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SEE characteristics of small feature size devices by using laser backside testing*

Feng Guogiang(¥# [ #)", Shangguan Shipeng( & %), Ma Yingqi( % 3&iz),
and Han Jianwei(® #15)

Center for Space Science and Applied Research, Chinese Academy of Sciences, Beijing 100190, China

Abstract: This paper presents single event upset (SEU) and single event latch-up (SEL) characteristics of small
feature size devices by laser backside testing method, which is dedicated to dealing with the increasing metal layers
on the front side of integrated circuits. The influence of test data pattern on SEU threshold and cross-section is
investigated. The supply current state of micro latch-up for deep sub-micron SRAM is described. The laser energy
thresholds were correlated to heavy ion thresholds LET to determine an empirical relationship between laser energy
threshold and heavy ion LET. This empirical relationship was used to estimate the equivalent laser LETs for devices
fabricated in small feature sizes. Moreover, the SEU of a Power PC CPU fabricated with 90 nm SOI CMOS process
has been tested, which indicates that the laser backside method could be used to evaluate SOI small feature size

devices.
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1. Introduction

As SEE simulation with a pulsed laser is a simple and con-
venient method that does not damage the test devices, and has
many advantages absent in accelerators, for example, capable
of detecting sensitive cells with high resolution and diagnos-
ing temporal characteristics of an upset transmitting in logic
circuits, it has found broad applications in SEE studies and ex-
hibits particular merits in measuring SEE sensitivity, selecting
radiation hardened devices in batches and validating radiation
protection measurements! =51, Theoretical works about sim-
ulation by laser are mainly investigations of the mechanism
and methods of pulsed laser energy deposition in semiconduc-
tor devices!® 7, nonlinear effects of interaction, characteristics
of laser ionization tracks(®], as well as computer simulation of
laser induced SEU™: 191, Compared to a traditional laser front-
side approach, as an increasing number of metal layers, another
way is the laser backside technique to test SEE of high density
devices!1- 121,

In particular, as the device feature sizes scale down, the
SEE phenomena is becoming complex, for instance, the lower
threshold LET, the larger cross-section, multiple-bit upset
(MBU), extreme latch-up susceptibility and micro latch-up,
etcl!3~18]1 In this paper, SEE characteristics of several small
feature sizes devices have been examined by laser backside
testing. Pulsed lasers have different ionization tracks from
those of heavy ions, which will affect the charge collection in
sensitive region and eventually affect the SEE sensitivity mea-
surements. However, a large number of experimental examina-
tions have shown that both heavy ions and pulsed lasers can in-
duce similar transient effects in semiconductor devices!!?>2%,
Moreover, the SEE sensitivity of devices is generally charac-
terized by LET threshold and SEE cross-sections as a function
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of LET. Therefore, in the following the laser energy thresh-
olds were correlated to heavy ion thresholds LET to determine
an empirical relationship between laser energy threshold and
heavy ion LET. This empirical relationship was used to esti-
mate the equivalent laser LET for devices built in small feature
sizes.

2. Experimental

In this study, two commercial SRAMs and one industrial
CPU from Hitachi (sample #1), IDT (sample #2) and Freescale
(sample #3) were conducted. The function and main technical
parameters of all the tested components are listed in Table 1.
Two SRAMs are available in a wire-bond plastic package. The
backside of the SRAM plastic and metallic lead frames had
been partially removed to exposure the silicon substrate sur-
face, as shown in Fig. 1. The CPU is a flip-chip package with a
metallic lid, which can be directly removed by acids from the
front side, as shown in Fig. 2.

Testing was conducted at nominal voltage and ambient
room temperature using different data patterns. The SEU char-

Table 1. List of device under test.

Device Function Vendor Process Substrate
thickness
(um)
HMG628512A 512k x 8 Hitachi 0.5 um 230
SRAM
IDT71V416S 256k x 16 IDT 0.13 um 250
SRAM
MPC8548 32 bits Freescale 90 nm 720
CPU SOI
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Fig. 1. Picture of samples #1 and #2 with packages opened.

Fig. 2. Picture of sample #3 with package opened.

acteristics are measured by a customized memory SEU test
system. The device under test (DUT) power is supplied by us-
ing a custom designed instrument called a single event latch-
up detector, which controls DUT power current and switches
the power off whenever the current drawn on its power line
exceeds a preset limit. The SEL current curve was measured
by using a digital phosphor oscilloscope, DPO4054, equipped
with a current probe.

The single event effect simulation facility utilized in this
experiment is based on a pico-second pulsed laser, its main
properties include wavelength of 1064 nm, pulse duration of
25 ps, spot size of 2 um, frequency range of 1-10 kHz and
maximum laser energy of 500 wJ. This tool is capable of de-
livering ten thousand pulses per second across a DUT over its
entire surface in a fully automatic manner. The X—Y—-Z mo-
torized mechanical alignment stage with 1 um close-loop ac-
curacy could realize the high precision sensitivity mapping of
DUT to SEE.

