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In this study, we explore the rejuvenation of a Zener diode degraded by high electrical stress, leading to a leftward shift, and broadening of the
Zener breakdown voltage knee, alongside a 57% reduction in forward current. We employed a non-thermal annealing method involving high-
density electric pulses with short pulse width and low frequency. The annealing process took <30 s at near-ambient temperature. Raman
spectroscopy supports the electrical characterization, showing enhancement in crystallinity to explain the restoration of the breakdown knee
followed by improvement in forward current by ~85%. © 2024 The Author(s). Published on behalf of The Japan Society of Applied Physics by IOP

Publishing Ltd

ener diodes are central to various applications, ranging
from voltage regulation to protection circuits.'™
Their fabrication processing and/or usage in harsh
environments may lead to defects within the semiconductor
material. It is recognized that these defects are often an
inevitable consequence of material growth and processing
conditions, which occur well before their integration into
actual devices.” Both fabrication and operational stresses
lead to complex defect formations, including point defects
such as vacancy clusters, line defects such as dislocations,
etc, which contribute to the degradation mechanisms and
affect the device functionality. These intrinsic defects, origi-
nating from interfaces, surfaces, and bulk regions of the
lattice,”™” can significantly impact the performance of semi-
conductor devices. The defects stem from a multitude of
sources, encompassing manufacturing and materials inconsis-
tencies, such as crystal lattice dislocations, as well as opera-
tional stressors that include but are not limited to thermal, high
electrical and radiation exposure. Particularly, in the context of
Zener diodes employed within high-radiation environments as
a radiation sensor,” the defects could be attributed to radiation-
induced damage, leading to the formation of point defects such
as vacancy clusters and/or line defects such as dislocations.
Islam et al.” have observed that the large fluence heavy ion
radiation induces a high-density dislocation into the gallium
nitride high electron mobility transistor (GaN HEMT) which
degrades the device performance and reliability as the drain
current decreases significantly with increasing the radiation
dose. If the semiconductor contains a high density of crystal
defects, the behavior of minority carriers, particularly their
recombination rates, is adversely affected.'®'” This in turn can
lead to a deterioration in device functionality, especially when
subjected to high electrical stress.”’ Such stress can induce
additional defects within the semiconductor lattice, manifesting
as trap states that elevate the ideality factor, thus deviating
from the ideal behavior expected from the Shockley diode
equation.'*'®
Traditionally, thermal annealing has been used to mitigate
defects to obtain improved electrical properties of

semiconductor devices.'”>” This process involves heating

a material to an elevated temperature and then cooling it
down. The purpose is to increase the atomic mobility within
the material, which can help eliminate defects such as
dislocations, vacancies, or impurities. However, in multi-
layered materials with varying thermal expansion coeffi-
cients, high temperature can create thermoelastic strain
during heating and cooling.”'** Such strain might create
more defects than annihilated—increasing the overall defect
density, particularly in the channels of semiconductor de-
vices. Sub-optimal thermal annealing can therefore reduce
the charge carrier mobility and diminish electronic perfor-
mance. Moreover, the process is time-consuming, which may
increase production costs and complexity.”**** This suggests
the necessity for a different, ideally non-thermal method to
anneal defects in electronic devices. One candidate method is
electropulsing, which has been demonstrated to control defect
density in metals and alloys.”> " We extend the concept to
the semiconductor devices, recognizing that the channels and
vicinity can be annealed by the effect of the electron wind
force (EWF). Our recent study”® demonstrated the rejuvena-
tion of Ti/4H-SiC Schottky barrier diodes using high density
current pulses. It is also evident that the controlled electro-
pulsing can reduce the radiation damage of a GaN based high
electron mobility transistors (HEMT).>”

