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Abstract: Pulsed-laser testing is an attractive tool for studying space-based radiation effects in
microelectronics because it provides a high degree of spatial resolution and is more cost-effective
than conventional accelerator-based testing. However, quantitatively predicting the effects of
radiation is challenging for this optical method. A new approach to pulsed-laser testing is
presented, which addresses these challenges by using a Bessel beam and carrier generation via
two-photon absorption. By producing a carrier distribution in the device under test that is similar
to that of a heavy ion, this optical approach aims to quantitatively predict the response of the
device under heavy ion tests that represent space radiation. Furthermore, the carrier distribution
can be accurately described using a single analytic expression thereby enabling the laser to be
tuned to emulate a specific heavy ion. Herein, we describe the modifications made to an existing
pulsed-laser setup to generate this carrier distribution, characterize this distribution using a novel
method that provides sub-micron spatial resolution, and provide the equations that describe the
distribution. Finally, we use this method to study a silicon photodiode and find that the transient
response of the device shows strong agreement with the response generated using heavy ions.

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Radiation-induced phenomena, in particular, those referred to as single-event effects (SEEs) [1],
are a significant concern for space-based electronics since they can lead to a loss of information,
functional interruptions or, in the worst case, to a total loss of control of the spacecraft. SEEs
are caused when energetic charged particles pass through the semiconductors and insulators
that make up an integrated circuit (see Fig. 1(a)), liberating electrons from the constituent
atoms and, in turn, potentially disturbing the normal operation of the circuit. The impact of
ionization-induced SEEs has been traditionally assessed via exposure of the device to a heavy-ion
beam or protons generated by a particle accelerator. However, since the introduction of optical
approaches for simulating radiation effects on microelectronics [2], laser-based approaches have
proven particularly well-suited for studying SEEs [3—6]. These pulsed-laser SEE (PL-SEE)
approaches are attractive because they are laboratory-based, cost-effective, and permit carrier
generation into well-defined locations in the device-under-test (DUT). PL-SEE testing that uses
near-IR excitation (wavelengths > 1200 nm) exploits two-photon absorption (2PA) to generate
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carriers following propagation through the back-side of the silicon (Si) wafer (see Fig. 1(a)) [7,8],
thus avoiding optically opaque elements such as the packaging and metal overlayers, which are
ubiquitous in modern microelectronics. Consequently, 2PA-based PL-SEE testing has become
an essential tool owing to its ability to simulate the radiation effects associated with ionization
with good spatial resolution in a cost-effective and timely manner.
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Fig. 1. Depiction of the carrier generation processes in a device or circuit (a). The region
denoted by the dashed line represents the axial region in (b) where the carrier distributions
(CDs) produced by each irradiation source are shown. The CDs are normalized to their
respective peak carrier densities and the differences in the axial (z) and lateral (r) dimensions
should be noted. The arrow denotes the direction of the irradiation from the back of the
substrate to the charge-sensitive region. Since the CD produced by the heavy ion is narrower
and possesses a larger peak carrier density than for the laser excitation, the carrier density is
plotted on a log scale.