For the qualitative evaluation of the device under test re-
sponse to SEE, a key point in SEE simulation experiment is to
calculate the equivalent LET for laser pulse. If one laser pulse
is equivalent to an ion of LET, the amount of charge generated

Fig. 3. Spot focused on the front side through substrate.

by an ion per unit length in the semiconductor is equivalent to
that by single laser pulse. If linear absorption in semiconductor
is considered alone, we get the equivalent LET equation for the
laser pulse:

oA Eion
phc

LET(x) = 1072 x E p exp(—ax), (1)

where a [em™!] is the absorption coefficient in the semicon-
ductor, A [cm] is the pulsed laser wavelength, Ej,, [eV] is the
energy required for an ion to activate a pair of electron—hole, p
[mg/cm?3] is the density of the semiconductor, 4 is the Planck
constant, c is velocity of light and E o [pJ] is the energy of laser
pulse.

Previous theoretical work has been performed defining an
equivalent laser LET!2 191, which had been used to quantita-
tively estimate the SEE threshold LETs of some devices!2!-22].
However, as the feature sizes scale down, the testing error be-
tween a calculated equivalent laser LET and heavy ion LET is
larger. Therefore, in this work we explore an empirical relation-
ship between laser energy threshold and heavy ion LET based
on the above theory. In Section 3 this method is described in
detail.

Backside studies require a spot focused on the front side
sensitive volumes through silicon substrate, as shown in Fig. 3.
If the laser beam is focused on the surface of the device sub-
strate, it will naturally diverge along its optical path in the sil-
icon, as shown in Fig. 3(a). Therefore, a shift of the focused
laser from backside surface is necessary, and is dependent on
the thickness of substrate (¢) and the refractive index of the
semiconductor (1), given by ¢/n according to theory about con-
verging beam propagation in silicon shown in Fig. 3(b). For the
HM628512A device, according to Egs. (2) and (3), the shift
value is near 66 um, corresponding to a measured thickness of
about 230 um and the semiconductor refractive index of 3.5,
implemented by moving the Z axis of the motorized stage.

t
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The experiments consist of automatically running the DUT
following one laser pulse strike at an area of 2 x 2 um? with
known energy. Laser pulses are emitted in single shot each time
while the motorized stage manually reaches a position of the
pulse strike. The number and addresses of upset errors are im-
mediately recorded including an MBU. As the supply currents
exceed the threshold, the SEL detector counter is incremented
and the power supply is reset within 100 ps. The DUT de-
tection and protection is achieved by the SEL detector, which
compares the power currents with previously set threshold val-
ues (about five times the typical operating currents of DUT).
Then, this testing process is repeated with several laser ener-
gies until SEU and SEL thresholds can be acquired.

3. Results and discussion

3.1. SEU of SRAMs

Two SRAMs are conducted in a dynamic test mode with
three different data patterns—‘00H’, ‘FFH’ and ‘55H’. Firstly,
test data is written in the SRAMs, and then read-rewrite opera-
tions are continuously performed during laser automatic scan-
ning. The speed of motorized stage is set to 2 mm/s, corre-
sponding to a laser frequency of 1 kHz, in order to have laser
beam focused on complete DUT surface.

The incident energy of DUT backside surface can be di-
rectly measured with a laser energy meter. However, the effi-
cient energy contributing to the SEE is defined as the energy
available in the device sensitive region. The first effect consid-
ered is the reflection occurring on the backside of DUT. The-
oretically, the coefficient of reflection for the air:silicon inter-
face characterized by parameter R is about 36% for a 1064
nm laser. Then, the attenuation of the incident laser energy
by the optical transmission of hundreds of micrometers of sil-
icon substrate obeys Beer’s Law, E = Eg[exp(—at)](l —
R)(1 + T), where Ey is the incident energy, ¢ is the thick-
ness of substrate, T is a parameter corresponding to reflec-
tion by the metal layers when arriving at the front side and
E is the energy available in the device sensitive region. For
commercial CMOS technology, its doping level is usually low
(about 10'7 ¢cm™3). For a wavelength of 1064 nm near sili-
con band gap, based on an empirical model for determining
the absorption coefficient in doped silicon[?3], its absorption
coefficient is about 20 cm™!. In other work[!2!, the factor of
T has been determined to be approximately 0.45. Based on the
E = Eglexp(—at)](1—R)(1+T), a,t, Rand T parameters,
we obtain the E of threshold energy activating SEU. The de-
duced results are listed in Fig. 4.

From the results, we can see that different data patterns do
not influence on SEU threshold and cross-section. However,
there is a lower laser energy threshold and more upset errors
for smaller feature size SRAM #2, as shown in Fig. 3. Accord-
ing to Eq. (1), the equivalent laser LET threshold of SRAM
#2 is about 3 MeV-cm?/mg, which is six times larger than the
heavy ion results (0.5 MeV-cm?/mg)['2l. The problem is that
the differences existing between the laser test and the heavy
ion test is that the laser charge tracks are larger than the heavy-

Fig. 4. Laser cross-section curves for SRAMs #1 and #2.

Table 2. List of DUT test results.

