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Abstract—The single-event-transient response of InGaAs
FinFETs with different fin widths is examined using pulsed-laser
and heavy-ion irradiation. Devices with wider fins collect more
charge in both environments. Quantum-well structures confine
charge collection in the channel, and determine the sensitive
volume. Simulations show that the charge density produced by
irradiation is similar for devices with different fin widths, but
more charge is collected by wider fin devices due to the larger
channel volume. Charge accumulated in the buffer and substrate
layers modulates the body potential, altering the degree of back-
gate control, leading to additional effects associated with charge
accumulation in wider fin devices. Optical simulations for a model
system suggest that optical phenomena in the fins should be
considered for laser testing. These include optical interference,
plasmonic enhancement at the metal-dielectric interfaces, and
enhanced electron-hole pair recombination due to multiple reflec-
tions in multigate devices with nanoscale dimensions.

Index Terms— Charge collection, fin width, FinFETs, heavy
ion, InGaAs, pulsed laser, scaling effects, single-event tran-
sient (SET), technology computer-aided design (TCAD).

I. INTRODUCTION

NCORPORATION of compound semiconductors is a

promising candidate to address scaling challenges beyond
the 7-nm node due to their outstanding electron transport
properties [1]. Their high electron mobility and high-frequency
response make these devices an ideal option for many space
applications [1]-[3]. A significant amount of research focuses
on single-event effects (SEE) in these devices [2]-[8]. Most
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of these works consider III-V planar MESFETs and HEMTs.
Only limited work describing the SEE response of III-V
FinFETs has been reported. InGaAs and Ge complemen-
tary FinFET technology is promising for the next-generation
NMOS/PMOS FETs. Recent work suggests that SEE in cir-
cuits built in this technology is likely to be dominated by ion
strikes on the InGaAs FinFET [9].

Fin geometry is optimized for device electrical performance
and manufacturability of a given process. Dimensions can
scale as process generations scale, and vary among man-
ufacturers and even within a single process [1]. From the
22-nm technology node to the 10-nm technology node, fin
height increases while fin width decreases [10]. The gate
length dependence of single-event transient (SET) response
of InGaAs FinFETs has been evaluation by Ni et al. [11]
using a high-speed pulsed-laser system. The peak drain current
was found to increase as the gate length decreased, which
suggests that parasitic bipolar action is fully suppressed in
longer channel devices [11]. In this paper, we have evaluated
the impact of fin width on the SET response of InGaAs
FinFETs via pulsed-laser and heavy-ion irradiation. Over all,
the trends observed in pulsed-laser irradiation are consistent
with those of heavy-ion irradiation. However, there are a few
differences. In both situations, devices with wider fins collect
more charge, due to their greater sensitive volumes. Charge
accumulated in the buffer and substrate modulates the body
potential, leading to additional charge collection in wider fin
devices. Finite-difference time-domain (FDTD) simulations
for a model system carried out using Lumerical [12] show
that optical intensity is modulated inside narrow fins during
laser irradiation. As technology scales, this optical modulation
is important to consider.

II. DEVICE STRUCTURE AND EXPERIMENTAL SETUP

The device under test is a double-gate InGaAs FinFET [13].
A 3-D qualitative view of the device is shown in Fig. 1(c);
layers are not drawn to scale. Details of the fin structure
are shown in Fig. 1(a). Fig. 1(b) shows a cross-sectional
diagram along the fin width direction of a single fin structure.
There are 11 fins in parallel for each device, with 0.8-um
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InAlAs

Fig. 1. (a) 3-D qualitative representation of the fin structure of the InGaAs
double-gate FinFETSs. (b) Cross section along the fin width direction. (c) 3-D
schematic of 11 fin InGaAs double-gate FinFETs. Gate (G), drain (D), and
source (S) are labeled on the diagram (not drawn to scale).
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Fig. 2. Band diagrams cut through the fin structure along the (a) fin width

direction and (b) fin height direction.

pitch between fins. The height of each fin is 220 nm, with a
40-nm-thick Ings3Gap 47As channel layer, and the gate length
is 100 nm for all devices reported here. Under the channel,
a 0.4-um Ing 50Alp.48As buffer layer is grown on a 600-um
semi-insulating InP substrate. The 40 nm of SiO; serves as
a hard mask, which electrostatically decouples the top gate
from the channel. As a result, devices are only controlled
by the two side gates. A 5-nm Al,O3 gate dielectric is
deposited by atomic layer deposition. A silicon delta doping
layer 5 nm below the channel is used to enhance channel
electron density. The detailed fabrication process is described
in [14]. Fig. 2(a) and (b) shows the energy band diagrams in
the fin width and fin height directions, respectively.

