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Single-Event Effect Responses of Integrated Planar
Inductors in 65-nm CMOS
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Abstract—This article describes a previously unreported
single-event radiation effect in spiral inductors manufactured in
a commercial CMOS technology when subjected to ionizing radi-
ation. Inductors play a major role as the component determining
the frequency of LC tank oscillators, which is why any radiation
effect in these passive components can have a detrimental
impact on the performance of clock generation circuits. Different
experiments performed to localize and characterize the single-
event effect (SEE) response in a radiation-hardened PLL circuit
are discussed and presented together with a hypothesis for the
underlying physical mechanism.

Index Terms— Inductors, metal-insulator structures, oscilla-
tors, phase-locked loops (PLLs), radiation effects, SiO,.

I. INTRODUCTION

HE generation of high-quality reference clock signals is

essential for many applications. One of the most common
architectures to realize such synthesizers is phase-locked loop
(PLL). Of special concern in radiation environments is the
degradation of the reference signal quality that may lead
to severe performance impairment and loss of functionality.
Therefore, radiation hardening of PLLs is an important aspect
for such circuits and systems. Due to their superior intrinsic
phase noise performance compared to other topologies, PLLs
often use integrated LC tank oscillators [1]. LC oscillator cir-
cuits have therefore undergone significant radiation-hardening
efforts in recent years. These efforts have been focused on
active devices, such as MOS transistors and varactors. Due to
their well-known single-event effect (SEE) sensitivity [1]-[5]
and total ionizing dose (TID) degradation [1], [6], [7], those
components traditionally were the major contributors to radi-
ation sensitivity in Voltage-Controlled Oscillators (VCOs).
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The LC tank itself, being composed of capacitors and an
inductor, both passive components, was generally thought
to be insensitive to ionizing radiation. As hardening efforts
mature, performance requirements become more stringent,
and the sensitivity of instrumentation used to detect radiation
effects improves, this assumption appears to no longer hold:
In this article, we describe the single-event radiation response
originating in planar two-turn spiral inductor structures used to
form the LC tank in high-performance oscillators. As another
example, Xu et al. [8] have recently reported SEE responses
generated in metal-oxide—metal capacitors in a 65-nm CMOS
technology, another passive component crucial for the design
of high-performance circuits.

A. Single-Event Effects in LC PLLs

Conceptually, single-event effects in PLL synthesizers can
be separated into two classes based on the mechanism dis-
turbing the control loop. The first class of effects is phase
discontinuities. Such discontinuities arise either when energy
is directly injected into the tank [2] (e.g., through charge
collection by the active devices of the oscillator) or when
a memory element in the feedback divider is corrupted by
single-event upset (SEU). Common to this class of effects is
an abrupt change of output clock phase, which is followed
by a recovery transient determined by the PLL dynamics.
The second class of effects is frequency discontinuities. These
occur when the oscillator frequency is altered, either by SEE
affecting the VCO tuning node or any of the components
determining the frequency (e.g., the inductance or capacitance
forming the tank). Its transient response is characterized by
a gradual buildup of phase error (for as long as the radiation
effect altering the frequency persists), which is continuously
counteracted by the feedback loop. This is a direct conse-
quence of the VCO acting as an integrator, in this case,
integrating a step frequency response to a linear ramp as its
phase response. Radiation responses observed in PLL circuits
may be a result of both these effects in superposition.

B. Organization of This Article

The main goal of this article is to describe the observed
circuit responses in detail and indicate potential explanations
for their origins and mechanism. Section II describes the
circuit and its variants used in the irradiation experiments.
In Section III, the experimental setup and methodology are
presented. While Section IV reports on the results of the
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individual experiments, Section V contextualizes and links
the individual experimental findings and explores different
hypotheses for the origin of the observed responses.

II. CIRCUIT DESCRIPTION

The measurements described in this article have been per-
formed on a radiation-tolerant Integer-N PLL, which was pre-
viously presented in [9]. The VCO used in this circuit operates
at 5.12 GHz and is locked to a reference clock of 40 MHz
during the closed-loop operation. The LC tank is composed of
a 930-pH inductor and a 1.04-pF capacitor. It is tuned using
MOS varactors (in a radiation hardened configuration [10]),
achieving a tuning sensitivity of 500 MHz V~!. More details
of the VCO implementation can be found in [11], which
utilizes the same VCO as part of a clock and data recovery
(CDR) circuit and expands further on the circuit-level SEE
mitigation techniques implemented, especially with respect to
the tuning topology. The loop filter includes a filter capacitor
of 56pF and is designed for a loop bandwidth of 100kHz.
All digital circuit components (such as the phase—frequency
detector and feedback divider) are protected by triple modular
redundancy (TMR) against SEE. The analog blocks (charge
pumps, loop filter, and VCO) are designed using state-of-
the-art radiation-hardening techniques, including appropriate
sizing and enclosed layout transistors to mitigate SEE and
TID effects.