A primary goal of SEE testing is to quantitatively predict the effects of energetic particle
radiation on microelectronics and, toward this end, the 2PA-based PL-SEE approach has been
of limited utility. One of the main impediments to reaching this goal center around the 2PA-
generated carrier distribution (CD). Since the CD generated by any excitation mechanism (proton,
a-particle, x-ray, heavy ion, or laser) plays a critical role in determining the response of the
device or circuit, an understanding of the magnitude and shape of this distribution is critical.
Accurately quantifying the 2PA-generated CD is a complex, multidimensional problem. As
depicted in Fig. 1(a), a microscope objective lens (e.g., 0.5 NA, 100x magnification) typically
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is used to generate a micron-sized CD within the charge-sensitive region of the device. This
tight focusing makes characterization of the pulse delivered to the DUT challenging and, given
the quadratic dependence of the CD on the pulse intensity (see Section 3), this characterization
must be accurate. Furthermore, there are difficulties associated with accurately modeling
this generation process in Si (which typically makes up the charge-sensitive region for most
commercial devices), including non-paraxial focusing conditions, complicated changes in beam
shape during propagation, and optical aberrations induced at the surface of the semiconductor.
Significant efforts have been devoted to pulse characterization [9] and numerical modeling [10]
to verify that accurate determination of the 2PA-generated CD is possible [11]. Even with these
advances, the most significant impediment to correlating laser and heavy-ion results remains the
disparate shapes of the CDs generated by the radiation sources, coupled with how these CDs
map onto the structure of the DUT. Since the interaction between the charge-sensitive region of
the DUT and the CD dictates the device response, CDs with very different profiles can produce
responses that are difficult, if not impossible, to correlate. A typical heavy-ion CD possesses an
axial size that can exceed 100 um, with a sub-micron lateral size, and so aspect ratios of >1000:1
are not uncommon. By contrast, a 2PA-generated CD produced with a 100x objective possesses
a lateral size of ~1 pm and an aspect ratio of ~10:1. The drastic differences in the CDs can be
seen in Fig. 1(b). Due to diffraction, any attempt to elongate the laser-generated CD to match
that of a heavy ion comes at the expense of lateral resolution. While recent efforts have shown
progress toward correlating results from these two irradiation sources [12,13], these approaches
are still fundamentally limited by the differences in the carrier generation profiles.

In order to avoid these limitations, and to produce a carrier generation profile that better
mimics that of a heavy ion, we propose the use of quasi-Bessel beams (QBBs) for 2PA-based
PL-SEE testing. Bessel beams are non-diffracting light beams, which are characterized by
a central lobe with an intensity and radius that is propagation invariant [14,15]. In practice,
QBBs are propagation invariant only over a finite distance, but can still achieve micron-sized
beams with aspect ratios that exceed 1000:1 [16]. These characteristics make QBBs attractive
alternatives to traditional Gaussian beams, and have been exploited for many applications
including microfabrication [16,17], nonlinear microscopy [18,19], multiphoton lithography [20],
optical tweezers [21], optical coherence tomography [22,23], and quantum information processing
[24]. These same features suggest that utilizing a QBB could better facilitate comparisons with
heavy-ion testing. Figure 1(a) shows how a QBB can be produced using an axicon, or conical
lens, in a PL-SEE setup. By using near-IR laser light, the QBB generates an elongated CD via
2PA resulting in a profile that more closely resembles that of a heavy ion (see Fig. 1(b)).

In this paper, we investigate the use of a QBB in the context of 2PA-based PL-SEE testing to
determine whether it can be employed to predict the effects of heavy ions in microelectronics.
First, we discuss how the axicon is incorporated into the optical layout for PL-SEE testing to
produce the QBB. Second, we present the analytic equations that describe the 2PA-induced
CD in a simple and intuitive form. Next, we detail a novel approach for directly characterizing
the three-dimensional CD and show that the analytic equations can quantitatively determine
the charge produced in a Si photodiode. Finally, we detail how the transient response of the
photodiode from heavy-ion excitation is reproduced by the QBB by tuning the laser pulse energy
to match the ion’s charge deposition rate. A companion paper [25] discusses the radiation effects
implications of this work in greater detail.

