power, detector’s feasibility, and performance,
can be achieved by selecting the optimal oscillating frequency
around 6 GHz. Furthermore, the empirical electrical model of
the SHNO is extracted and presented for the frequency range
of 2-10 GHz.

The SNR will not be notably favorable when the detector
possesses a broad BW2 (i.e., exceeding 100 MHz as noted
later in Section I1I-A), which is likely to be the case in fully in-
tegrated detectors. Hence, achieving the desired signal match-
ing and developing an accurate electrical AC SHNO model is
critical if we aim to leverage the full potential of the available
SNR.

Although other types of nano-oscillators were modeled
electricallyzz, there is a notable absence of an AC SHNO
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FIG. 1. (a) Fabricated SHNO with GSG CPW. (b) Magnified scheme
of SHNO geometry and the contact pads. The inset displays the detail
of the heterostructure on which SHNO is fabricated. (¢) The SEM
top-view image of a single 180 nm wide SHNO.

model that comprehensively describes its output impedance,
power characteristics, and noise equivalent output. For the
first time, this paper introduces an AC empirical electrical
model for an SHNO derived from experimental measure-
ments. This AC evaluation holds immense significance since
only considering the DC range characterization fails to pro-
vide sufficient insights for an optimal signal detector design,
as in*. This AC empirical model is developed by the data
captured from two sets of experiments that measure the SHNO
load output power, P, and the output impedance, Zsgno.

This paper is outlined as follows. Section II presents
fabrication details and the experimental setup to measure
the SHNO impedance and power. The measurement results
are displayed in Section III, whereas the empirical electrical
model is deployed in Section IV. Finally, Section V concludes
our approach to develop this empirical electrical model for
SHNO:s for an optimal on-chip detector design.

Il. EXPERIMENTAL PART

used in the mea-
electrical model,

The 180-nm wide SHNOs,
surements to extract the empirical
were fabricated on heterostructures consisting  of
W(5nm)/Py(5nm)(NigoFez0)/Al,O3 (4nm)>2.  The fab-
rication process involves DC/RF magnetron sputtering of
the stack at room temperature onto a high-resistance silicon
substrate (20x20 mm?) with a base pressure of less than
3x107% Torr. The heterostructure is then patterned into
8x12 pum? rectangles with bow-tie shaped NCs using a
Raith EBPG 5200 electron beam lithography (EBL) system
followed by Ar-ion etching. Optical lithography is used to
define the ground-signal-ground (GSG) coplanar waveguide
(CPW), which is followed by a deposition and liftoff process
using a bi-layer of Cu(500nm)/Pt(20nm) as top contacts
(Fig. [I(a)). A magnified scheme of the SHNO is presented
in Fig. [T[b), along with the SHNO layer arrangement details
in the cross-sectional view (inset). Furthermore, a top-view
scanning electron microscopy (SEM) image of the fabricated
SHNO is seen in Fig. [T{c) [more details of fabrication can be
found in%?].
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FIG. 2.  Schematic and setup photo for Experiment 1 (a-b) and

Experiment 2 (c-d).

A. Impedance setup

Experiment 1 focuses on the impedance measurement,
with the corresponding setup scheme and photo presented in
Fig.[2(a) and (b), respectively. This measurement is conducted
using an Agilent N5230A Vector Network Analyzer (VNA).
The SHNO is biased via the Mini-circuits ZX85-12G+ bias-
tee. Its output is connected to the VNA and evaluated between
2-10 GHz, under the values of Iy = {2.0,2.25,2.35,2.45} mA.
To do impedance measurements over a biased device-under-
test (DUT), all external electromagnetic signals of the DUT
are voided except the one that injects into the DUT node
where the impedance is to be known. Hence, this test is per-
formed in the absence of an external magnetic field. Further-
more, although the frequency of interest to obtain the model
is around 6 GHz, the wide range of frequencies of [2,10] GHz
was evaluated to assess its behavior, ensuring both a smooth
behavior at high frequencies and a tendency to the expected
values at the DC level.

The accuracy of the impedance measurement relies on the
careful calibration of the entire setup to remove the effect of
cables C1, C2, bias-tee, and picoprobe (Fig. |Zka)). We made
use of the Cascade Microtech GSG 150 um-pitch P/N 101-
190 impedance standard substrate to carry out this calibration,
obtaining excellent results with a measured voltage standing
wave ratio lower than 1.1 at [2,10] GHz range.