The circuit is designed and manufactured in a commercial
65-nm bulk CMOS technology with six metal layers. The
two-turn spiral inductor, which will remain the focus of the
following discussions, is implemented in the ultrathick top
metal layer plus an underpass at a thick metal level just
below. The copper metallization used for the inductor has a
thickness of 3.5 um and a width of 12 ym. The conductor
is suspended on interlevel dielectrics at a height of about 4
wm above the silicon substrate. The two turns of the inductor
are separated horizontally by a 3-um gap, which is also filled
with an insulating dielectric material. While the lower, thin
metal layers in this process utilize low-x dielectric materials
to minimize interconnect parasitics, the upper level metals
(which also makes up for the majority of vertical geometrical
extent in our structure), to the best of our knowledge, utilize
silicon dioxide, most likely deposited using chemical vapor
deposition (CVD) methods. The inductor area is surrounded
by a foundry-provided guard ring structure, which minimizes
electrical coupling to adjacent structures and improves sub-
strate noise isolation.

Two different versions of the inductor are used in the exper-
iments described in the following. The version, henceforth
referred to as “Inductor A,” does not use any additional metal
features in the area covered by the inductor, which implies that
the inductor metal is separated from the silicon substrate only
by dielectric layers. A modified version uses the same inductor
geometry but includes a symmetrical patterned ground shield
(PGS) on the lowest metal level just above the substrate. This
ground shield is connected locally to the guard ring structure
and the VCO circuit ground potential. The metal ground
shield was included to significantly reduce electrical coupling
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Fig. 1. (a) Comparison of inductor geometries utilized in tests. In “Inductor
A’ the conductor is placed directly above the silicon substrate. In “Inductor
B,” a patterned metal ground shield is included on the lowest metal layer
above the silicon substrate. (b) Cross section of the sample technology (not
to scale).

between the substrate and the inductor while, at the same
time, not influencing the electrical parameters (inductance
and quality factor at the operating frequency) of the inductor
itself [12]. This second version is referred to as “Inductor B.”
Both versions of the inductor geometry are shown side by side
in Fig. 1, together with an approximate cross section of the
geometry.

II1. EXPERIMENTAL METHODOLOGY

Even though the circuit described above includes many
circuit-level mitigation measures for known SEE sensitivi-
ties, an unforeseen radiation sensitivity was identified dur-
ing a qualification test campaign. This test had revealed a
single-event effect cross section exceeding 1 x 10~* cm? for
transient phase errors of the PLL circuit. Since this value
is approximately two orders of magnitude larger than what
was expected in terms of sensitive circuit area from previous
experiments on similar circuits, further experiments were
needed to identify the origin of this sensitivity. To gain insight
into the origin and mechanism of the effect, measurement
setups with sufficient resolution were developed, and multiple
irradiation test campaigns were carried out. In the following,
the experimental setups and the operational procedures will be
described.

A. Heavy Ion Microbeam Irradiation

Selective irradiation of the circuit was performed using the
GSI Heavy Ion Microbeam Facility [13] in order to localize the
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origin of the SEE response inside the circuit area. In contrast
to broadbeam irradiation facilities, this facility offers precise
positioning capabilities for a heavy ion beam with a full-width
at half-maximum (FWHM) of less than 1 gm. Conceptually,
the ion beam is scanned across the circuit under test, while
a data acquisition system is provided with a trigger signal
whenever an SEE response of the circuit is detected by
external instrumentation. In this way, a sensitivity map of the
circuit under test can be created, which is then overlaid on a
photomicrograph.

Using this facility, irradiation was performed using *°Ar
ions (LETs; = 10.8 MeV mg~' cm?, range exceeding 100 x#m
in silicon), sufficient to stimulate the responses observed in the
qualification campaign. The facility accelerator operates at a
fixed bunch frequency of 12.5 Hz and a particle rate of approx-
imately 70 Hz after collimation was achieved. The circuit is
scanned in a line-wise fashion at a speed of approximately
1 line/s for regions of interest spanning about 100-500 xm in
each direction. Scans of the same area are performed multiple
times in order to obtain a meaningful number of events for
the sensitive regions. Particular care was taken to validate the
relative positioning of the ion beam and the photomicrograph
to within 10 gm. A dedicated SEU test structure present on the
same die was used for this purpose, being placed at a known
location relative to the PLL circuit.

The circuit used in this test implements “Inductor A,”
which does not include a PGS. Since the device is flip-chip
mounted to a carrier board, the sample was irradiated from
the backside, i.e., with the particle beam incident on the bulk
silicon. To reduce energy loss in the silicon, the sample was
thinned to 60 gm by grinding and polishing.

During this test, the PLL circuit was operated in closed-loop
mode locked to a low jitter reference clock. A trigger signal
was generated whenever the output clock phase of the PLL
deviated from its baseline value by more than 200 ps. An
field-programmable gate array (FPGA)-based time-to-digital
converter (TDC) with a time resolution of 100 ps was used
for this purpose, the implementation of which is described
in detail in [14]. The discriminator threshold was manually
trimmed by means of a fine phase adjustment to maximize
the detection sensitivity while rejecting events caused by noise.
Even though the trigger threshold of this system is nominally
200 ps, its precise value is subject to an uncertainty of
+50 ps (0.5LSB).