2. Modifications to 2PA-based PL-SEE optical layout

The typical 2PA-based PL-SEE optical layout, shown in Fig. 2, has been described in detail
previously [8,9,13] but will be summarized here to highlight the modifications required to
incorporate the QBB. The optical layout is essentially a microscope designed for reflective
imaging. Imaging is critical to identify the specific element of interest as a DUT may consist
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of several discrete devices (e.g., transistors) or a complicated circuit. This is accomplished by
sending near-IR lamp light through the objective (Mitutoyo, M-Plan-Apo-NIR 100x, 0.5 NA),
which passes through the Si substrate, reflects off the device/circuit or the metal overlayers (see
Fig. 1(a)), and is imaged onto an InGaAs camera. The laser used for generating the 2PA-induced
CD is injected from the side via a beamsplitter situated directly above the objective. For the
traditional setup, the lens and axicon shown in Fig. 2 are not present such that the input laser beam
(wo, beam radius HW 1/e?) typically overfills the back aperture of the objective to produce the
smallest focal spot size and CD. A portion of this beam is reflected and imaged onto the InGaAs
camera, which provides the location of the focused beam on the DUT. The DUT is positioned
using a three-dimensional translation stage to co-locate the element to be tested with respect
to the focused beam. The laser source generates pulses of 7 =99 fs (HW1/e) at a wavelength
of 4=1.26 pm operating at a repetition rate of 1 kHz. The pulse energy delivered to the DUT
typically ranges from 0.1 nJ to 1 nJ. All pulse energies are measured directly before the DUT
and so reflection losses must be applied prior to any simulation. The methods for accurately
characterizing the optical pulse delivered to the DUT are described in [9,11]. Finally, the carriers
generated in the charge-sensitive region of the DUT induce current transients, which are acquired
using a high-speed digital oscilloscope. These transients exhibit amplitudes, widths, and temporal
shapes that are not only unique to the element being tested but the CD as well. Consequently,
these transients can be used for assessing the efficacy of PL-SEE testing in replicating heavy-ion
results, which is the subject of Section 5. By temporally integrating the current transient, one
can obtain the collected charge (CC). This value is important in the context of quantitative
laser-ion correlation. Furthermore, it can be related to the CD and therefore provides a means of
comparing experimental data with the analytic equations describing the CD (see Section 3). This
comparison is investigated in Section 4.2.
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Fig. 2. Optical layout for 2PA-based PL-SEE testing. When the optical elements in
the dashed box are not present, the traditional setup including excitation and imaging is
represented. For the other setup, the incident laser beam and axicon generate the QBB,
which is de-magnified by a telescope consisting of the lens (focal length f7) and objective
(focal length fp). The resulting QBB is used to generate the CD in the DUT.

Axicons are commonly used to produce QBBs since they are inexpensive and provide high
throughput [17,23,26]. The axicon’s conical surface, defined by its base angle («), causes
different portions of the incident beam to interfere along the optical axis giving rise to the QBB.
The angle that the refracted rays make with the optical axis is given by 8 = arcsin(n, sina) — «@
(see Fig. 2), where n, is the refractive index of the axicon. Generating the QBB in a PL-SEE
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setup cannot be accomplished by simply replacing the microscope objective with an axicon
since the imaging capability would be lost. To incorporate the axicon into the setup, a 4-f
geometry is employed (as shown in Fig. 2) where the lens following the axicon (focal length f;)
and the objective (focal length fp) form a telescope with a de-magnification of M = fp/fy. This
geometry relays the QBB formed directly after the axicon to the position of the DUT, which is
situated at the working distance of the objective. A number of benefits come from this layout: (i)
imaging of the DUT is possible, (i7) the initial QBB is de-magnified such that micron-sized beams
can be achieved while avoiding fabrication tolerance issues associated with large base-angle
axicons [17,26], and (iif) simply removing the axicon and lens yields the traditional PL-SEE
layout thus facilitating comparison between the two layouts. The specific geometry employed
in this work consists of an input beam with wg = 1.2 mm, the axicon (Thorlabs, AX255, @ = 5°,
ng, =1.45, B=2.3°), the lens (Thorlabs, LBF254-075, f;, = 75 mm), and the objective (Mitutoyo,
M-Plan-Apo-NIR 20x, 0.5 NA, fo = 10 mm), which gives a de-magnification of M =0.13. The
components were chosen to produce a QBB with suitable lateral and axial dimensions for PL-SEE
testing and to make sure that the ring formed after the lens is not clipped or obstructed by the
back aperture of the objective. The pulse energy and pulse width characterization are performed
in an identical manner to traditional PL-SEE testing [9,11]. Generally, the pulse energies used
for the QBB geometry are 10-20 times larger than for the traditional TPA testing geometry due to
the larger aspect ratio of the CD. Pulse durations are not expected to be modified by the QBB
geometry [27]. Finally, characterization of the spatial distribution of the QBB is described in
Section 4.

