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ABSTRACT é
Radiation susceptibility of electronics has always been about probing electrical properties in either transient or time-accumulated phenom- ¥
ena. As the size and complexity of electronic chips or systems increase, detection of the most vulnerable regions becomes more time con-
suming and challenging. In this study, we hypothesize that localized mechanical stress, if overlapping electrically sensitive regions, can make &
electronic devices more susceptible to radiation. Accordingly, we develop an indirect technique to map mechanical and electrical hotspots to
identify radiation-susceptible regions of the operational amplifier AD844 to ionizing radiation. Mechanical susceptibility is measured using
pulsed thermal phase analysis via lock-in thermography and electrical biasing is used to identify electrically relevant regions. A composite
score of electrical and mechanical sensitivity was constructed to serve as a metric for ionizing radiation susceptibility. Experimental results,
compared against the literature, indicate effectiveness of the new technique in the rapid detection of radiation-vulnerable regions. The find-
ings could be attractive for larger systems, for which traditional analysis would take —two to three orders of magnitude more time to com-
plete. However, the indirect nature of the technique makes the study more approximate and in need for more consistency and validation
efforts.
Published under an exclusive license by the AVS. https://doi.org/10.1116/6.0002689
I. INTRODUCTION single incoming particle causes a cascade of ionization within the

Modern electronic systems employ increasingly complex semiconduct?ng mater{e_li of electronics, creating transients that can
designs that must continue functioning when exposed to ionizing pr?duce device faults. ™ TIP eff?cts can pr(?duce che}rge traps in
radiation, as in space, aviation, defense, medicine, and nuclear oxide layers that are present in bipolar junction transistors (BJTs)
power applications. As a result, electronics that are not sensitive to and field effect transistors (FETs) due to the net positive charge
ionizing radiation or “rad hard” electronics are desirable for appli- they leave at the oxide interfaces.”’ In order to effectively design
cations with radiation environments. Inevitably, some regions and rad hard electronics, the most sensitive components need to be
transistors within integrated electronics are more susceptible to identified so that they can be selectively hardened. Identification of
certain types of ionizing radiation interactions, such as single event the most vulnerable regions (MVRs) in electronics is difficult since
effects (SEEs) and total ionizing dose (TID) effects. For SEEs, a the amount of charge generated from ionizing radiation, their
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diffusion toward charge collectors, and the tendency to get trapped
in the semiconductor or the interfaces are not uniform over the
electronic devices or systems. These parameters vary spatially due
to materials, interfaces, geometry, operation, and fabrication condi-
tions. Thus, for a large system on a chip, pinpointing MVRs based
on the global circuit response to ionizing radiation can be
extremely time consuming. In order to gain significant insight into
the behavior of different electronic system components, specialized
techniques have been and are currently under development, the
most advanced of which uses a pulsed laser to cause localized ioni-
zation in semiconductor electronics, after which a transient current
response is measured from the circuitry.”"* Other techniques
include in situ software-based diagnosis of components that experi-
ence upsets, often using a microbeam of radiation or radiation sur-
rogate to improve the identification of MVRs."”

State-of-the-art methods for MVR identification are time con-
suming and generally limited to inspection of small, manageable
regions. For example, an entire 50 x 50 mm’ integrated circuit
would take on the order of months or years to measure with a
pulsed-laser technique, which is compounded by the increasing
complexity of modern electronic systems. Ideally, an experimental
protocol that would be able to quickly detect the most vulnerable
regions in an electronic system would provide a disruptive improve-
ment to the efficiency of selective hardening of electronics. Such a
protocol would be able to complement current state-of-the-art tech-
niques by narrowing down the potential regions of susceptibility
and providing a short-list of regions to interrogate, using currently
validated techniques. For example, identification of the most suscep-
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The objective of this study is to demonstrate feasibility of a
rapid MVR identification technique. We observe that the current
literature focuses only on “electrically sensitive” regions [Fig. 1(a)
in relation to SEE] to identify radiation susceptibility. We argue
that while radiation vulnerability manifests through electrical char-
acteristics (such as transient spikes in current or voltage), the root
cause analysis should be broader and include localization of
mechanical and thermal domains as well. Our hypothesis is that
highly localized and high-magnitude mechanical stress regions may
significantly alter ionization-induced charge generation and distri-
bution. This is because the atoms in these regions have higher
strain energy compared to atoms with equilibrium distance. They
are also more unstable in the potential energy well and, thus, need
less external energy to be displaced or to be ionized depending on
the type of incoming radiation.'™"” If such stress localization coin-
cides with the electrically sensitive areas (such as proximity to the
gate region), it can influence the overall radiation vulnerability. A
corollary of this hypothesis is that for the same ionizing potential
and device design, a region with higher mechanical stress localiza-
tion would also imply higher radiation vulnerability. Therefore, we
propose that mapping mechanical stress localization can lead to
insights that are not obtained by electrical measurements alone. It
is important to note that stress localization is the key, and not
uniform stress field, which has been thoroughly investigated
through strain engineering in devices. We observe that imperfect
and heterogeneous material systems and processing conditions lead
to complex three-dimensional stress states with high localized
stresses along the edges of device features. Gates, vias, and materials