10+

B. Two-Photon Absorption Laser Irradiation

A two-photon absorption (TPA) laser irradiation test [15]
was performed as a complementary technique to the
microbeam irradiation since it also offers high spatial reso-
Iution. Conceptually, the photon energy of a single photon at
wavelengths used for this test is below the energy bandgap
of silicon. The electron-hole pairs (EHPs) can be generated
only through nonlinear absorption of two coincident photons
in the interaction region of a focused laser beam. Since this
interaction region is small in both the horizontal and vertical
directions, 3-D mapping of sensitive regions can be performed
with this technique. A PULSCAN PULSYS irradiation system
using a 540-fs pulse laser operating at a wavelength of
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1550 nm was used. The laser was operated with a 1-kHz pulse
repetition rate, and pulse energies up to 3 nJ have been used.
During the tests, the PLL circuit operated in closed-loop mode
and was instrumented using the same phase measurement
system used for the microbeam test.

An important aspect of this test is its capability to stimulate
the generation of EHPs only in silicon portions of integrated
circuits due to differences in energy bandgap compared to
dielectric materials. The 1.12-eV energy bandgap of bulk
silicon is below the combined energy of two photons (two
times 0.7 eV at a wavelength of 1550 nm), which is why
nonlinear absorption of two coincident photons can stimulate
EHP generation. Dielectric materials possess a significantly
larger energy bandgap, for example, 8.9 eV in SiO», such that
TPA and associated EHP generations do not occur in these
materials at available laser wavelengths.

The circuit samples used in the Microbeam facility (con-
taining “Inductor A” without a PGS) were reused in this
test, which was carried out at the ESAT laboratory of KU
Leuven. Irradiation was performed through thinned silicon
dies from the backside of the circuit. Different areas of the
PLL circuit were scanned in a raster-like fashion with pro-
grammable speeds, depending on the chosen pulse repetition
rate. A network interface was used to signal the presence of
a SEE response to the data acquisition (DAQ) system for a
given position, which allows creating similar sensitivity maps
as obtained through Microbeam heavy ion irradiation. The
system is also equipped with a near-infrared camera system,
to which the silicon substrate appears transparent. This means
that the circuit’s active regions and metal layers can be imaged
together with the laser interaction region, guaranteeing precise
positional alignment.

C. Heavy lon Broadbeam Irradiation

In order to further characterize the observed sensitivity,
especially as a function of the used heavy ion specimen
and its LETs;, the circuit was irradiated with heavy ions at
the Heavy Ion Facility of the Cyclotron Resource Centre,
Louvain-la-Neuve, Belgium. The circuit was irradiated using
six different ions, ranging in LETs; from 1.3 MeV mg~! cm?
to 62.5 MeV mg~!' cm?. A flux of 1.5 x 10* s7! cm~2 was
used, and a fluence of 1 x 10”7 cm~2 was collected for each
ion. In order to better understand the influence of the path
length of heavy ions through the sensitive geometry, irradiation
of each ion was performed at three angles (0°, 35°, and 50°
measured from the normal of the circuit surface).

For this test, a variant of the PLL circuit containing
“Inductor B” with the previously described PGS was utilized.
Since this sample utilized wire-bonding instead of being flip-
chip mounted, irradiation was performed from the front side
of the sample (i.e., with ions incident on the metalliza-
tion layers first, before traversing the silicon). Since front
side irradiation is used, no thinning of the dies has been
performed.

Since the previous tests had localized the sensitive area of
the circuit within the VCO, the circuit was operated in two
distinct modes of operation during this test.
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Fig. 2. High-resolution closed-loop phase measurement system.

1) Similar to the microbeam and TPA laser tests, closed-
loop operation was performed, during which the PLL
control loop was engaged and the VCO phase-locked
to an external reference clock. This mode was used to
allow characterizing the impact of SEE on the in-system
performance of the circuit and for comparisons with the
other experiments. In this mode of operation, the PLL
phase error was observed using an improved transient
phase measurement system (described in the following).

2) In addition, the open-loop operation of the PLL circuit
was performed. In this mode of operation, the feedback
control was disabled, and the VCO tuning voltage was
tied to a fixed voltage in the middle of its tuning range.
This mode of operation was chosen for two reasons.
First, it eliminates any potential contribution of SEE
occurring in the reference clock path, phase detector,
charge pump, and loop filter from interfering with obser-
vations. Second, it allows observing the evolution of
the radiation-induced transients inside the VCO directly,
without any of the feedback control loop’s dynamics
being superimposed. In this mode of operation, the fre-
quency of the oscillator is measured using a precision
transient frequency measurement system, which is also
described in the following.

1) High-Resolution Phase Measurement Setup: The high
precision transient phase measurement system used for char-
acterization of SEE phase responses during closed-loop oper-
ation is conceptually shown in Fig. 2. In this setup, the phase
difference between the two coherent clocks is measured using
a linear phase detector. The operation in the linear region of
the phase detector sensitivity curve is ensured by appropriately
shifting the phase of the reference clock. The noise floor
inherent to the measurement setup is significantly below 1-ps
rms in a measurement bandwidth of 10Hz-10MHz. The
output of this system is digitized using a sampling rate of
20 MHz. The DAQ system operates in a dead-time-free fashion
and is able to store all generated data in real time to a solid-
state drive. This guarantees capturing all generated events
during irradiation. Event detection (triggering), classification,
and data reduction tasks are performed offline. To obtain
maximum sensitivity, the system noise was confirmed to be
dominated by the phase noise present on the PLL output clock,
which is about 2-ps rms. The event detection threshold of this
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Fig. 3.  High-resolution open-loop frequency measurement system used
during broadbeam ion irradiation.

experimental setup is determined solely by the total jitter of
the PLL clock, not anymore by the measurement resolution,
as in the previously described experiments.