The relevant parameters needed to describe the QBB are its lateral radius (Rp) and its axial
length (Lp); the relationship between these parameters and the resulting CD are discussed in
Section 3. For the QBB formed directly after the axicon, Rp and Lg depend only on the refraction
angle S and the input beam radius wg [23]. However, the introduction of the telescope affects
these values as follows [26]: By = B/M and wy = Mwy. Essentially, the telescope creates a
virtual axicon in front of the DUT [17], where the de-magnification results in an increase in the
refraction angle and a decrease in the input beam size. With these modified values, the equations

for Rg and Lg become
2.4048

" Ty tan By o) W
Ly = tan(By /no) @

where the wavevector kg = 2mng/A and ng is the index of Si (assumed to be 3.5 at 1=1.26
pum). The material index is included to account for the reduction in the angle of refraction upon
entering the DUT (depicted in Fig. 1). This reduction also ensures that these equations are valid
since they are obtained under the small angle approximation [26]. WithM = landn = 1,
Egs. (1) and (2) reduce to the well-known formulae describing a QBB directly following an
axicon [23]; for the geometry employed here, these calculations give Rg = 12 um and Lg = 30 mm.
A few dependencies can be gleaned from Egs. (1) and (2). Compared to the QBB after the axicon,
the QBB at the DUT has its Rp value decreased by M and its L value decreased by M>. The
impact of the index of Si is to elongate Lg by ng, whereas the material has no impact on Rp since
the refraction angle change is compensated by the wavevector change. Therefore, the calculated
values inside the DUT for the geometry employed here are Rp = 1.6 um and Lp = 1900 yum.

3. Expression for the 2PA-generated CD using a QBB

The intensity distribution of a QBB resulting from a Gaussian beam incident on an axicon
(as shown in Fig. 2) has been reported previously [17,23,26]. Equation (3) reproduces this
spatiotemporal distribution with modifications to make its interpretation clearer for the current
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pulse energy delivered to the charge-sensitive region of the DUT after accounting for Fresnel
reflections off any intervening surfaces. The constant, C; = %E, is introduced to normalize the
rest of the expression. Equation (3) reveals a beam whose radial dependence is governed by a
zeroth-order Bessel function (Jo) while its axial dependence is governed primarily by a Gaussian
function [17,26]. A Gaussian temporal pulse shape is assumed. While this distribution describes
a QBB produced directly after an axicon, the QBB within the DUT can be determined using the
values of Rp and Lp from Egs. (1) and (2), respectively. In order to verify that Eq. (3) accurately
predicts the QBB within the DUT, the focusing of the light through the optical elements shown
in Fig. 2 was modeled using optical simulation software (FRED, [28]) and the resulting intensity
distribution showed near quantitative agreement with the analytic expression.

Under sufficiently strong intensities, a distribution of carriers, denoted as N(r, z, f), can be

generated via 2PA. The carrier generation rate is given by [8]

Here, Iy = represents the peak intensity (i.e., Iy = I(r = 0,z = 0,7 = 0)) where E is the

dN(r,z,1) _ 1 Bol(r,z,1)°
d 2 (he/d)

(4)

where £ is Planck’s constant, c is the speed of light, and 3, is the 2PA coeficient (the value of 3,
for Si at A =1.26 um is taken to be 1.1x10~ " m/W [29]). Integrating Eq. (4) over all time results
in the CD. For traditional 2PA PL-SEE testing, determining the CD requires the use of numerical
calculations to account for the tight focusing of the laser beam [10]. Conversely, by using a
non-diffracting QBB, these complications can be avoided. The expression for the 2PA-induced
CD generated by a QBB is determined by simply substituting Eq. (3) in Eq. (4) and integrating
over all time:

z+Ly /2

2
CD(r.2) = CDy - Cy - (z + Ly 2 - e (78°) T (2.4048RL) . (5)
B

Here, CDy = \/g i‘iizzii is the peak carrier density (i.e., CDy = CD(r = 0,z = 0)) and C; = %
is the normalization constant. As expected, the CD profile is very similar to the intensity profile
of the QBB when accounting for the expected quadratic-dependence on intensity for a 2PA
process.

Figure 3 plots the axial and radial dependencies of the 2PA-generated CD in Si from Eq. (5).
The input parameters listed in the figure caption are identical to those used in Section 4 where
the CD is experimentally characterized. Figure 3(a) shows the peak axial dependence, i.e.,
CD(r = 0, z), with Lg = 1500 um. The length over which the carrier density remains within 10%
of CDy is given as L¢. This can be considered an effective depth of field [26] and is a relevant
parameter in the context of emulating a heavy-ion CD [25]. Figure 3(b) shows the peak radial
dependence, i.e., CD(r, z = 0), with Rg =2 um. As a consequence of the quadratic dependence
of the CD on intensity, the amplitudes of the first lobes are < 3% of CDy. This ensures that the
CD resulting from the QBB is essentially confined to the central peak and thus comparable to a
heavy-ion CD. Finally, in addition to the values of Lg and Rp, the axial and radial FWHM values
(wz and wg, respectively) are also indicated on the plots since they provide a more intuitive
measure of the distribution sizes [25].

