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Abstract— The improvement of quantum computing
technologies relies on the reduction of flux noise that contributes
to decoherence. Recent work has shown that the majority of flux
noise is due to impurities and defects on the surface of the qubits
[1,2]. Electron spin resonance (ESR) is a prime candidate to
detect these defects, but lacks the sensitivity and ability to
provide information on the physical location of the defects. We
report upon ESR measurements utilizing a non-resonant probe
integrated within a semiconductor wafer probing station which
could be used to detect paramagnetic defects believed to
contribute to flux noise in quantum devices. Our approach
greatly enhances ESR’s sensitivity and provides a high spatial
resolution on the surface of unaltered fully processed wafers and
devices at room temperature. We demonstrate the effectiveness
of our method to detect defects on the surface of materials with
a spin sensitivity improvement of roughly 10,000x compared to
classical ESR. The integration of a non-resonant probe into a
standard semiconductor wafer probing setup has already been
shown to be able to obtain a 2D map of unpaired spins on the
surface of samples [3]. The technique offers a pathway for
characterization of the defects which contribute to flux noise,
which would provide critical insight into reducing decoherence
mechanisms.
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L INTRODUCTION

Quantum computing technology has been a promising
candidate to solve problems that classical computers
cannot, but a major challenge has been significantly
reducing the error rates to allow large scale systems. The
major contributor to these error rates is flux noise from
impurities and paramagnetic defects on the material’s
surface which cause decoherence in the qubits [1,2].
Decoherence limits the lifetime and fidelity of qubit
operations due to environmental interactions directly
straining computational accuracy and scalability. Thus, it
is vital to understand the physical and chemical nature of
these defects to achieve major advances in quantum
computing.
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The most powerful techniques for identifying the
atomic-scale structure of paramagnetic point defects in
solid-state materials are based on ESR. Classical ESR
spectrometers use high quality factor microwave
resonators to induce and detect spin transitions. While
effective in amplifying weak ESR signals, resonators
inherently constrain the geometry, volume, and physical
properties of the sample under study. These limitations
severely restrict ESR’s sensitivity when applied to low-
dimensional systems or localized spin environments, such
as those present on the surfaces of quantum devices. As a
result, surface spin defects remain challenging to probe
with classical ESR spectrometers. In this paper, we employ
a non-resonant ESR probe configuration that replaces
traditional resonators. This probe forms a highly localized
and sensitive ESR detection system that can be scanned
across a device surface for spatially resolved detection of
paramagnetic centers that would otherwise be undetectable
in ensemble measurements.

II. EXPERIMENTAL APPROACH

In conventional ESR measurements, a large
electromagnet applies a uniform magnetic field, B, that splits
the energy of the spin system into two populations of spins
which align either parallel or antiparallel to B. A microwave
source provides microwave irradiation, B,, into a waveguide
resonator which contains the sample. When these electrons
are subjected to microwave irradiation of frequency v, such
that Planck’s constant, h, times v is equal to the difference
in the energies of the spin states, resonance is induced. The
resonance condition is governed by:

hv = gupB + Z m; A; €Y)
i

where g is a second rank tensor component, pg is the Bohr
magneton, B is the applied magnetic field, m; is the nuclear
spin quantum number of the ith nearby magnetic nuclei, and
A; is the hyperfine coupling constant component of the ith
nearby magnetic nuclei [4]. The sensitivity is discussed in the
early work of Feher, [5], who showed the minimum number
of observable paramagnetic spins is proportional to the ratio
of the resonator volume to the quality factor. As shown by
Campbell et al., [3], one can obtain a large increase in
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sensitivity following Feher’s logic by enormously reducing
the effective cavity volume at a sacrifice of the Q-factor with
a small non-resonant probe detector.

In our ESR spectrometer, an axially magnetized
neodymium permanent magnet is fixed below the sample to
provide the necessary magnetic field for X-band ESR
measurements (=320 mT). A small electromagnet is
controlled via a ramped current that is stabilized using a
commercially available Gaussmeter to measure and control
the magnetic field produced. B is then modulated at 20 kHz
using a separate modulation coil to facilitate lock-in
detection. B; is applied to the device by positioning non-
resonant shorted coaxial probe on the sample surface in the
location of interest. The probe is non-magnetic with a long
center conductor about 380 um long that is shorted using a
looping jumper wire about 25.4 um in diameter. The probe
is mounted on a conventional wafer probe manipulator.

The sample has a uniform distribution of B which allows
the geometry and microwave power of the non-resonant
probe to define the ESR active region. For simplicity, we
consider this region to be approximately uniform over the
area of the probe (=5x10™* um?). The microwave detection
is accomplished by using a highly balanced double homodyne
microwave bridge design that is adapted for non-resonant,
near-field ESR detection as shown in Fig. 1. The microwaves
are sent as a reference signal into the local oscillator input of
a mixer and to the balanced bridge. The balanced bridge
sends another reference and stimulates the sample through a
circulator. The reflected signal and reference are recombined
with matching amplitude and phase to minimize the bridge
output. This allows for very small ESR transitions to be
detected through a lock-in amplifier.

Band-
pass

isolator Filter
]
Power Wu

8P 0F,

Phase Shifter

Direct.

Lock-in
Amplifier
Detector

Detector U splitter combiner

Probe Tip

Fig. 1. Illustrates a schematic diagram of the double homodyne
microwave bridge design for non-resonant ESR detection. Top-
right illustrates the non-resonant probe with the =9 GHz
microwave field (B1).

[II. RESULTS AND DISCUSSION

Here we demonstrate X-band ESR spectra for a small
amount (<1 mg) of 2,2-diphenyl-1-picrylhydrazyl (DPPH)
powder diluted in isopropyl alcohol and deposited on the
surface of a Si wafer shown in Fig. 2. The sample had a spin
concentration of 1x10%3. We utilized the non-resonant probe
and a standard high uniformity ESR magnet to demonstrate
the analytical power of our spectrometer. The single-line
spectrum obtained had a ~0.3 mT linewidth and a g-value of
2.0036+0.0002 as expected for this common spin reference

[4].
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Fig. 2. Ambient temperature ESR measurements of a DPPH sample. The
spectrum was acquired at a nonsaturating microwave power, 0.3 mT
magnetic field modulation amplitude and 20 kHz frequency.

A rough calculation of the spectrometer’s sensitivity was
obtained on a 10 mm by 3 mm by 0.75 mm Si wafer sample
using a commercial ESR spectrometer and our wafer-level
non-resonant probe system. The commercial ESR
spectrometer was used to obtain a total spin count on the
sample. The top of the sample was etched to remove majority
of the spins, so the remaining spins are from the sides of the
wafer. This was verified by obtaining measurements using
the non-resonant probe system on the top surface and the
sides of the wafer. No signal was detected on the top surface,
and the signal was detected on the wafer sides. A rough
estimate of the system’s spin sensitivity was calculated using
the total spin count and the area of the sample sides (assuming
the spins are evenly distributed across each side of the
sample). We obtained an absolute sensitivity of roughly
5x106.

IV. CONCLUSION

We qualitatively demonstrate the use of a non-resonant
probe ESR system has the analytical power and sensitivity
required to determine the defects responsible for the majority
of the decoherence in quantum computing technology.
Additionally, we discuss the capability of utilizing the wafer-
level non-resonant ESR spectrometer to obtain 2D defects
maps of sample surfaces with a high spatial resolution.
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