2) Frequency Measurement Setup: Since the
radiation-induced frequency errors in the VCO are small
(on the order of parts per million), a system for obtaining
high-precision frequency measurements with the very high
temporal resolution was developed and is shown in Fig. 3. The
VCO clock is divided by four (using the on-chip prescaler)
and fed into a quadrature RF downconverter front end, which
is used together with appropriate low-pass filtering to allow
transient frequency measurements better than 5-ppm rms in a
5-MHz bandwidth. The frequency information is recovered
by complex downconversion and frequency demodulation of
the digitized baseband signal in the digital domain. The use
of quadrature signal processing provides independence of
the phase relationship between measurement and reference
clock, allowing precise frequency measurements on a sample-
by-sample basis. Again, all raw data produced during the
irradiation were stored, which allows trigger processing
(preprocessing and discrimination), classification, and data
reduction to be performed offline. Similar to the closed-loop
test setup, the noise floor of this measurement was found to
be dominated by the phase noise present on the VCO clock.

IV. MEASUREMENT RESULTS
A. Heavy lon Microbeam Irradiation

The complete area of the PLL has been scanned using the
heavy ion microbeam. Primarily, a large sensitive area was
identified in the area occupied by the VCO’s main spiral
inductor, dominating the sensitivity. A detailed scan of only
this area has been performed, and the number of detected SEE
responses from the circuit are stored as a function of the beam
position during the scan. The resulting sensitivity map of this
process for a scan area centered on the on-chip inductor is
shown in Fig. 4. The largest sensitivity appears in the vicinity
of the wires forming the two inductor turns. In the center
of the inductor, the sensitivity appears significantly reduced.
The sensitive area highlighted in Fig. 4 was found to be
approximately 4 x 10~* cm?. Neither the circuit area occupied
by the loop filter capacitor (not visible in Fig. 4) nor any
other circuit component showed any sensitivity of comparable
cross section during the scans performed. The sensitive area
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Fig. 4. Circuit sensitivity map obtained using microbeam irradiation. Color
intensity encodes the number of detected responses under irradiation over
multiple consecutive raster scans. The rectangular border delimits the scan
extent chosen to obtain this data.

corresponding to the spiral inductor aligns well with the cross
section that the initial qualification campaign of the circuit had
identified.

B. Two-Photon Absorption Laser Irradiation

The sensitive depth (Z position) of the active devices in the
PLL circuit has been initially established by irradiating active
devices connected to a sensitive node with a very small area
(order of 1 um) in the PLL charge pump using a pulse energy
of 1.5 nJ. Following this setup procedure, selective irradiation
of the area occupied by the inductor was performed. The Z
position of the laser was scanned at least 10 um in each
direction to account for the possibility of a different sensitive
depth. Even though these scans covered different depths in the
substrate (where the laser is capable of stimulating EHP gen-
eration), they failed to stimulate any detectable responses from
the circuit during irradiation of the inductor area. While the
initial setup had been performed with pulse energies of about
1.5 nJ to avoid damaging MOS devices, the pulse energy was
increased to 3 nJ in this area, again without being able to stim-
ulate any responses from the circuit. Nonetheless, the full area
of the PLL circuit area was scanned, but no sensitive areas of
comparable cross section to the microbeam test were revealed.

C. Heavy lon Broadbeam Irradiation

Since the previous experiment established that the SEE
responses could not be reproduced with TPA laser irradiation,
a broadbeam irradiation test using multiple heavy ion species
was finally performed to characterize the nature of the circuit
response quantitatively.

1) Closed-Loop PLL Measurements: Phase deviations of
the PLL were again confirmed to be stimulated by heavy
ion irradiation of various LETs;. A number of representative
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Fig. 5. Phase transients stimulated by broadbeam irradiation with 24Xe?>*
ions (LETs; = 62.5 MeV mg~' cm?). Transients vary in peak amplitude but
are very similar in temporal evolution. After the initial deviation from zero
phase error up to about 5 us, the transient shape is determined by the active
PLL control.

examples of these transient responses when irradiating with
124Xe3+ jons (LETs; = 62.5 MeVmg~'cm?) are shown
in Fig. 5. The shape of the responses reveal that irradiation
of the sensitive area primarily results in a deviation of the
VCO oscillation frequency: Instead of a step-like phase dis-
continuity, such a frequency disturbance results in a gradual
accumulation of phase error during the first ~5 us of the
transient response. Subsequently, this accumulated error is
corrected by the feedback loop with the PLL returning to its
initial phase value after about 30 us. This recovery period
is entirely dominated by the PLL dynamics, not necessarily
by the decay of the frequency error stimulated by irradiation.
The cross section for the peak phase error exceeding different
phase thresholds was calculated from the collected data and
is shown in Fig. 6.