Beam depletion due to 2PA depends on the intensity of the beam and the path length being
traversed [30]. Generally, in 2PA-based PL-SEE testing, the beam must pass through the Si
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Fig. 3. Peak axial (a) and radial (b) profiles of the 2PA-generated CD in Si according to
Eq. (5). The input parameters for the calculations are as follows: E=5.8 nJ, 7=99 fs,
A=1.26 um, ng=3.5, B = 1.1x10~'! m/W, Lg = 1500 um, Rg =2 pum.

wafer (see Fig. 1), which is typically several hundreds of microns, and so beam depletion due to
2PA may be significant. Fortunately, the near-constant intensity of the QBB and the position
of the charge-sensitive region implies that well-known equations for the transmittance loss (77)
for a collimated beam [30] can be used. This factor can then be applied to the pulse energy E
in Eq. (3) or Eq. (5) to account for the beam depletion. The depletion equation for a Gaussian
pulse-shape and Gaussian beam-shape [30] would be most appropriate here (the central peak in
Fig. 3(b) can be well-described by a Gaussian beam). However, inclusion of the pulse-shape
results in a non-analytic expression and so, alternatively, the following equation is used:

_ In(1 +0.63 go)

L7063 ¢ ©)

where g9 = fS2loL, and L is the optical pathlength. Equation (6) is the same as the depletion
equation for a CW, Gaussian beam [30] with a pre-factor of 0.63 included in front of gy. As
shown in Fig. 4, modification of this simple expression yields very good agreement with the
non-analytic expression for a Gaussian pulse. The value of gg determines whether accounting for
beam depletion is necessary (e.g., go < 0.2 results in 77, > 94%). For the calculations shown in
Fig. 3 the peak intensity is o =4.7x10'* W/m?; assuming a wafer thickness of L =400 um, a
value of 77, = 63% is found (go =2.1). Given the quadratic-dependence of the CD on pulse energy,
this would result in a 2.5% reduction in the CDy calculated in the absence of beam depletion.
Clearly, depletion plays a large role in this case but, in other cases, it can prove to be negligible;
the photodiode discussed in Section 4.2 is one such example.
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Fig. 4. Beam depletion due to 2PA calculated using a non-analytic expression [30] and the
analytic expression given by Eq. (6).

4. Characterizing the CD and determining the generated charge

Accurately characterizing the three-dimensional CD generated by the QBB is critical for
performing any quantitative analyses. Previous methods for characterizing the 2PA-generated
CD include using microspheres (responsive to two-photon-induced fluorescence) to spatially
sample the CD [19,26] and employing a Si CCD camera (responsive to two-photon-induced
charge carriers) to profile the CD at different axial positions [17]. The approach taken here is
to utilize devices, typical of those measured by PL-SEE testing, to characterize the CD. Such
an approach requires no modification of the optical geometry, enables probing of the CD with
high spatial resolution, and provides a means of comparing experimental data directly to the
analytic expressions described in Section 3. Figure 5 illustrates how this comparison is made.
A device under PL-SEE testing typically generates a current transient (acquired as a voltage
transient on an oscilloscope) and temporal integration of this transient gives the CC. This value is
related, through a collection efficiency (CE), to the amount of charge generated (Qsy) within the
sensitive volume (SV) of the device (see Fig. 1). Qgy is related to the CD through a simple spatial
integration over the SV. Importantly, if the SV is much smaller than the CD, Qgsy effectively
samples the CD. This implies that the experimental observable, the CC, can be directly related
to the analytic equations describing the CD. To sample the entire charge profile, CC values are
acquired while the device is scanned across the CD. Therefore, axial and lateral CC scans can be
fit to extract Lg and Rp, respectively, using Eq. (5).