Published under an exclusive license by the AVS

tible 100 x 100 um® regions on a 50 x 50 mm?® chip can reduce the interfaces are examples where stress concentrations are locally quite E
conventional effort by a time scale of up to 2 50 000 times. high, while attenuating quickly into the bulk features. Interestingly, %
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FIG. 1. Schematic of charge carrier generation following interaction of an energetic particle with (a) an unstrained and (b) a strained FET, where traps are filled with nega-
tive charge carriers at the silicon-oxide interface. Current transient profiles for the (c) unstrained and (d) strained FET.
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their global average value may be insignificant, but localized values
can reach on the order of a few gigapascals, which can require less
energy for a material to strip electrons from its bounded arrange-
ment compared to unstressed materials. Higher concentrations of
charge carriers form in strained materials for each single event as a
result, causing more severe current releases into the circuitry.

The core hypothesis for this study is schematically shown in
Fig. 1 for two devices electrically similar, but one with a mechanical
hotspot in the gate/drain region. For the exact same energetics of
incoming ionizing radiation, we expect a higher density of charges
in a mechanical hotspot. Charge carriers generated from the path
of ionization are often collected by local conductive regions, such
as a source, drain, or gate. It is important to note that the majority
of SEEs occur only if the event occurs near an electrically relevant
part of the circuit, where there is a conductive node for charges to
collect and deposit into nearby regions in the circuit. Therefore,
regions of high electric field, where a critical charge can build up
and disrupt the electrical state of the system are most relevant
when identifying the most vulnerable regions in microelectronics.'®
In addition to mechanical stress concentrations (mechanical hot-
spots) near the gate/drain edges, electrically active regions (electri-
cal hotspots) collectively point to a region that can be predictively
identified as an MVR. Investigating both stress and electric field
localization in microelectronics can, therefore, provide a predictive
method for identifying radiation sensitivity without the need for
conducting time consuming irradiation, while also improving the
effectiveness of pulsed-laser experiments, which has been investi-
gated in a previous work on the operational amplifier LM124."”
This work expands upon the previous work by providing a com-
posite metric or “score” to simplify the identification of MVRs
using mechanical and electrical hotspot analysis.

Stress and strain are inherent in manufactured electronics for
several reasons, including thermal expansion and contraction in
lattice-mismatched epitaxial heterostructures, intrinsic stress in
deposited films, defect evolution, applied external stress, etc., and
can have a significant impact on the properties and performance of
nearly all types of electronic components.”’ Strain can, therefore, be
used to naturally enhance the properties and performance of certain
electronic components, which are essential to modern systems, such
as strained silicon on insulators”' and high-electron-mobility transis-
tors.”” However, when not intentionally engineered into the materi-
als, strain can be detrimental for the performance of electronic
components. Especially in the case of radiation hardness, where it
has been found that strain present in a transistor structure can result
in significant increases in the intensities of current transients upon
exposure to ionizing radiation relative to unstrained devices. When
electronics experience a sudden surge of high current and voltage in
a way they were not designed to handle, they can experience opera-
tional upsets and damage resulting in decreased reliability.”” This, of
course, can have severe detrimental effects on potentially imperative
equipment they make up, and methods to increase their reliability in
radiation environments are of high interest for several governmental,
industrial, and commercial applications.