Devices with different fin widths were tested with both
pulsed-laser and heavy-ion irradiations. A tunable wavelength
laser system and high-resolution transient capture system
are used for laser testing [11]. The experimental setup for
heavy-ion irradiation is described in [8]. The pulsed-laser
testing experiments were performed at Vanderbilt University.

297

TABLE I
CHARGE GENERATION MECHANISM FOR 1260-nm LASER

Photon absorption

Material Band gap (eV) mechanism
Ing 53Gag 47As 0.75 SPA/TPA
Ing.52Alp.asAs 1.46 TPA
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Fig. 3. SET captured during TPA testing for an InGaAs FinFET.
Lg =100 nm and Wy = 40 nm. Initial results were obtained with a pulsed-
laser system with tunable wavelength [11]; this paper extends the experiments
and analysis.

The heavy-ion experiments were performed with the 88-in
cyclotron at Lawrence Berkeley National Laboratory (LBNL).
This paper significantly extends the initial results on InGaAs
FinFETs by Ni et al. [11].

III. EXPERIMENTAL RESULTS AND DISCUSSION
A. Pulsed-Laser-Induced Charge Generation

The pulsed-laser wavelength used in the experiment is
1260 nm, corresponding to a photon energy of 0.98 eV, which
is above the band gap of Ings53Gag47As. Table I lists the
charge generation mechanisms in the materials used in the
devices. Both two-photon absorption (TPA) and single-photon
absorption (SPA) mechanisms contribute to charge generation
in the InGaAs channel, while only TPA contributes to charge
generation in the InAlAs and InP layers [11].

Fig. 3 shows a typical laser-induced transient for a pulse
delivered to the center of a device with fin width of 40 nm
under a bias condition of Vp = 0.5V, V¢ = 0 V, and
Ve = Vi, where Vy, is the threshold voltage of the devices
with initial value in the range of —0.1 0.1 V. The spot size
of the incident Gaussian beam is approximately 1.2 um, as
determined via a typical knife-edge measurement at the beam
waist [15]. The maximum peak current is achieved when the
center (maximum intensity) of the laser spot is located on the
fin. The radius of the spot (0.6 wm) is smaller than that of
the fin pitch (0.8 xm), which localizes the irradiation on a
single fin. Transient signals are recorded mainly on the drain
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Fig. 4. (a) Peak drain current and (b) drain collected charge along a line
scan for InGaAs FinFETs of different fin widths during TPA testing.

and source; the peak gate current is negligible. This occurs
because, across the fin width direction, the InGaAs channel
and Al,O3 gate dielectric form a deep type-I quantum-well.
Along the fin height direction, the InGaAs channel, InAlAs
buffer, and SiO, also form a type-I quantum-well, as shown
in Fig. 2(a) and (b). Thus, carriers generated by irradiation are
confined in the channel layer once they have been collected.
This makes the channel layer critical to the charge collection.
The transients on drain and source are symmetric for various
strike locations, which suggests the transient current comes
mainly from channel collection. There is a tail (compared
with the prompt peak current) on the transient signal, which is
consistent with previous work on planar III-V MOSFETs [8]
and FinFETs [11]. The tail current in Fig. 2 is mainly caused
by charge collection from the substrate. Charge generated
more deeply within the substrate leads to a longer time for
carriers to transport into the channel [11]. This response differs
significantly from bulk Si FinFETs, where no tail current
is observed within the transient signal [16]. This is because
most deposited charge in the substrate of a Si bulk FinFET
is collected by the substrate contact through the conductive
substrate, instead of the source or drain. All peak drain currents
in this paper are reported as absolute values. For both laser
and heavy-ion tests, the total collected charge is based on
integration of current versus time beginning and ending at 10%
of the peak value.

Fig. 4(a) and (b) shows peak drain current and collected
charge along a line scan from source to drain for devices with
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Fig. 5. Drain current transients for InGaAs FinFETs of different fin widths
during TPA testing. (Peak drain current is taken as absolute value.) The laser
strike is at the center of the gate.
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Fig. 6. Peak drain current along a line scan at different drain biases during
TPA testing. Wy =40 nm and Lg = 100 nm.

different fin widths. There is some spatial asymmetry; the peak
drain current is higher when the laser is on the drain side, due
to the higher electric field on the drain side. Both the peak
drain currents and collected charge for narrower fin devices
(Wy = 20 nm) are much smaller compared with wider fin
devices (Wy = 30 and 40 nm).