4.1. Field effect transistor

The first device used to characterize the CD was a 45-nm n-type silicon-on-insulator (SOI) field
effect transistor (FET). The details of this device are described elsewhere [25] but the critical
characteristic of the FET is its very small SV. In the lateral dimension, the sensitive area is defined
by the gate area and is < 0.05 um?, significantly smaller than the CD. In the axial dimension, the
sensitive depth (zsy) is defined by the active layer, which is 80 nm; this ensures that the CD is
sampled at a well-defined axial position. Accordingly, the experiments involved acquiring 50
drain transients per spatial position (for averaging purposes) as the FET was scanned across the
QBB. The averaged CC values were found to be noisy due to the short transient durations (<
200 ps). Alternatively, the averaged transient peak amplitudes were significantly quieter and
therefore used for characterization. Since the transient shapes were found to be constant, the peak
amplitudes should be proportional to the CC values and therefore reasonable for characterizing
the CD.
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Fig. 5. Depiction of how transients measured during PL-SEE testing can be related to
simulations of the 2PA-generated CD.

Lateral scans of the FET are shown in Fig. 6(a) for different axial positions. The scans are
globally fit using the radial dependence of the CD (shown in Fig. 3(b)). The common width
for all scans was found to be Rg=2.0um (wg =1.4 um). The good fits to the data and the
constant width for different axial positions are both consistent with a QBB. The inset to Fig. 6(a)
shows a 2-D raster (XY) scan of the FET, essentially extending the lateral scans to both spatial
dimensions. This scan reveals a symmetric CD, as expected given the symmetry of the input
beam. Although not shown here, scans over an extended lateral range did not reveal evidence
of the first lobes shown in Fig. 3(b). Since these lobes should have amplitudes of ~3% of the
amplitude of the main lobe, their presence is likely buried in the noise of the experiment. Fitting
with the axial dependence of the CD (shown in Fig. 3(a)) should also be possible by performing
an axial scan, or Z-scan, with the FET positioned at X =0 pm, Y =0 pm. When performing a
Z-scan, the axial position of the DUT is multiplied by ng to account for the index modification
of the focal position when inside Si. The Z-scan shown in Fig. 6(b) is fit reasonably-well with
the axial dependence of the CD and reproduces the asymmetry in the scan (movement in the
positive Z direction translates the DUT away from the objective). However, the extracted value of
Lp =870 um (wz = 500 um) is narrower than the axial profile shown in Fig. 3(a). This arises from
difficulties in precisely aligning the micron sized QBB with the FET over several millimeters of
stage movement, resulting in an artificial narrowing of the Z-scan. To address this, a large area,
Si photodiode was utilized extract the axial dependence of the CD, as described below.

4.2. Si photodiode

The second device used for characterization is a large area, bulk, Si photodiode (Centronic
OSD15-5T). The device has been tested extensively using both laser and heavy-ion excitation
[12,31] and details of the device structure and testing conditions are described in [25]. For the
current study, the photodiode possesses a very large sensitive area (> 14 mm?). Consequently,
while the lateral sampling resolution afforded by the FET is lost, the device is also insensitive to
the lateral position of the QBB such that axial characterization can be performed more accurately.
The value of the zgy for the photodiode is 79 pm [25]; while this is significantly larger than for
the FET, it is much smaller than the axial extent of the QBB and therefore appropriate for axial
characterization. Z-scans for the photodiode (CC versus axial DUT position) are shown in Fig. 7
for two different pulse energies. The two curves show the expected quadratic dependence on
pulse energy as determined for the CD in Eq. (5). Qualitatively, the scans look very similar to
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Fig. 6. Lateral (a) and axial (b) scans of the FET across the QBB. Icons represent
experimental data of peak transient amplitude and the different curves in (a) are taken at
different axial positions. Solid lines represent fittings of the data to the analytic expression
for the CD given by Eq. (5). Extracted values are Lg = 870 um and Rp =2 pum. The inset to
(a) is an XY raster scan of the QBB. The pulse energy measured before the DUT was 3.4 nJ.

the FET data in Fig. 6(b) but the value extracted from fitting with the CD axial dependence is
considerably larger: Lg = 1500 um (wz = 870 um). The effective depth of field described above,
or Lc =300 um, is equivalent to the region where the CC amplitudes are roughly constant in
Fig. 7. Accurate spatial characterization of the QBB using the two devices results in values of
Rp=2pm and Lg = 1500 pm. These values agree reasonably well (+ 20%) with those estimated
in Section 2 using only the input beam and the optical geometry.