B. Power and noise setup

Experiment 2 aims to find the maximum SHNO output
power ( Ppeas_peak) around 6 GHz, using a spectrum analyzer.
Its setup and photo are given in Fig. 2(c) and (d), respec-
tively. The GSG picoprobe (GGB Industries) conveys the in-



put Ip and the output generated signal between the SHNO and
a bias-tee (MITEQ BT4000). The auto-oscillation is driven
by Ip running to the sample through the bias-tee DC port.
Then, the generated SHNO RF signal goes to a low noise am-
plifier (LNA, B&Z BZ0218A) with a transducer power gain
Gr = 23 dB and eventually reaches the Spectrum Analyzer
(SA, R&S FSV 40 GHz), where the spectra data is captured.

The optimum magnetic field ﬁ is obtained by preliminary
field scans at several values of Ip. At the chosen magnetic
field, the signal will then be recorded while increasing Ip to
reach a maximum power value such that a further increase in
Ip does not substantially increase the measured power, Pqqq.
Additionally, the second outcome of the experiment pertains
to the noise floor level, which will be useful in further cal-
culations. As a result, the sample is subjected to an external
magnetic field (|B| = 0.68 T) at out-of-plane (6 = 84°) and
in-plane (¢ = 22°) angles. The value Iz = 2.45 mA above
which P45 does not vary substantially is considered the one
that generates Bycas_peak-

I1l. RESULTS AND DISCUSSION
A. Impedance results

Impedance measurement results are deployed in Fig.[3] In
the RE/MW frequencies, the real part of Zsyno, Re(Zsuno),
decreases almost linearly with frequency, reaching approxi-
mately 350 Q at 6 GHz, and 250 Q at 10 GHz (Fig. Eka)). This
result is promising since making the SHNO work at higher
frequencies implies a lower Re(Zsyno), simplifying the de-
tector design and allowing it to reach optimal matching with
the detector. In addition, Fig. a) verifies that Re(Zsyno) in-
creases as Ip increases.

Fig. b) depicts the imaginary part Zsgno, Im(Zsgno),
which diminishes as Ip decreases for the whole frequency
range. In particular, we observe a capacitive behavior over
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FIG. 3. Real and imaginary part of Zsyno for four Ip (a,b), and four
SHNO samples at Ip = 2.45 mA (c,d).
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FIG. 4. SHNO output spectrum for /g = 2.45 mA with BW=1 MHz,
considering noise levels associated with a detector with BW = [1,
100, 500] MHz. Inset: PSD for Iz = [2.0 mA (blue), 2.25 mA (or-
ange), 2.35 mA (yellow), 2.45 mA (purple)].

the entire frequency span under study.

Finally, we measure the values of Re(Zsyno) and
Im(Zsgno) for four SHNO identical samples to evaluate its
dispersion. The findings, shown in Fig. [B[c) and (d), yield a
variation of 5% and 2.5% around 6 GHz, respectively.

B. Power and noise results

The captured spectrum corresponding to Ip = 2.45 mA 1is
illustrated in Fig. @] in the range of [6.0,6.5] GHz. Using a
BW of 1 MHz, the maximum measured power i8S Peas_peak =
—55 dBm at 6.25 GHz. This plot also yields noise floor
power in the order of Pyeas noise_floor = —80 dBm. Then,
an estimation of SHNO output signal power will be about
P =~ Pueas_peak — Gr = —79 dBm, and an estimation of the
power spectral density (PSD) of the signal at the SHNO output
is shown in the inset of Fig. ] with a noise floor power den-
sity of Pnoisej'loor =~ Fmeas_noise_floor — 10 lOglO(BW) -Gr=
—163 dBm/Hz.

The feasibility of the detection strongly depends on the
detector BW, which is reflected in the SNR; for instance,
SNRZ{ZSdB@ \MHz, YdB@100MmH;, _2dB@500MHz}- Given that
the BW is anticipated to be no less than 100 MHz in a mono-
lithically integrated CMOS detector, we expect a low peak
PSD level. This low SNR necessitates maximizing the avail-
able power at the detector input, highlighting the critical role
of impedance matching.

IV. ELECTRICAL MODEL

The information collected with Experiment I and Experi-
ment 2 allows us to develop the SHNO Thévenin model, as
seen in Fig. Eka). It comprises the Thévenin voltage, Vsyno,
the equivalent output noise voltage V,,, and the equivalent
output impedance Zsyno. The equations that describe this
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FIG. 5. (a) SHNO empirical electrical model. (b) Real and (c)

imaginary part of Zgyno measured at Ip = 2.45mA (red line) and
Zsuno (@)% (black).

model. presented next, are derived from classical circuits’
theory??. The amplitude of the Thévenin’s voltage, |Vsgno|
and Zsgno, are related to the estimated output peak power,
Pr(= —79dBm), over the load impedance Z;, by the follow-
ing expression:

2P,
RE(ZL)

¢))

\Vsunol = |Zsuno +ZL|

where Z; is the impedance seen at the output of the SHNO of
the experimental setup shown in Fig. {c), ideally, Z; = 50Q.