Sample Eo () E ()  LETimer AZ (um)
(MeV-cm?/mg)

#1 3152 1636 34 66

#2 2937 1586 33 71

ion’s. Indeed, for the 1064 nm laser, it is impossible to have
a laser-spot diameter smaller than 1 um due to the diffraction
limitation. A laser spot could cover more than one memory cell
inducing more MBUs with high laser energy, which would not
occur during particle accelerator tests. Therefore, it is neces-
sary to choose a low energy activating cross-section as a refer-
ence point to correct the laser testing results in order to avoid
any overestimation MBUs at high laser energies.

In Ref. [12], the cross-section of SRAM #1 is 7 x
10~* cm?/device in heavy ion LET of 4 MeV-cm?/mg. In our
work, the cross-section 6.39 x 10™* cm?/device is correspond-
ing to 192 pJ laser energy. Our hypothesis is that the same
cross-section should have the same LET, so we can get:

1
LET aser = TR E(Laser Energy). %)

According to Eq. (4), we can get the equivalent laser LET
threshold of #1 is 0.75 MeV-cm?/mg. The relative test error
is 50% compared to the heavy ion result. The equivalent laser
LET threshold of #2 is calculated to be 0.5 MeV-cm?/mg and
the heavy ion experiment is planned based on that value.

3.2. SEL of SRAMs

The SEL threshold and supply current characterization of
SRAM #1 and #2 are investigated with the same test proce-
dure as the 3.1 SEU of SRAMs. The main testing results about
Eo, E, LET|ysr and AZ are shown in Table 2. The equiv-
alent laser LET threshold of #1 SRAM is calculated to be
34 MeV-cm?/mg. There is about 39% error compared to heavy
ion 55.9 MeV-cm?/mg for #1 SRAM.

Ofthe SRAMs tested, only SRAM #1 experienced destruc-
tive SEL, resulting in burnout during non-current-limited con-
ditions at nominal voltage. However, for the SRAM #2 with
deep sub-micron feature size, a non-destructive micro SEL
phenomenon is observed. The micro SEL is described as an
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Fig. 5. Micro SEL current histogram for SRAM #2.

Fig. 6. Supply current with different test sequences.

SEL phenomenon locally isolated in a limited part of device
chip. The remaining areas of the chip are still functional dur-
ing the local SEL, because a sufficient bias voltage is supplied
for those areas. Furthermore, one interesting consequence is
that there are four kinds of different latch-up currents, 97, 334,
543 and 743 mA. Through the entire device scanning, there are
29 micro SEL sensitive areas, 10 for 97 mA, 6 for 334 mA, 8
for 543 mA and 5 for 743 mA shown in Fig. 5.

Moreover, test results have indicated that micro SEL has a
step-by-step increase of supply current phenomena. In particu-
lar, it is found that once a micro SEL is initiated at a given loca-
tion, successive laser pulses at that location lead to no further
increase in the current. Charge injection at a different location
leads to micro SEL effects. Figure 6 illustrates the multistep
micro SEL current variation curves with two different test se-
quences on 29 sensitive areas. After one micro SEL occurs, the
value of next micro SEL current is related to its struck location
among the 29 areas. The difference is shown with linel and
line 2 in Fig. 6. After either the test sequence, the final supply
current value is stable at 1175 mA after 29 areas being tested.
That is because the current is limited by the device’s internal
circuitry.

Since the micro SEL current is limited and not destructive,
the effect on device function can be significant. In particular,
for the satellite designer it is the critical nature of choosing the

Fig. 7. SEU sensitive mapping of register for CPU #3.

Fig. 8. SEU detecting results of register for CPU #3.

proper set point for current limitation. Otherwise a micro SEL
renders the device inoperable. If the current limitation is set too
high, such an event can bring about significant dead time for
the electronic system. This result may be unacceptable for the
mission. The pulsed laser can be an effective tool to investigate
this effect in the device before the mission is launched.

3.3. SEU of CPU

The MPC8548 evaluation board is used to run the SEU de-
tecting software. In this work, the register SEU characteristics
of power PC CPU have been performed. Through the entire
device scanning, the SEU sensitive mapping of the register is
acquired as shown in Fig. 7, area is 0.6 x 1.625 mm?, about
0.975% of the total device area.

According to Egs. (1) and (2), we can obtain the equivalent
laser LET threshold of #3 is 2.16 MeV-cm?/mg. Taking into
account the 90 nm feature size, the heavy ion LET threshold
should be lower than the laser’s.

Although the laser spot size is larger than deep sub-micron
storage cell, single event upset and multiple bit upsets (two
bits) have been examined in 90 nm CPU register, as shown
in Fig. 8. It is demonstrated that the pulsed laser technique can
be utilized reasonably to evaluate small feature size devices.
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4. Conclusion

This paper has demonstrated that the test data pattern does
not influence SEU threshold and cross-section. The supply cur-
rent state of micro latch-up for deep sub-micron SRAM is re-
lated to the location of device. An empirical relationship be-
tween laser energy threshold and heavy ion LET is determined
based on the same cross-section. According to this empiri-
cal relationship, the estimated equivalent laser LET error for
SRAM is 50% maximum. The laser energy thresholds for small
feature sizes were correlated to equivalent laser LET thresh-
olds. The relative errors will be investigated for the deep sub-
micron device in a future work.
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