With knowledge of the spatial characteristics of the QBB, quantitatively determining the
2PA-generated CD and, by extension, Qsy, should be possible. In order to compare with
experimental CC results, the collection efficiency (CE) must be known (see Fig. 5). For the
photodiode discussed above, the CE has been shown to be 100% within the SV [12]; so, this
device is ideal for determining whether the analytic expression for the CD can quantitatively
predict experimental results. Qgy is evaluated by integrating Eq. (5) over the SV of the photodiode.
The axial integration limit is given by zsy = 79 um while the radial integration limit was chosen
to be rsy = 6XRp to account for the finite power carried in a QBB [32]. Using these integration
limits and the parameters listed in Fig. 3, the value of Qgy can be determined using Eq. (5). Two
final points are important regarding the photodiode’s impact on the value of the pulse energy (E).
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Fig. 7. Axial scans of the photodiode across the QBB for two different pulse energies.
Icons represent experimental data of CC while solid lines represent fittings of the data to the
analytic expression for the CD given by Eq. (5). The extracted value of Lg is 1500 um. The
pulse energies were measured before the DUT.

This device is studied via top-side excitation such that the beam does not pass through the Si
substrate. Consequently, there is no need to account for beam depletion using Eq. (6). Also, the
surface of the photodiode possesses a modest anti-reflection coating yielding reflection losses of
26% [12], which must be accounted for when determining E.

Figure 8 plots charge-collection data from the photodiode as a function of incident pulse energy.
The pulse energy was varied using a waveplate-polarizer attenuator and the resulting transients
were acquired and integrated to generate the CC values. For comparison, the values of Qsy were
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Fig. 8. Energy dependence of the CC data from the photodiode for QBBs with two different
values of Lp. The calculated Qgy values are determined from Eq. (5) and the shaded region
denotes the error bars (+/- 26%) associated with the calculation. The pulse energies were
measured before the DUT. The transients associated with the data points highlighted in light
blue are used for comparison with heavy ion transients in Section 5.
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calculated for these energies using Eq. (5). Errors in the calculated Qsy values were estimated to
be + 26% based on uncertainties in the input parameters. There is strong quantitative agreement
between the experimental data and the calculated values. It should be reiterated that the Qgv
values are derived from a simple analytic expression using only measured parameters (i.e., no
free-fitting parameters). While experiment/simulation agreement has been shown previously
for traditional 2PA-based PL-SEE testing [11], the numerical simulations required for those are
complicated owing to the non-paraxial focusing geometry. The diffraction-less QBB dramatically
simplifies this calculation. Equation (5) is therefore capable of estimating the carriers generated
by a QBB using 2PA, which could be useful in other applications such as determining the
distribution of fluorophores for multiphoton microscopy [18,19], photoinitiator concentration for
multiphoton lithography [20], or excited species for laser micromachining [16,17]. To the best of
our knowledge, quantitative prediction of the QBB-generated CD has not been reported, likely
because a proper vehicle for experimentally measuring it was not available. To further test the
predictability of the analytic expression, the axial extent of the QBB was modified to a value of
Lp =2400 um by changing the input beam to the axicon to wy =2.0 mm. The energy-dependent
CC data are shown in Fig. 8 along with the calculated Qgy values and the agreement between the
experiment and simulation remains strong. Furthermore, from Eq. (5) it follows that Qgy o L%,
and this is reflected in the data sets shown in Fig. 8, i.e., a reduction in Lp by a factor of 1.6 gives
an ~2.6X reduction in the CC.

5. Comparison of transients generated by a QBB and heavy ion

The ability to quantitatively calculate Qgy for the photodiode makes it an ideal candidate for
correlating laser data with heavy-ion data. Traditional 2PA-based PL-SEE testing on this device
has shown some success in predicting heavy-ion results [12]. By ensuring that the values of
Qsy are equivalent for the two mechanisms, laser testing was able to accurately predict the CC
generated by heavy-ion excitation. While predicting the CC (or the integral of the transient) is
valuable, predicting the magnitude and shape of the transient is a critical goal in SEE testing.
Using the traditional 2PA approach in [12], it was not possible to correlate transients produced
by the two mechanisms. This is due to stark differences in the CDs produced by the two sources
(see Fig. 1), which leads to different physical processes contributing to the transient [25].