Further insight into the dependence of the ion LETs; and
incidence angle can be gained by looking at the distribution of
the peak phase error stimulated by irradiation. The resulting
distributions for three different ions and three angles are shown
in Fig. 7. A number of interesting characteristics become
apparent. Detectable phase excursions (>50 ps) are stimulated
already for low values of LETs;. For higher values of LETs;,
the distributions expand toward larger peak values. Also
notable is the consistent expansion of the distribution toward
larger peak values for shallower incident angles of heavy
ions. For LETs; exceeding 30 MeV mg~!' c¢cm? (not shown
in Fig. 7), the peak phase error was found not to significantly
increase any further. From the shape of the distributions (which
represent the variation of the peak phase error stimulated by
each incident ion), it is apparent that the sensitive region does
not have either homogeneous or discrete levels of sensitivity,
but, instead, a continuous range of different phase errors is
stimulated.

The responses shown in Fig. 5 also illustrate how the
feedback control of the PLL counteracts the buildup of phase
error after the oscillator frequency is disturbed by radiation.
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Fig. 6. Measured cross section during broadbeam heavy ion irradiation
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number of events exceeding a given phase excursion threshold for each used
ion specimen. The given values are calculated for 0° ion incident angle.
Since it is, however, possible that the underlying oscillator
frequency errors persist for much longer than the feedback
loop response time, the following direct measurements of the
oscillator frequency without PLL control feedback become
crucial to understand the underlying mechanism.

2) Open-Loop VCO Measurements: Transient changes of
the open-loop frequency were observed for all ion energies
used in the test. Fig. 8 shows a sample of frequency transients
collected with '?*Xe*** and 3¢Ar!'* ions. For both ions,
the radiation response is characterized by a step-like frequency
increase, which then decays back to the initial value. The
temporal evolution of the generated frequency error changes
significantly for LETs; exceeding 10 MeV mg~! cm?. For
those higher values of LETs;, a sharp peak decaying in a
few microseconds appears superimposed on the slow recovery
process present also for lower LETs;. Fig. 9 better visualizes
this difference by showing the evolution of frequency error
on a logarithmic time axis. Detectable residuals of the effect
persist for at least 10ms after stimulation of the response, with
the effect approaching full decay only at around 100ms. For
LETs; exceeding 10 MeV mg~! cm?, the frequency error may
exceed 50 ppm for up to 100 us.

Similar to the analysis performed for the stimulated phase
error in the closed-loop PLL measurements, the distribution
of peak frequency errors generated by irradiating the sensitive
area can be computed. The distributions produced by two
different ions are shown in Fig. 10. In agreement with the
measurements obtained for the closed-loop operation, higher
particle LETg; results in larger peak errors being stimulated.
Also notable is the continuous distribution of peak frequency
errors, which indicates a nonhomogeneous sensitivity of the
geometry.

V. DISCUSSION OF MEASUREMENT RESULTS
A. Contribution of Pileup

Pileup was a concern in both heavy ion irradiation exper-
iments performed. A particularity of the microbeam facility
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Fig. 7. Distribution of the peak clock phase error stimulated by heavy ion
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irradiation. A consistent expansion of the phase error distribution is observed
with higher LETs; and shallower particle incident angles.

is the operation at a low bunch frequency of 12.5Hz. While
the collimation used to achieve the small beamwidth reduces
the rate of particles on the tested sample significantly, around
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Fig. 8. Frequency transients stimulated during broadbeam heavy ion
irradiation. The response to irradiation with '>*Xe’* jons is characterized
by a pronounced initial frequency step, which quickly decays. This initial
response is not observed with 3®Ar!'!'* jons.

70 ions arrive at the sample surface per second. This means
that each bunch delivers about five ions to a given position
of the microbeam. As a result, the circuit responses used for
Fig. 4 are the result of multiple simultaneous ion hits. Since
no quantitative information about pulse height or transient
duration was obtained during the microbeam experiment,
the only impact on this experiment is an increase in the
detection sensitivity.

In the broadbeam irradiation experiments, the combination
of a high ion flux with the long persistence of the radiation
effect was observed to occasionally result in a pileup. This
manifested as a baseline shift of recorded transients, as a result
of a previous radiation response not having fully decayed.
Since raw transient data were recorded, this problem could
be remedied by using the baseline frequency as an additional
qualifier during off-line trigger processing. This procedure
very efficiently discarded these events, and since the propor-
tion of events affected by pileup was found to be low, their
removal has little influence on the reported cross sections.