Most techniques used to evaluate the radiation hardness of
electronics present logistical challenges, including cost and time
constraints. For example, techniques that involve the use of ionizing
radiation to probe a sample end up irreversibly damaging the
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component they set out to measure, which limits the testing of a
device. Techniques that utilize neutrons and gamma radiation are
often difficult to organize due to the limited number of facilities
that house the sources that produce these forms of radiation.
Additionally, identification of localized sensitivity requires micro-
beam interrogation that is difficult to achieve with nearly all forms
of ionizing radiation. Pulsed-laser probing is a good alternative for
ionizing radiation for charge carrier injection on the submicrome-
ter scale, where the laser is scanned across the surface of an
exposed chip, and the resulting transient current pulses are mea-
sured, where the highest intensity pulses correspond with the
regions that are most sensitive to ionizing radiation. However,
pulsed-laser single event transient (SET) measurements take quite
long to conduct due to the time it takes for data writing at each
location. These constraints can be mitigated with lock-in thermog-
raphy (LIT), which nondestructively injects thermal waves into the
surface of the sample while the re-emitted thermal signal is cap-
tured with thermograms. Upon injecting heat waves (e.g., with a
flash lamp), the heat is conducted into the sample in waves that
interact with nonhomogeneous regions within the object that par-
tially reflect the input wave. The resulting interference pattern
result in changes to the surface temperature, which are collected by
thermographs over time and can be analyzed via phase mapping. It
is hypothesized that regions that exhibit high interference with the
injected thermal signal correlate with regions that exhibit high
strain in the as-manufactured integrated circuits, which is expected
to cause detrimental effects on the sensitivity of highly strained
regions.”>”* Regions that are electrically relevant to allow current
transients throughout the electrical system are also identified so
that regions that exhibit both mechanical and electrical sensitivities
are highlighted as sensitive to ionizing radiation. Since data is col-
lected in real-time and data analysis can be conducted on publicly
available software (e.g., MATLAB, Python, etc.), data collection and
analysis takes on the order of minutes or hours and is not cost pro-
hibitive, which is a great improvement over existing techniques.
One limitation of the proposed technique is its spatial resolution,
which is several micrometers due to the diffraction limitations of
the infrared light used to measure the thermal response. However,
logistical benefits of this technique allow it to be used in comple-
ment with the current state-of-the-art pulsed-laser SET techniques,
where LIT can be used to identify general regions of sensitivity,
and the spatially resolved laser-based technique can examine those
areas, saving the analysis time.

Il. EXPERIMENT

An operational amplifier AD844 was selected for analysis as it
is widely used for its low distortion, low noise, stability, and wide
bandwidth. Another reason is that prior studies on MVRs in this
chip allow benchmarking with the literature. Figure 2 shows an
optical micrograph of a decapsulated AD844 amplifier used for
testing. Literature has identified five sensitive regions via pulsed-
laser single event transient testing, which are labeled 1-5 in Fig. 2
in black-boxed regions.””** These regions produced single event
transients with the highest voltage amplitudes and pulse widths
when probed with a pulsed-laser system. Regions 1 and 2 corre-
spond to differential inputs, region 3 is part of the -Vs circuit
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FIG. 2. Optical micrograph of the decapsulated operational amplifier AD844
with the most vulnerable regions labeled 1-5 as well as resistors, capacitors,
and BJT. The scale bar is 400 zm.

element, region 4 contains the TZ circuit, which is used to obtain a
high slew-rate, and region 5 is part of the output stage. Several
circuit elements are labeled on the micrograph in Fig. 2, including
resistors, capacitors, and bipolar junction transistors (BJTs). We are
able to identify BJTs from their emitter, base collector, and struc-
ture, which are typically seen as three parallel metalized lines on
the circuit. Resistors are typically identifiable from their snaking
pattern, and capacitors are generally large area features. For analy-
sis, we also selected a capacitor that we expected would not be par-
ticularly sensitive relative to the identified regions in the literature
for later comparison and labeled this region with an “X.”