In contrast, the similarity of the CDs produced by the QBB and the heavy ion should improve
this correlation. Accordingly, heavy-ion testing was performed on the Si photodiode at Lawrence
Berkeley National Laboratory and the details of these experiments are given in [25]. A heavy
ion is generally described by a parameter known as its linear energy transfer (LET), or the rate
at which it loses its energy as it passes through a material. Since this energy loss translates
directly to the generation of charge, the LET can be expressed as a charge deposition rate in units
of pC/um. Figure 9 shows the photodiode transients produced by an argon ion and a krypton
ion, which possess roughly constant LET values of 0.1 pC/um and 0.32 pC/um, respectively. In
order to compare these data with QBB data, the laser-induced transients with equivalent charge
deposition rates were selected from among the data shown in Fig. 8 (see highlighted points).
Since deposited charge is essentially constant within the SV of the photodiode, the deposition
rates are given by Qgy/zsy. For each heavy-ion transient, the respective QBB-generated transient
shows strong agreement in terms of peak amplitude, shape and duration. By extension, this
also implies that the CC values are highly correlated for the two mechanisms. Importantly,
since Qsv depends on the laser pulse energy, the charge deposition rate can be easily adjusted
to match an LET associated with a specific heavy ion. Using this procedure, strong laser-ion
correlation is achieved for transients generated by additional heavy ions [25]. Since transients
exhibit complicated shapes unique to a device and CD, this agreement suggests that the QBB
can emulate a heavy-ion response and therefore shows promise for predicting SEEs. It should
be noted that the traditional 2PA approach has been used to successfully correlate laser and
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heavy-ion transients in heterojunction bipolar transistors [13]. However, this correlation was
achieved by using a weaker focusing geometry (i.e., 20x objective versus 100x objective), which
led to an axially elongated CD, but at the expense of lateral resolution. Since Lp and Rp can
essentially be independently tuned, the QBB does not suffer from this restriction.
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Fig. 9. Transients from the photodiode produced by the QBB and by a heavy ion. The
charge deposition rates for the two excitation sources are matched in each figure.: 0.1 pC/um
(a) and 0.32 pC/um (b). For the heavy-ion transients, the solid line represents the average of
the measurements and the shaded region reveals the standard deviation. The insets reproduce
the plots on a log-log scale to highlight the response at longer times.

6. Summary and conclusions

This work demonstrates that, by incorporating a QBB into a 2PA-based PL-SEE testing system,
accurate prediction of SEE in a photodiode device is possible. This results not only from the
heavy-ion-like CD created by the QBB, but also from a more simplified method for quantitatively
determining the charge deposition. The QBB was generated in an existing PL-SEE setup through
the introduction of just two elements: an axicon and a lens. Using devices typically measured by
PL-SEE testing, i.e., a 45-nm n-type SOI FET and a Si photodiode, the CD produced by the QBB
was characterized with high spatial resolution revealing a charge profile similar to that of a heavy
ion. Furthermore, the 2PA-generated CD can be described using a single analytic expression,
which, despite its simplicity, is found to accurately estimate the 2PA-generated carriers based on
its agreement with experimental charge-collection data. This ability to accurately determine the
charge deposition permits a comparison of photodiode current transients produced by both the
laser and by heavy ions under comparable conditions. For the photodiode, the transients from the
two excitation mechanisms are found to be essentially identical, to within experimental error,
representing a significant improvement over traditional 2PA-based laser testing for which such
agreement generally is not possible. The ramification of this correlation is that, for this device, it
is possible to predict the device response from heavy-ion excitation using a laser with its pulse
energy tuned to the proper charge deposition rate. This novel approach retains all the benefits
of traditional 2PA-based PL-SEE testing, but also may have utility as a predictive tool, which
could substantially reduce the need for costly accelerator-based testing. Current investigations
are aimed at expanding these efforts to study a wider range of device technologies to evaluate the
predictive capability of this QBB approach.
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