B. Microbeam Scan Artifacts

The second issue affecting the data shown in Fig. 4 is the
approach adopted for scanning the circuit area. The circuit is
scanned in a linewise fashion at a low speed of ~1 line/s.
The facility accelerator operates independently of this scan
frequency at a bunch frequency of 12.5 Hz. The bunched
irradiation, therefore, constitutes a spatial sampling process,
and not all positions along the scan lines are covered with
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equal density. Since the line frequency and the accelerator
bunch frequency are not relative multiples, artifacts, such as
diagonal lines of increased or reduced sensitivity, appear in
the resulting sensitivity maps. These artifacts change when
modifying the scan frequency, which complicates comparisons
of measurements obtained with different scan rates and beam
deflections. One feature affected by this issue is the “hole”
in the center of the inductor geometry, which did not show
the same reduction of sensitivity in all the scans performed.
To mitigate scanning artifacts, the collected data are rebinned
or low-pass filtered. This process sacrifices resolution and
may distort the shape of the sensitive area depending on
the bin width or filter kernel. As a consequence of these
limitations, no attempts were made to extract quantitative
information other than the location and area of the sensitive
circuit component from the sensitivity map.

C. Correspondence Between Microbeam and Broadbeam
Heavy Ion Irradiations

The microbeam experiment was used to confidently con-
strain the position of the sensitive area inside the circuit and
to obtain an estimate for its size. It also confirmed that this
single sensitive area by far dominates the sensitivity of the
circuit. Since this experiment utilized a rather coarse-grained
phase measurement setup, which could only be used for
detection (instead of precisely measuring the amplitude) of the
SEE events, the sensitivity map obtained allows only limited
interpretation of the results. It clearly reveals, however, that
the area occupied by the on-chip spiral inductor is not homo-
geneously sensitive to irradiation since the number of detected
events is not constant across its area. These conclusions
are fully supported by the broadbeam heavy ion irradiation
experiments. Comparing the sensitive circuit area estimate
from the microbeam experiments (4 x 10~* cm?) with the
data point in Fig. 6 taken at comparable detection threshold
and LETg; (2 x 10~% cm? for a threshold of 200 ps and LETsg;
of 10 MeV mg~! cm?), the two figures are found to be in
very good agreement. Also, the nonhomogeneous sensitivity
of the area shown in Fig. 4 is consistent with the obtained
distributions of peak phase errors shown in Fig. 7. The
broadbeam measurements showed that irradiation of random
points inside the sensitive area creates a continuum of peak
phase error magnitudes. This behavior is reflected also in the
magnitude distribution of the underlying frequency errors that
were found to follow a similarly continuous distribution (see
Fig. 10). The transport of ions in matter (TRIM) [16] code
was used to confirm that the LET in the SiO, layers was
comparable for both experiments using argon ions available
at both facilities such that comparisons between frontside and
backside irradiations remain valid.

D. Role of Silicon and Dielectric Layers

While the interactions of heavy ions with active devices
in silicon integrated circuits are a very widely studied topic,
no active devices are present in the sensitive area that could
explain such sensitivity. Of particularly surprising nature is the
long decay time of the effect, which was found experimentally
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Fig. 9. Frequency transients stimulated by broadbeam heavy ion irradiation
shown on a logarithmic time scale. Detectable residuals of frequency errors
were observed to consistently persist into the millisecond timescale.

to extend into in the millisecond range, as highlighted in Fig. 9.
Studies concerned with the interactions of heavy ions in silicon
devices, such as [17], make clear that the large charge carrier
densities present after ion impact persist for only fractions
of nanoseconds, fully reverting to their preirradiation value
within 10 ns. This makes an explanation of the observed
effect involving the generated charge carriers in the silicon
substrate implausible. This conclusion is supported by the
fact that the PGS included in “Inductor B” (used during
the broadbeam experiment) failed to result in a significant
reduction of the sensitivity compared to “Inductor A” (used
during the microbeam experiment). The responses seen from
“Inductor B” would have been expected to be much smaller if
the responsible mechanism takes place in the silicon substrate
and is, therefore, shielded from the inductor by the PGS. Even
though the differences in experimental setup used in the two
tests do not allow precisely quantifying the difference, it can
be said that the stimulated responses did have approximately
the same magnitude at comparable values of LET.

Another strong indication for an origin in the dielectric
layers is the absence of any circuit responses in the laser
TPA experiments. Even though the used pulse energies of
3 nJ produce localized EHP densities in silicon comparable
to heavy ions with an LETs; of 50 MeV mg~!' cm?, our
experiments failed to detect any phase deviations when irra-
diating the bulk silicon below the inductor. As already stated
in Section III, laser experiments are unable to stimulate EHP
generation in the dielectric layers due to their significantly
larger energy bandgap (9.3 eV for SiO, [18]). Heavy ions
in the energy regime used in our tests, on the other hand,
possess sufficient stopping power for generation of large
densities of EHPs in both Si and dielectrics, such as SiO,.
These experimental findings lead us to the conclusion that the
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Fig. 10. Distributions of the peak oscillator frequency error stimulated by
broadbeam heavy ion irradiation. A broad distribution of values is stimulated,
which expands with increased particle LETSs;.

responsible mechanism is to be found in the dielectric layers
above the silicon substrate.