In order to identify the MVRs, a two-part approach is utilized,
where (1) LIT is used to identify the regions with the highest
mechanical strain and (2) electrical biasing of the operational
amplifier AD844 is used in conjunction with thermal imaging to
identify the regions with the highest electric field through joule

(a)

Digital lock-in
system

Infrared Camera
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heating; these techniques are schematically shown in Figs. 3(a) and
3(b), respectively. If a region meets the conditions of having both a
high mechanical and high electrical propensity for being sensitive
to irradiation, the region has a higher likelihood of being identified
as an MVR.

With LIT, an emissivity-corrected phase map of the AD844
amplifier is produced by injecting thermal waves at a constant
lock-in frequency into it using a heat lamp, while the re-emitted
thermal response is measured using a thermal camera. In order to
construct the phase map from the thermal video file, the tempera-
ture response of each pixel with respect to time was multiplied by
two orthogonal weighting factors [i.e., sin(t) and —cos(t)], each
with a frequency that matches the lock-in frequency, and the
results were summed for each pixel. After summation, each pixel
has two values assigned, including (1) S”—the in-phase component
of the re-emitted signal—and (2) S™°"—the out-of-phase compo-
nent of the re-emitted signal.”” Using both $" and $**” signals, the
phase value for each pixel, which represents the degree of lag
between the re-emitted thermal signal versus a reference signal, can
be calculated using Eq. (1). The regions that exhibit the highest dif-
ference in phase contrast values correspond to the regions with the
highest thermal stopping power based on the underlying structure
of the device,

S—90°
Phase = tan™! <7Soe > . (1)

The thermal camera used for both the mechanical and electri-
cal measurements was the Optris PI 640 IR camera with a noise
equivalent temperature difference of 75 mK over the spectral range
of 8-14um. Each lock-in thermography measurement was made
with 2000 frames of data, which were processed postmeasurement
to calculate the phase maps. Part of this calculation included the
removal of noise in the thermal data that did not modulate with
the lock-in frequency, which was carried out using a bandpass
filter. Up to two orders of magnitude improvement in the thermal
sensitivity of LIT measurements over the thermal sensitivity of the
camera was possible due to the time averaging nature of lock-in

(b)

Infrared amera

FIG. 3. Schematic of (a) the LIT setup and (b) the electrical biasing setup for electrical activity measurements.
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thermography. In order to heat the chips in pulses, two heat lamps
were triggered using a two-channel 5V relay module and a pro-
grammable Arduino board. Prior to each measurements, the
average temperature of the AD844 amplifier was allowed to equal-
ize by exposing the board to the pulsing heat lamps for 30 min
before data were collected, which allowed a consistent temperature
throughout the entirety of the measurement.

lll. RESULTS AND DISCUSSION

Field measurements were conducted using a thermal
camera to measure the temperature of the AD844 amplifier
between the biased and unbiased conditions. The AD844 ampli-
fier was hooked up to a power supply with +6 V using a virtual
ground circuit and was configured as a noninverting amplifier as
shown in the circuit diagram in Fig. 4(c). After powering, Joule
heating caused local raises in temperature on the chip as shown
in Fig. 4(a) (before powering) and 4(b) (after powering).
However, unlike the phase map of the lock-in thermography
measurements, these thermal micrographs are still influenced by
emissivity differences in the surface materials, where metalized
regions appear to have a higher temperature even when we are
certain all regions have the same temperature, as in Fig. 4(a). To
aid in mitigating the error introduced by local emissivity
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differences, the differences in temperature before and after
biasing were mapped and shown in Fig. 4(d), which gives an
idea of the regions that are more electrically active. It is impor-
tant to note that evaporating a thin coating of carbon can miti-
gate the emissivity concerns. This technique was not used in
this study because of our future plans in performing in situ
biasing of the device under tests (DUTs).