A comparison of drain current transients for devices with
different fin widths is shown in Fig. 5. For the 20-nm fin width
device, peak currents are much smaller than for 30- or 40-nm
fin widths. The tails of the transients overlap for all three
devices, because all devices have the same substrate material
and geometry, leading to similar charge collection from the
substrate in all cases. Charge collection of the charge injected
in the channel produces the prompt increase in current [11].
Even though all transients have similar tails, the integrated
collected charge is much smaller for the 20-nm devices due
to the lower peak current.

The peak drain current along a line scan at different drain
biases is shown in Fig. 6. Higher drain bias produces a stronger
electric field, resulting in higher peak drain current. When the
drain and source are biased at the same potential, the electric
field along the channel is a minimum. The peak drain current
is much lower when the source and drain are tied together.
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TABLE II

IoNs THAT COMPRISE THE LBNL 10 MeV/u COCKTAIL
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Fig. 7. SET captured during heavy-ion testing for an InGaAs FinFET.

Lg =100 nm and Wy = 40 nm.

This is consistent with previous studies in InGaAs Fin-
FETs [11], and differs significantly from Si and SiGe FinFETs,
for which larger charge collection occurs typically at the S/D
junctions [16]-[18]. Hence, the detailed nature of the gate
materials and/or presence or absence of quantum well struc-
tures can fundamentally alter the charge collection in FinFETs
based on compound semiconductor materials, causing parasitic
bipolar effects [11].

B. Heavy-lon-Induced Charge Generation

The heavy ions used in this experiment are Xeon, Krypton,
Argon, and Neon. Table II lists the linear energy transfer (LET)
in Ing 53Gag 47As and energy of these ions.

Fig. 7 shows typical heavy-ion-induced transients for a
device with fin width of 40-nm biased at Vp = 0.5V,
Vs =0V, and Vg = Vi,. The peak current produced by the
40-MeV-cm?/mg Xe ion is similar to that measured in previous
studies [8] of heavy-ion-induced charge collection in planar
InGaAs MOSFETs irradiated with 14.3-MeV oxygen ions,
which has a lower LET of 3.9 MeV-cm?/mg in Ing 53Gag 47As.
This suggests that planar InGaAs MOSFETs are more sensitive
to SET than FinFETs due to the larger sensitive volumes for
planar devices.

The heavy-ion-induced transient currents in Fig. 7 are much
smaller than the laser-induced transients in Figs. 3 and 5
because the laser pulse energy used generates a larger amount
of charge in and near the sensitive volume than that generated
by these particular ions. There is asymmetry on the drain and
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Fig. 8. Collected charge and peak drain current during Xe irradiation for
devices with (a) different fin widths and (b) drain biases. Each data point is
averaged from 50 transient events.

source transient signals, where the peak drain current shows a
delay, compared with the peak source current. In contrast, there
is no delay in the pulsed-laser-induced SET. This is mainly
due to the limited oscilloscope temporal resolution (50 ps)
for the heavy ion tests rather than any device-level effects. In
Fig. 7, a single data point is recorded on the rising edge, which
may miss the real peak value. All laser tests are done with an
oscilloscope with time resolution of 12.5 ps, which is capable
of more precise peak current measurement than that of the
oscilloscope available for the remote-site heavy-ion testing.
The time delay is also likely affected by the signal paths
being slightly different, caused by variation in cable length
and feedthroughs.

Fig. 8(a) shows collected charge versus peak drain current
for 10-MeV/u Xenon ion irradiation of devices with different
fin widths. Each data point is averaged from 50 transient
events. The 20-nm fin width device shows much less charge
collection than the 30- and 40-nm fin width devices, consistent
with the pulsed-laser results. The peak current is independent
of fin width, which is different from the pulsed-laser results.
This result is most likely caused by differences between
spatial and temporal charge distributions generated by pulsed-
laser and heavy-ion irradiation. For example, in pulsed-laser
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testing, a large amount of charge is generated at the focal
point. In heavy-ion testing, much less charge is generated
in surrounding regions of the device. Moreover, the optical
phenomena discussed in Section V for laser irradiation do
not apply in ion testing. Fig. 8(b) shows collected charge and
peak drain current for a 40-nm device at different drain biases.
Higher drain bias leads to higher peak drain current. There is
no transient observed if the drain and source are biased at the
same potential.

The SET cross section has been calculated in the usual way

N
o= o
where o is the SET cross section, N is the number of transients
observed, ¢ is the ion flux, and 7 is the observation time.

Fig. 9 shows the SET cross section for devices under
10-MeV/u Xenon irradiation. The minimum detectable event
was 40-uA peak current for all tests. Each cross-sectional
result is averaged from two tests. The SET cross section shows
a strong dependence on fin width. Narrow fin devices show
smaller cross sections compared with wider fin devices.