E. Electrical Properties of Inductor Geometry

In order to propose a mechanism responsible for the
generated frequency errors during irradiation of the spiral
inductor, the geometry of the inductor needs to be reviewed in
more detail. The planar CMOS inductor used in the structure
contains notable geometric features that require appropriate
electrical modeling: The small gap between both windings and
their proximity to the silicon substrate in combination with the
large area covered by the conductors results in large distributed
parasitic capacitance of two types: first, between the two
closely spaced conductors (winding-to-winding capacitance);
second, between the conductors and the substrate (winding-
to-substrate capacitance). At operating frequencies in the GHz
range, this implies that the impedance at the inductor terminals
is determined by both the inductive components and these
parasitic capacitances, which shunts sections of the conductor
to either the substrate or other areas of the conductor in
adjacent windings. While the overall complex impedance of
the structure is, indeed, inductive, the distributed capacitances
(and, therefore, the dielectric properties of the surrounding
materials) play a major role in determining its components.

FE. Proposed Mechanism for Stimulation of Frequency Errors

Since the LET of the heavy ion species used in our
experiments is very similar when considering the Si substrate
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and the SiO, dielectrics as targets, dense tracks of free charge
carriers will be created in the dielectric layers surrounding
the inductor. The dielectric properties of these layers are
determined by their electric polarizability. The presence of
free charge carriers and potentially also the excitation of
defects through ionization could result in significant changes
to the local polarizability of the material, and this may locally
alter its complex permittivity. We, therefore, propose that the
complex impedance of the inductor structure is altered as
a result of this interaction until these effects subside. This
would imply either the recombination, trapping, or collection
of generated carriers and the return of electrically excited
defects to their initial state. Conclusive quantitative analysis
of this hypothesis is unfortunately difficult for multiple rea-
sons. One major obstacle is uncertainty about the dielectric
materials and their properties in the CMOS process used
in our experiments. Even when assuming that SiO, is used
in the majority of interlevel dielectrics, the properties of
SiO, can vary strongly depending on the chosen method of
fabrication. Deposited oxide layers, for example, using CVD
techniques, are typically characterized by much higher defect
concentrations than thermally grown ones. These defects result
in changes of quantities relevant to the polarizability, such
as the charge carrier mobility and their lifetime. While the
effective mobility accounts for the amount of polarizability
change by a given number of free carriers, the carrier lifetime
would need to be large enough to explain the experimentally
observed timescales. Unfortunately, a large body of fundamen-
tal research on these properties of amorphous SiO, (e.g., [19]
and [20]) uses thermally grown, high purity SiO,. Free elec-
trons in this type of SiO, possess very high mobility, which
makes them contribute strongly to the change of polarizability;
however, they are also characterized by very short lifetimes
(on the order of tens of nanoseconds) [19]. Holes, on the other
hand, are shown to have much lower mobility but significantly
greater lifetimes. The lifetime of holes in amorphous SiO, was
reported to exceed 100ms at room temperature [20]. Another
consideration here is the electrical excitation of defects in the
Si0; and their impact on polarizability. While the literature on
defects in SiO; indicates the presence of such excited states
with decay times in the 10-ms range [21], their contribution to
changes of the dielectric properties of the material remains to
be quantified. Further modeling of the ionization and displace-
ment processes in the dielectrics is required to conclusively
attribute the effect to postirradiation mechanisms inside the
dielectric layers. In addition, different experimental techniques
must be considered to better separate different mechanisms, for
example, using X-ray or deep ultraviolet radiation.

G. Sensitivity of Radiation Response to Irradiation Angle

The proposed mechanism also offers an explanation for
the increase in sensitivity observed with shallower particle
incident angles in the broadbeam experiments (compare Fig. 7
and Fig. 10). Even though a large surface area is sensitive to
irradiation, the sensitive dielectric volume extends vertically
only about 5 xm. Shallower incident angles, therefore, signif-
icantly increase the path length of individual ions through the
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sensitive material, which results in the generation of more free
carriers along their path. Since we propose the concentration
of free charge carriers or the excitation of defects to determine
the magnitude of the effect, these observations are consistent
with our hypothesis.

H. Relevance of Circuit Time Constants

A concern that needs to be considered is whether the long
persistence time of the observed responses could be explained
through time constants present in the circuit itself. Since the
experiment had conclusively shown that the effect is stimulated
in the VCO, the number of circuit components in which such
a time constant would need to be identified is limited. It is
clear that neither the primary time constant formed by the
LC tank (which resonates at 5.12 GHz) nor the bandwidth of
the frequency control input of the VCO can be responsible
for this effect. The latter, while limited through the use of the
modified varactor topology, is still in the order of 20 MHz and,
therefore, may only introduce a time constant of the order of
nanoseconds. One alternative hypothesis considered is shown
here but was ultimately determined to be insufficient to explain
the response time constants.

CMOS VCOs are known to be susceptible to AM-to-FM
conversion, for example, as a result of nonlinear capaci-
tances in the tank [1]. Long time constants on the oscilla-
tion frequency could result, while the steady-state oscillation
amplitude is established through the following mechanism:
Following a disturbance of the amplitude, the tank volt-
age envelope (which may convert into a frequency error)
can be described by the exponential given in the following
equation:

_td=emR)
Oank (1) = €™ R ey

In this expression, C and R model the tank capacitance and
its loss resistance, while g,, represents the transconductance
of the active device. As the oscillation amplitude grows, g,
decreases as it nonlinear operation is approached, until the
product g,, R is unity. This fact makes g,, a function of k.
Due to this relationship, the term (1 —g,, R) slowly approaches
zero as the amplitude grows, which, in principle, leads to an
infinitely long time constant for establishing the steady-state
oscillation amplitude. However, we have found that, for
practical circuits, this is without significance compared to
the observed responses, and this theoretically infinite time
constant does not practically impact circuit operation. Both
in simulations and laboratory experiments, any appreciable
transient response of the tank voltage envelope following a
step change vanished within a few oscillation periods, and
no frequency error could be resolved after this time. We,
therefore, conclude that the observed response cannot be
explained by time constants inherent to the circuit.