An important aspect of the proposed technique is the ability
to interrogate different depths in the DUT since the heating fre-
quency dictates the thermal penetration depth. It is the distance
reached by the heat during a time of 1/frequency and is a func-
tion of the thermal conductivity, density, and heat capacity of the
material. For an extremely heterogeneous system, heat diffusion
could be a complex function. Nevertheless, it is important to
investigate the role of heating frequency on the effectiveness of
the technique. To achieve this, lock-in thermography was con-
ducted on the AD844 amplifier as a function of lock-in frequen-
cies ranging from 0.125 to 3.0 Hz. Selection of these frequencies
is dictated by the constraints in operating the flash lamps.
Figure 5 shows the phase maps as a function of frequency, and it
is apparent that frequencies from 0.125 to 2.0 Hz show good reso-
lution, yet, noise is present in the phase map taken at 3.0 Hz. The
apparent reduction in resolution is most likely attributed to the
decrease in the amplitude of the injected thermal signal at higher

Published under an exclusive license by the AVS
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FIG. 4. (a) and (b) Thermal micrographs before and after biasing of the operational amplifier AD844, powered as shown by (c) the circuit schematic, with (d) a map of the
change in temperature as a result of biasing.
J. Vac. Sci. Technol. B 41(4) Jul/Aug 2023; doi: 10.1116/6.0002689 41, 044005-5


https://avs.scitation.org/journal/jvb

JVSTB

Journal of Vacuum Science & Technology B

0.125 Hz

ARTICLE avs.scitation.org/journalljvb

l-l
t

|" e Ay
...'H;:ﬂ_*- -

ril.

S
z
FIG. 5. Phase maps from lock-in thermography analysis of the operational amplifier AD844 for thermal pulse frequencies of (a) 0.125, (b) 0.25, (c) 0.5, (d) 1.0, () 20, §
and (f) 3.0 Hz. 3
o
2
frequencies, which resulted in too low of a signal to resolve fre- we are using the phase and temperature values to predict regions of
quency information at 3 Hz. The influence of such a low thermal high sensitivity to radiation. For this analysis, the chips were sec-
pulse frequency could arise from the complex multilayer, multi- tioned to better visualize the phase and temperature data region by
material structure of the DUT and the infrared sensor. Figure 5, region. A metric or composite score that combines the phase and
therefore, indicates the need for optimizing the thermal pulse fre- temperature data to extract the region that has the highest probable
quency for effective utilization of the technique. sensitivity was created using Eq. (2). The phase map that was
The data from these phase maps and the electrical bias anal- created with a lock-in frequency of 0.25 Hz was used for its rela-
ysis were averaged in the five sensitive, boxed regions as well as tively good resolution and contrast,
the insensitive, “X” region and summarized the data in Table I
and visually as a plot in Fig. 6. We see that all of the regions o— @ T—T.
show relatively high phase values, which range from 60% to 80%  Composite score = Normalize {Abs( it )( =7 )]
of the values seen across the entire board. This is rather consis- Pmaz ~ Pmin) \Tmax = Tonin
tent for all frequencies analyzed. However, there are some inter- @)
esting results from thermo-electric analysis, with relatively high
temperatures at locations 1 and “X,” and this may be attributed This composite score accounts for the extreme phase values,
to the proximity of these regions to the input voltage lead in the which may indicate positive and negative strains and large tempera-
upper left, which may be heating these two regions relative to the ture changes due to biasing. The resulting score is normalized and
rest of the board. we have shown the result as a map overlaid on the optical micro-
As a reminder, we are interested in examining the phase lag graph of the AD844 amplifier in Fig. 6. Electrical and mechanical
from lock-in analysis to identify regions in commercial electronics metrics were multiplied so that regions with generally high phase
with high strain. Temperature change due to electrical biasing is contrast and electrical activity are highlighted as being particularly
used as a metric for identifying areas of electrical activity. Together, sensitive with a high composite score. One metric is not necessarily
J. Vac. Sci. Technol. B 41(4) Jul/Aug 2023; doi: 10.1116/6.0002689 41, 044005-6
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Sensitive

Rad Hard

FIG. 6. (a) and (b) Phase and temperature results combined to create a (c) composite score of predictively identifying MVRs overlaid on an optical micrograph of the
AD844 amplifier.