By irradiating devices with various ions, LET effects on
charge collection are investigated. Fig. 10(a) shows the peak
drain current and collected charge for a 40-nm fin width
device irradiated with ions of different LETs. As expected,
more charge is collected for particles with higher LETs,
and thus higher peak currents. Fig 10(b) shows the SET
cross section for a 40-nm fin width device irradiated with
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Fig. 10. (a) Collected charge, peak drain current, and (b) SET cross
section for a 40-nm device with heavy-ion irradiation at different LETs
in Ing 53Gag 47As.

different ions. The SET cross section increases as LET
increases, and no saturation cross section is observed. This
response is not surprising because the area of the devices
(1.8 x 1077 cm?) is larger than that of the observed cross
sections.

IV. TCAD SIMULATIONS

A. Geometric Effect

The 3-D technology computer-aided design (TCAD) simu-
lations were performed with Sentaurus to investigate charge
collection mechanisms for both pulsed-laser and heavy-ion
irradiation [19]. The simulated devices have gate lengths of
100 nm, with different fin widths. Only single fin structures
were simulated, which is sufficient to understand the trends
in charge collection. The deposited charge in the simulations
was 75 fC/um over a distance of 8 xm, which is qualitatively
similar to that produced by pulsed-laser irradiation. The char-
acteristic width of the Gaussian distribution is 50 nm. (Fin
spacing is much larger than this value.) Charge was injected
from the top of the gate to the substrate, centered at the middle
of the channel. The Gaussian temporal distribution was cen-
tered at 1 ns with a characteristic time of 2 ps. For simplicity,
optical absorption (only present in the 40-nm Ing 53Gag47As
layer) was neglected in these TCAD simulations.
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Fig. 11. (a) Drain current transients for InGaAs FinFETs of different fin
widths from TCAD simulation. (b) Conduction band energy evolution along
the channel after charge deposition.

Fig. 11(a) shows simulated drain transient currents for
devices at a gate bias of —0.6 V. The wider fin devices
show both higher peak current and larger charge collection.
Fig. 11(b) shows how the potential along the channel, rep-
resented by the conduction band energy, evolves after the
charge is deposited. At 1 ns, as the charge is deposited, the
barrier from the source to drain has dropped significantly due
to hole accumulation at the source side, corresponding to the
rising edge at 1 ns in Fig. 11(a). After about 5 ns, the barrier
recovers to the initial value, which makes the transient current
disappear, as shown in Fig. 11(a). These results are consistent
with the pulsed-laser results, where reduced peak current and
charge are observed for the narrowest fin device. These results
also are qualitatively consistent with trends observed in SEE
tests on Intel’s 14-nm second-generation tri-gate technology,
in which the soft error rate improvements for narrower fin
technology were also primarily attributed to reduced charge
collection due to smaller collection volumes [20].

B. Channel Modulation by the Substrate

The generated charge may accumulate underneath the chan-
nel during the transient, acting as a back gate and modulating
the channel. The electrostatics of the effect are similar to
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what has been examined for total-ionizing-dose effects in
FinFETs, which show that the modulation of channel potential
by charge beneath the fin is stronger for wider fin devices.
Narrow fin devices have better control from the two side
gates [21]-[23].

Fig. 12(a) shows a TCAD simulation on 20-nm fin-width
devices with different amounts of charge in the silicon delta
doping (red) region underneath the channel. As the charge
density beneath the fin increases from 2 x 10/cm? to
2 x 10?!/cm3, the electron density in the channel is strongly
affected. For wider fin devices, the charge acts as a back gate,
modulating the charge density in the channel. Narrower fin
devices are less affected by the back gate modulation effect
due to its shorter back gate length which is equivalent to the
fin width, and the channels are more strongly modulated by
the two side gates.

V. OPTICAL SIMULATIONS

Both pulsed-laser and heavy-ion experiments show that the
charge collection is not linearly related to fin width. The
difference in peak current dependence between the laser testing
and ion testing results suggests that other mechanisms affect
charge collection that have not been previously considered.
In particular, during pulsed-laser tests, the optical intensity
distribution is modified by optical interference effects, and
the peak optical intensity may be enhanced inside the fin
due to plasmonic effects resulting from the nanoscale metal—
dielectric—-metal geometry of the fins.