The proposed impedance model is presented in the inset of
Fig. 5[a), being consistent with the device impedance mea-
surements in DC. It comprises a resistor Rggyo in parallel
with a capacitor Csgno, and where

model _ 1
1/Rsuno + joCsuno

Zsuno (o) (2)

The values of Rsgno and Csgno are listed in the table em-
bedded in Fig.[5(a), which are valid over the whole frequency
range of [2,10] GHz (for I = 2.45 mA). This is reflected in

4

Fig. P[(b-c), where the real and imaginary parts of Zszyo are
correctly described over the whole frequency span with the
black curves of Zsgyo ()4

The root-mean-square of noise voltage source, v,, is ob-
tained by using (I), and substituting 2P;, for the estimated
floor noise power, Puise_fioor(R —163dBm/Hz).

Finally, to complete the empirical model, we bring the
available power gain of the SHNO, P, sgno. As it is known,
this is the maximum power of the SHNO that can be deliv-
ered to the load, and it occurs when the load is conjugately
matched to the SHNO output impedance. It does not depend
on the load and gives the designer a maximum value of power
that could be delivered to the load, although this is never fea-
sible in practice. This expression is,

Faysano = _Verwol” 3)
o 8Re(Zsuno)

The numerical values of the empirical electrical model are
listed in the table of Fig.[5[(a). They have been obtained from
the experimental quantities presented in subsections IIIA and
IIIB and the expressions (1)-(3).

To conclude this section, we provide a practical example of
how critical is to provide a good SHNO electrical model in de-
signing an associated signal detector with an input impedance
Zger- Assuming the SHNO device interfaces with a noiseless
detector featuring a practical BW of several hundred MHz,
the detector output is anticipated to exhibit a maximum SNR
of around 3 dB (Refer to Fig. ).

Owing to the high value of Rgyyo (= 350Q at 6 GHz), the
main challenge of achieving the matching condition lies in
equalizing Re(Zy.;) to Rspno. This is particularly trouble-
some when attempting on-chip detectors, to achieve a joint
integration of multiple units. To illustrate this challenge >
has reported the difficulty of designing on-chip detectors in
CMOS technologies at 4.7 GHz, with Re(Z,,;) above 100 Q.

Presuming the input impedance of the detector, Z,;, can be
complex, and considering the maximum power-transfer the-
orem, the seek of maximum power transfer from the SHNO
to the detector implies that Z;,, = Z¢y . This is especially
desirable due to the very low value of P, spno.

To elaborate on the effect of the mismatch between the
SHNO and the detector in the SNR of the system, with a
maximum value of SNR = +3 dB, one can initially consider a
partial conjugation such that only the imaginary components
of the impedance are matched, i.e. Im(Zy.) = —Im(Zsppo)-
When both Re(Z4.;) and Re(Zsyno) depart from equality,
the SNR falls below 0 (see Fig. @a)). For example, at
Re(Zspno) = 350Q (red dash line), for Re(Zy.,) < 100Q, the
SNR is below 1.5 dB, and thus eliminating most of the margin
that guarantees the detection of the oscillation signal.

Let’s now consider the case when the net imaginary compo-
nent, p = |[Im(Zsgno + Zaer )| departs from the ideal condition
(p = 0). For p =[0,300] & and Re(Z;.,)=[25,350] Q we ob-
tain the plot shown in Fig. [f[b). For instance, when p >100 Q
and Re(Z4e,) < 200 Q, the deviation from matching condi-
tions causes SNR to drop below 0 dB and therefore making
it impossible to detect the oscillation signal. In other words,
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to ensure signal detection, it’s crucial to design the detector
with the goal of minimizing the net imaginary component,
ideally approaching p = 0, while simultaneously optimizing
Re(Z4er) to closely match the oscillator resistance. By estab-
lishing these key criteria, we proposed a practical solution for
on-chip detection of the SHNO signal, offering insights for
future implementations of this nonlinear oscillator in complex
networks.

V. CONCLUSIONS

This paper presents an electrical empirical model of the
SHNO working in the 6-GHz range, which is drawn from a
comprehensive study of the SHNO output impedance and its
output power and noise levels shown at the SHNO signal de-
tector. From the results of the study, especially due to the high
Re(Zsuno) values and the non-negligible capacitive effect, it
is clear that there is a need to provide an empirical electrical
model to the designer of the fully integrated detector, and thus
make the discrimination of the SHNO operating state feasible.
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