more significant than another in terms of its impact on the overall In order to examine the changes in the stress state of the
susceptibility because they are both generally necessary to cause LM124 amplifier due to ionizing radiation exposure, the chip was
damage or an upset. There is not yet a sufficient understanding of irradiated at Penn State’s Radiation Science and Engineering Center
these metrics in radiation susceptibility to draw a relative relation- with an isotropic dose of ®°Co gamma radiation. The LM124

ship in terms of their impact on device sensitivity. The figure amplifier received an isotropic dose of 10krad at 155 krad/h (air)
shows a reasonable agreement with literature-defined regions of  with an overall uncertainty of +2.4% at a 95% confidence level,
sensitivity, given that the sensitive regions are not perfectly defined =~ which is certified by the National Institute of Standards and <

by their outlines and that there is slight spatial variation in the Technology using the Fricke dosimetry system under the National %5:_
positioning of the sensitive regions from literature with the pro- Voluntary Laboratory Accreditation Program. Figure 7 shows the 8
duced composite score map. pre- and postirradiation changes. =
Sensitive
020 0.1 03 0. =18 0.3 O 28 015
0.1 03 04 0.2 : .2 0.6
0818 0.1 0.5 0:1° 0.1 JOSIY§ 0.2 0.5 0.3 0.1 0. 0.2 0.7 0.3 0.1
0.1 0.3 04 03 03 0.1 0 0.1 04 0.5 0.1 |.
Rad Hard
FIG. 7. Composite score of the operational amplifier LM124 (a) before and (b) after °Co irradiation.
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The region of the highest sensitivity, indicated with a “1” in
Fig. 7, changes after irradiation, showing that a change in the stress
state at the most stressed and sensitive location can be rather signif-
icant as a result of irradiation. Across the chip, the composite score
shows shifting in values due to irradiation, which indicates the total
ionizing dose effects on the LM124 amplifier having an effect on
the stress state of the materials that make it up.

IV. SUMMARY AND CONCLUSIONS

This study presents a fast technique for the approximate esti-
mation of radiation-sensitive regions on an entire operational
amplifier AD844. The core philosophy behind the proposed tech-
nique is that localized, highly strained regions will take less energy
(compared to the regions in inter-atomic equilibrium) to ionize. It
is important to note that device design, material inhomogeneity,
fabrication processing, and operating conditions lead to such locali-
zations even if the global value is negligible. The focus of this study
is, therefore, not on the global values, but to highlight the vulnera-
bility caused by these localized strained regions. The implication is
that the incoming radiation may not produce any measurable
global displacement damage, but the localized strained regions will
experience the radiation and will induce more charges to degrade
the electronic devices. Another unique aspect of this study is that it
does not attempt to precisely locate the localized strained regions,
but to accurately detect the “approximate” location over a large
area. Thermal phase lag microscopy suits the proposed technique
because it allows large areas to be mapped quickly, while approxi-
mating the strained regions. A close analogy to this detection phi-
losophy is as follows: an object that is smaller than the wavelength
of white light cannot be resolved with white light microscopy, but
it still can be detected. Therefore, the contribution of the proposed
technique is a very fast, accurate detection of radiation-vulnerable
regions with approximate spatial mapping. The technique, there-
fore, can be impactful for large specimens, such as a system on a
chip, for which precise localization mapping may take an infeasible
amount of time.

Localized mechanical stress and electrical field are used to pre-
dictively identify the most vulnerable regions in microelectronics to
ionizing radiation. The AD844 amplifier has been observed to have
five sensitive regions from using the validated pulsed-laser single
event transient technique in the literature. A composite score was
constructed from the combination of pulsed thermal phase analysis
via lock-in thermography and electrical biasing analysis to identify
regions as vulnerable to radiation-induced upsets. The results from
this study showed consistency with the literature results, but it
must be noted that the method for electrical field analysis is non-
ideal, and as a result, the composite map does not show a perfect
prediction. Yet, the prediction can provide additional locations of
interest for further evaluation using pulsed-laser techniques. As a
result, this study can significantly reduce the time required for the
analysis of electronics, especially for larger and more complex
devices, for which traditional analysis would take —two to three
orders of magnitude more time to complete. At the same time, the
strength of the technique, namely, characterization speed, could
also be the weakness. The indirect nature of identifying mechanical
and electrical hotspots requires more studies for validation. The

ARTICLE avs.scitation.org/journal/jvb

spatial resolution could also be improved by higher magnification
infrared microscopy.
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