To evaluate the potential effects of optical phenomena that
occur in laser testing but not ion testing, optical simulations
were carried out using the Lumerical optical design tool
and a simplified model system. Fig. 13 shows initial optical
simulation results on a simplified FinFET model system with
different fin widths, conducted using 2-D FDTD analysis [12].
These simulations provide intuition on the relative importance
of optical phenomena and geometric size-based effects in
nanoelectronic devices. In the simulations, for simplicity, the
fins are modeled to be Si and the metal contact on the top is
selected to be Al. Laser excitation is modeled as a Gaussian
source, polarized orthogonal to the vertical dimension of the
fin and propagating from the bottom of the structure toward
the fin. The wavelength of the source in the simulations is



302

E[Z profile (szn;z}

-300 0
-150 -100 -50 0 50 100 150
x[nm]

|E|? profile

0 50 100 150
x [nm]

|ER profile

-300 0
-150  -100 -50 0 50 100 150
x [Am]

Fig. 13. Optical (E?) field distribution calculated by 2-D Lumerical
simulations for simplified silicon FinFETs with different fin widths.

1250 nm with a 1-xm radius focused at the bottom of the fins;
the absorption coefficient of Si is ~0.0181 m~! [12], [24].
This model system evaluates the optical response of a fin
to Subbandgap irradiation [25], [26], as is the case for the
majority of the fin (180 nm out of 220 nm) in the device
under test. In this first-order approximation, the integrated E2
intensity in the fins is assumed to be proportional to the energy
absorbed in the fins, which is in turn related to the charge
generation in the fins.

Optical interference and plasmonic enhancement are
revealed in Fig. 13 by the periodic oscillations of the E?
intensity and by the peak EZ? intensity values, respectively.
The change in the spacing of the E? intensity oscillations
for different fin widths can be explained by traditional optical
interference effects between the incident and reflected light
waves [27]. In a more realistic 3-D model that incorporates
sidewall surface roughness, multiple reflections may build up
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inside the fin, modifying the interference pattern and poten-
tially enhancing the electric field inside the fin. The higher
peak E? intensity in the narrower fins revealed by examination
of the color bar scale in Fig. 13 is consistent with plasmonic
enhancement in nanoscale metal—dielectric—metal structures in
which the enhancement scales inversely with the thickness
of the dielectric layer [28], [29]. The strongest plasmonic
enhancements in such structures typically occur for gaps of
less than 10 nm between metal features; hence, plasmonic
effects are likely to be weak in the tested FinFETs. Therefore,
while plasmonic enhancement likely increases the E2 intensity
and hence the expected charge generation by SPA per unit area
in the 20-nm fin, the geometric effect is dominant and the
increased area in the larger fins more than compensates for
the weak plasmonic effect. Hence, the integrated E2 intensity
in the 40-nm fin is larger than that in the 30-nm fin, which
in turn is larger than that in the 20-nm fin in both the
optical simulations and laser testing experiments. Moreover,
multiple reflections are likely to lead to a significant increase
in local e—h pair density in the smallest devices, leading to
an enhanced recombination rate. This may also contribute
to the reduced charge collection in the 20-nm fin devices.
Based on these general considerations, we believe that optical
phenomena will play a significant role in laser-based testing of
FinFET technology at the 14-nm node and below. We conclude
that these initial simulations in a simple model system are
qualitatively consistent with charge collection trends in this
paper; a more detailed analysis will be the topic of future
work.

VI. SUMMARY

This paper describes the SET response of InGaAs FinFETs
with different fin widths. For both pulsed-laser irradiation and
heavy-ion irradiation, wider fin devices collect more charge.
The SETs exhibit similar drain bias dependence for both types
of irradiation. Larger drain bias increases the electric field on
the drain side, which produces higher peak drain current and
more collected charge. The SET cross section also scales with
fin width, and stronger scaling effects are observed for lower
drain biases. The transient tails overlap for all devices, which is
due to similar charge collection in the substrate for all device
widths. The SET dependence on ion LET is also reported.
Tons with higher LET generate more electron—hole pairs in
the channel, and thus higher peak drain current, more collected
charge, and larger SET cross section.

The 3-D TCAD simulations show that the enhanced charge
collection of the wider fin devices is mainly due to larger
geometric volumes. Charge accumulated underneath the fin
functions as a back gate, which produces stronger channel
modulation effects for wider fin devices. Lumerical simula-
tions on a simple model system are consistent with observed
trends of laser-induced charge collection with fin width, and
suggest that optical phenomena including plasmonic effects
and enhanced e—h pair recombination due to multiple reflec-
tions within confined, multigate structures will play an increas-
ingly important role for pulsed-laser-induced SET tests of
advanced nanoelectronic technologies. These include emerging
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FinFETs and gate-all-around devices, and thus is an important
consideration in testing of nanoscale devices.
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