L. Novelty of the Observation

Given that SEEs in PLL circuits have been a focus
of research since many years and methods for their char-
acterization have been reported in the scientific literature
for at least 25 years [22], an explanation for discovering
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the described effect only recently needs to be provided.
We conclude that this is a result of at least three separate

factors:
1) Dominance of Ring Oscillators in Relevant Studies:

A survey of available publications concerned with the assess-
ment of single-event effects hardness of PLL and VCO circuits
revealed that the overwhelming majority of studies utilize ring
oscillator VCOs. Apart from publications of our own research
group, irradiation experiments performed with LC oscillators
are reported in [5] and [23]-[27]. Common to all these
publications is the exclusive use of laser irradiation techniques
for experimental validation. While Zhang et al. [23] report on
sensitivity in the area occupied by the inductor, the sensitivity
is attributed to the tuning varactors placed in the same area.
The authors specifically refer to the charge collection sensitiv-
ity of MOS varactors previously reported in [10], which cannot
explain our observation. The remaining literature utilizes a
single photon absorption technique and reports sensitivities
only during irradiation of the active devices present in the
LC oscillator. As previously explained, we hypothesize that
the circuit responses that we describe do not originate in
the silicon substrate. Both single- and two-photon absorption
laser experiments are, however, unable to stimulate EHP
generation in the dielectric layers with their larger energy
bandgap.

2) Chosen PLL Bandwidth: A contributing factor influ-
encing the magnitude of the observed radiation response is
the choice of PLL bandwidth. Since the underlying radiation
response was found to be a frequency error (as opposed to
a phase error), the amount of phase error accumulated in the
PLL is strongly dependent on the loop bandwidth. Higher loop
bandwidths will result in a faster reaction of the control loop
and, therefore, the accumulation of less phase error. As an
example, even though the same VCO as described in this
article is also used in [11], it is embedded in a high-speed
CDR loop with a bandwidth of 2 MHz, a factor of 20 higher
than in this work. Even though heavy ion irradiation will have
stimulated the same frequency errors in this VCO, the resulting
phase errors were small enough to remain below the detection
threshold.

3) Detection and Measurement Sensitivity: The final con-
tributor is the use of test equipment with sufficient sensitivity.
While our group has tested low-bandwidth LC PLL circuits
before, for example, in [1], transient phase instrumentation
resolution in these experiments has been far lower than with
the techniques applied in this work. While, in the previ-
ous work, the resolution and detection threshold of phase
transients were limited to 390 ps, the detection threshold
of the setup used in this work is essentially only limited
by the clock jitter of the PLL itself, which is below 50-ps
peak-to-peak. Other works, such as [23]-[25], utilize spectral
analysis methods for the detection of phase or frequency
errors instead of time-domain measurements. The achievable
resolution and noise floor of these methods are not trivial to
assess, but available information in these publications indicates
that detection of effects on the level that we report might
have been impossible in the first place due to insufficient
sensitivity.
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VI. CONCLUSION

A previously unreported radiation response affecting induc-
tors manufactured in a commercial 65-nm CMOS process
was presented. In a tested PLL circuit, the effect was shown
to produce frequency errors resulting in phase excursions
large enough to significantly impair circuit performance in
applications requiring phase stability in the picosecond range,
such as timing detectors used in high energy physics [28], [29]
or communication circuits for space applications, depending
on the chosen loop bandwidth. The fact that this effect was
found to directly impact the performance of a low-jitter PLL
circuit underlines the increasing importance of considering
SEE in passive circuit components that have been traditionally
assumed to be insensitive to SEE compared to their active
counterparts. Multiple experiments were performed to conclu-
sively attribute the observed sensitivity to the inductor used
in the LC tank of an oscillator and quantitatively characterize
the produced effect. Different hypotheses for the underlying
mechanism have been discussed, and the experimental results
strongly suggest that the observed responses are a result of
temporarily altered polarizability of the dielectric materials
surrounding the wires forming the inductor. The resulting
stimulated change of the complex permittivity is assumed to
alter the impedance of the inductor structure, which, in turn,
changes the resonant frequency of the oscillator. Direct mea-
surements have shown that this effect persists on timescales
exceeding the 10-ms range, likely as a result of high carrier
lifetime or excitation of defects in the dielectric materials.
While a full quantitative treatment of the observed responses
and their underlying mechanism cannot yet be provided,
we suggest both further experiments and modeling approaches
to better understand the origins of the effect, which will
be necessary foundations for developing effective mitigation
strategies for circuits using on-chip inductors (and RF and
mm-wave circuits in general) in radiation environments.
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