The objectives of this research are twofold: firstly, to
investigate the efficacy of electropulsing treatment in redu-
cing defect densities in a degraded Zener diode, thereby
restoring their electrical characteristics; and secondly, to
determine whether EPT can enhance the crystalline structure
beyond the original state, as evidenced by Raman spectro-
scopy and electrical characterization. The scope of our
inquiry encompasses both the forward and reverse bias
operational modes of the diode, offering a holistic view of
the rejuvenation process. We aim to address the question of
whether electropulsing can serve as a feasible alternative to
traditional annealing processes, offering a low-thermal-
budget and time-efficient recovery method. This challenge
is significant given the need for more sustainable and cost-
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effective manufacturing and maintenance processes in the
semiconductor industry. To do so, we first intentionally
degrade the diode by applying high electrical stress which
leads to a leftward shift and broadening of the Zener
breakdown voltage knee, and a 57% decrease in forward
current. Following that, we apply a non-thermal annealing
technique which involves passing high current density pulses
through the device with low duty cycles (0.04 or lower). Such
a regimen ensures that thermal spikes are only transient and
given ample time to dissipate, thus maintaining the proces-
sing temperature in ambient range.’**" The fundamental to
this technique is the exploitation of the EWF, a mechanical
phenomenon emanating from the momentum loss of elec-
trons upon their interaction with lattice defects. In contrast to
traditional electropulsing methods that predominantly rely on
Joule heating and its associated thermal consequences,”*>
our strategy capitalizes on the EWF to circumvent thermal
effects, offering an efficient paradigm in defect mitigation
and device rejuvenation. We demonstrate that the proposed
electropulsing treatment effectively rejuvenated the Zener
diode, restoring the breakdown knee and forward current to
nearly 85% of their original states. Raman spectroscopy
revealed a spatially non-uniform recovery, indicating varying
effectiveness across the diode. Additionally, changes in the
ideality factor further evidenced the electrical recovery, albeit
with non-uniform rejuvenation.

Operational stresses such as electrical load surges and
temperature fluctuations are unavoidable in some applica-
tions, degrading the functionality of Zener diodes over time,
despite initial manufacturing quality. While preemptive
defect mitigation during manufacturing is essential, the
unpredictable nature of operational stresses necessitates
robust post-degradation recovery methods. Such necessity
can be seen in the use of Zener diodes as radiation sensors®
within harsh environments. Specifically, in settings like
nuclear reactors, these sensors are inevitably exposed to
high levels of radiation, which can create significant defects
in the devices over time.*” Despite the best efforts in
manufacturing quality control, the extreme conditions en-
countered in such operational scenarios can lead to the
degradation of the sensors’ functionality. In these cases, the
ability to effectively heal the sensors using post-degradation
recovery methods, such as the EWF-assisted processing
explored in our study, becomes invaluable. The present study
explores the EWF as a non-thermal recovery approach,
emphasizing its role in enhancing the durability and perfor-
mance of Zener diodes in applications where reliability is
critical. This approach is supported by our previous research,
which demonstrated the efficacy of EWF in mitigating post-
manufacturing defects, resulting in enhanced forward current
at a given voltage in pristine devices.”” In our previous
study, we have also demonstrated the efficacy of EWF
assisted low-temperature processing in defect mitigation of
metals and alloys.36) Here, we extend our investigation to
intentionally degraded devices, assessing EWF’s effective-
ness in defect mitigation within semiconductor devices, thus
providing a comprehensive strategy for ensuring the long-
evity and reliability of these components in practical sce-
narios.

The experimental study was carried out on a silicon Zener
diode, model (SZ3714.T), which underwent a two-stage
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intentional degradation process through high-electrical stress.
Initially, it was subjected to a forward bias of 3V, which
significantly exceeded the manufacturer’s specified max-
imum forward voltage of 1.1 V. The diode was maintained
under this condition for an extended period of 72h, in a
controlled environment to ensure consistent application of
stress. Following that, the diode was subjected to a more
strenuous condition by the application of elevated Zener bias.
Distinct voltage levels were chosen for this phase, such as:
16.5V, 17V, and 17.5V. Each voltage was applied con-
secutively for a duration of 48—60 h. During each step of the
degradation process, the current—voltage (I-V') characteristic
curve of the diode was measured using a Keithley-2400
Source Measure Unit (SMU). Following the degradation, a
controlled electropulsing treatment (pulse width 20 us,
frequency 2 Hz, time 30s) was applied using a DC power
supply (Sorensen DCS100-12E) coupled with a current pulse
generator (Laser Controller, ED2P-AXA-0032). An Optris PI
640 thermal microscope was employed, allowing for the real-
time observation of temperature changes during the process.
Temperature profile showed less than a 10 °C increase during
the annealing process, and the single pulse response indicated
that the spike lasted briefly, allowing the sample ample time
to dissipate heat and return to RT before the next pulse
(Fig. 1). Finally, Raman spectroscopy was performed to
assess the structural changes at the molecular level. The
Raman spectra were obtained using a LabRAM Soleil™
Raman Microscope, which is equipped with a 50X micro-
scopic objective lens for high-resolution imaging. For the
Raman analysis, a 532 nm green laser was selected, operating
at an incident power of 3.8 mW. This specific setup,
including the use of an 1800 grmm ™' grating, was chosen
to minimize potential heating effects on the silicon structure
while providing sufficient resolution to detect subtle changes
in the lattice.

Figure 2 represents the I-V characteristic curves for three
distinct states of the Zener diode: pristine, degraded, and after
electropulsing treatment. The pristine diode’s /-V curve
shows the expected behavior for a Zener diode with a sharp
knee indicating the breakdown voltage, at which (14.1 V) a
sharp increase in current is observed. The degradation
process leads to a significant deviation from the pristine
behavior, particularly noticeable as a broadening of the knee
(the curve flattens), and shifts to the left, suggesting a lower
breakdown voltage and potentially increased leakage current
before the breakdown, which are indicative of damage to the
diode structure. The inset provides a focused view of the I-V
characteristic curves near the knee region, from 7 to 14.5 V. It
is evident from the inset that the degraded diode’s breakdown
voltage is significantly reduced to ~8 V. Following the
electropulsing treatment, the curve for the pulsed diode
shows a reversion towards the pristine state’s characteristics,
with a slight deviation in the knee region. The inset image
shows that the breakdown voltage (~13.9V) is sharp again
and close to the pristine value (14.1 V). The similarity
between the post-electropulsing and pristine curves suggests
that the electropulsing treatment has effectively restored
some of the diode’s original electrical characteristics.

We extended our investigation to include the forward bias
mode operation, which is typically less emphasized for Zener

diodes but still critical for a full evaluation of diode
© 2024 The Author(s). Published on behalf of
The Japan Society of Applied Physics by IOP Publishing Ltd
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Fig. 1. (a) Thermal microscope image of diode during annealing;
(b) temperature profile on diode surface and its surroundings; (c) the
schematic of applied pulse (inset) and corresponding temperature rise due to
a single pulse.

functionality. In the forward bias operation, it is observed that
the pristine diode demonstrates the expected linear behavior
after the turn-on voltage (Fig. 3). The forward current at
1.1V of forward voltage is 104 mA. Post-degradation, the

diode exhibits reduced forward current of 45 mA at the same
forward voltage (1.1V), suggesting an increase in series
resistance or damage to the junction. After electropulsing, the
forward current is 92 mA at 1.1 V of forward current, which
revealed a marked restoration of forward current in the
electropulsed diode, approaching the pristine diode’s perfor-
mance. Complementing this, the ideality factor analysis
(Fig. 4) is provided to get further insights into the quality
of the diode’s junction. For an ideal diode, the ideality factor
is 1, but real diodes typically have an ideality factor greater
than 1, due to recombination and generation in the depletion
region, series resistance, and other non-ideal effects.>”

The Shockley diode equation provides a mathematical
model for the IV characteristics of a diode.'**® It states that
the diode current “I” under forward bias is given by

1= Io(e% — 1); where, I, is the reverse saturation current,
q is the charge of an electron, V is the voltage across the
diode, n is the ideality factor, k is the Boltzmann constant,
and T is the absolute temperature. Rearranging this equation
gives the slope of the In(/) versus V curve as ni, which is
inversely proportional to the ideality factor n. For our
analysis, In(l) versus V curves were plotted [Fig. 4(a)], and
the slopes for the pristine, degraded, and pulsed conditions
within linear region were measured as approximately 32.84,
20.17, and 31.97, respectively. These values correspond to
ideality factors of approximately 1.16 for the pristine, 1.92
for the degraded, and 1.20 for the pulsed diode. The
intentional degradation may introduce additional trap states
into the device, which are imperfections in the semiconductor
lattice that capture charge carriers and lead to increased
recombination in the depletion region,'*'® necessitating a
higher forward voltage for the same current and resulting in a
higher ideality factor of 1.92. Conversely, the reduction in the
ideality factor for the pulsed diode to 1.20 suggests that the
electropulsing treatment effectively reduced the recombina-
tion and thus defect density. Furthermore, we extended our
investigation to include the local ideality factor, analyzing the
diode’s behavior over a higher voltage range [Fig. 4(b)]. This
analysis revealed that across every voltage level, the ideality
factor for the degraded diode remained consistently higher
than that of the pristine and pulsed diodes. This confirms that
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I-V characteristic curves of Zener diode in various states of Zener-bias mode; inset provides a detailed comparison within the knee region of
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the degradation process adversely affected the diode across
its operational range, and that the non-conventional RT pulse
treatment was successful in mitigating these effects, not only
at a specific point but across a continuum of operational
conditions.

The Raman spectra of a pristine Si Zener diode and one
subjected to electropulsing treatment are conducted at two
separate spatial locations to assess recovery in crystal

047001-4
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I-V characteristic curves of Zener diode in various states of Forward-bias mode.

quality (Fig. 5). The main graph shows the Raman peaks
are centered around the characteristic silicon phonon mode
near 520 (cm~1).>” In both positions, the intensity of the
pulsed sample is higher than the pristine state. The insets
provide a closer look at the normalized intensity to facilitate
a direct comparison of the full width at half maximum
(FWHM) for the two samples. For the pristine sample, the
FWHM is measured to be 7.455 cm~!, and post-electropul-
sing, we observe a decrease in the FWHM at one position to
5.445 cm~!' [Fig. 5(a)] and at another position to 6.768
cm~! [Fig. 5(b)]. The observed reduction in FWHM in the
pulsed sample corroborates that the electropulsing treatment
has effectively annealed the crystal defects introduced
during the degradation process.*”*" Remarkably, the
FWHM in the pulsed sample is even more narrow than
that of the pristine sample, suggesting that the electropul-
sing not only reversed the damage but may have also
enhanced the crystal quality beyond the initial state.
However, the discrepancy in FWHM between two different
locations on the pulsed sample (5.445 cm~! versus 6.768
cm~!) suggests that the recovery is spatially heterogeneous.
This implies that while the overall trend points toward a
structural recovery, it did not uniformly restore the diode’s
crystal structure across the entire sample. This non-uni-
formity in recovery process might result from the variations
in the distribution of defects within the degraded diode
leading to localized areas where the defect annihilation was
less effective. One limitation in our study is the inability to
provide Raman spectra for the degraded state of the diode
due to the etching requirement for Raman analysis, which
would render the diode unsuitable for subsequent electro-
pulsing. This restriction prevents a direct comparison
between the degraded and recovered states, leaving a gap
in the full understanding of the electropulsing treatment’s
impact on the diode’s microstructure. Despite this, the
Raman analysis offers valuable evidence of the electropul-
sing treatment’s efficacy, albeit with the caveat of spatial
non-uniformity in the recovery process.

In this study, we explored the rejuvenation of a Zener

diode following its degradation due to high electrical stress.
© 2024 The Author(s). Published on behalf of
The Japan Society of Applied Physics by IOP Publishing Ltd
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Fig. 5. Microanalysis using Raman spectroscopy; (a) at spatial location 1, and (b) at spatial location 2; L-1 and L-2 represent two distinct locations on diode
at which Raman spectra have been collected; the left inset shows normalized intensity to compare the FWHM.

The stress resulted in a significant broadening and leftward
shift of the Zener breakdown voltage knee, along with a 57%
decrease in forward current. Utilizing a RT EWF assisted
annealing, characterized by high-density electric pulses with
short pulse widths and low frequencies, we successfully
rejuvenated the diode’s electrical and structural properties.
The treatment restored the breakdown knee and recovered the
forward current to approximately 85% of its original value. In
addition, the ideality factor of the diode, which had increased
significantly due to degradation, showed a substantial im-
provement after the electropulsing treatment, approaching the
levels observed in the pristine diode. This suggests a
successful reduction in defect-related non-ideal behaviors in
the diode. Furthermore, structural analysis through Raman
spectroscopy revealed a decrease in the FWHM, with values
changing from 7.455 cm~! in the pristine state to 5.445 cm™~!
and 6.768 cm~! at two distinct locations in the pulsed sample.
This reduction in FWHM indicates an improvement in the
crystalline structure of the diode, signifying a reduction in
defect density/trap states formed due to the degradation

047001-5

process. However, the spatial variation in FWHM across
the diode highlights the non-uniform nature of the recovery
process. This study demonstrates the potential of electropul-
sing as an efficient, RT alternative to traditional thermal
annealing methods for repairing electrically stressed semi-
conductors.
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