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Abstract: As an important spaceborne electronic device, the static random access memory (SRAM)
device is inevitably affected by the radiation of high-energy particles in space during its space
mission. To reveal the single event effect (SEE) mechanism of 28 nm technology SRAM caused by
high-energy particles, the sensitive area positioning of single event upsets (SEUs) and the distribution
characteristics of multi-cell upsets (MCUs) were studied based on the pinhole heavy ion micro-
beam facility. The results show that the actual range of SEUs caused by micro-beam irradiation is
4.8 µm × 7.8 µm. By moving the device platform in small steps (1 µm each step), a one-dimensional
positioning method for locating the sensitive area of SEUs was established, which can reduce the
dependence of localization accuracy on beam spot size, and the positioning accuracy can be improved
to 1 µm. The MCU test indicates that the upset pattern is closely related to the spacing of sensitive
areas within adjacent SRAM cells, and the probability of MCUs is reduced by well contacts and bit
interleaving.

Keywords: SEUs; micro-beam irradiation; sensitive area positioning; MCU characteristics

1. Introduction

The space radiation environment is filled with a large number of charged particles;
they can cause single event effects in integrated circuit devices (such as memory devices)
mounted on satellites or spacecrafts by ionization [1–3]. As a typical SEE, SEU can change
the logic state of the integrated circuit device and even cause functional failure. In order
to mitigate the radiation damage caused by SEUs, researchers use error correction codes
(ECC) [4], bit interleaving [5], and memory-cell-hardening technology [6] to achieve radia-
tion hardening of memory devices. With the scaling trends of semiconductor technology,
the characteristic size of the device and the critical charge of SEUs continue to decrease,
while the SEU sensitivity of the memory device is increasing. In addition to single bit
upsets (SBUs), some new types of SEU also have appeared, which bring challenges to the
SEE error rate prediction and radiation hardening technology [7].

Due to the high energy of heavy ions in the space environment, radial range of the
ion track and charge sharing between adjacent memory cells, a single incident heavy ion
may cause multi-cell upsets (MCUs) [8,9]. MCUs that occur in the same word are called
multi-bit upsets (MBUs). In recent years, some radiation-hardening techniques such as
ECC are mainly used to detect and correct SBUs, but these techniques cannot handle more
complicated MBUs. In order to solve the problems caused by MBUs, researchers have
continuously optimized the ECC technology [10].

As an important spaceborne memory device, the research on SEEs of SRAM is always
the focus of domestic and international scientific research personnel, including those from
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national defense departments. Ground radiation tests based on the particle accelerator is
an important way to study SEEs. According to size of incident beam spots, ion irradiation
tests can be divided into two forms: wide-beam (centimeter scale) irradiation and micro-
beam (micron scale) irradiation. The wide-beam irradiation test is mainly used to obtain
macroscopic information about the radiation effect of SRAM devices, such as the curve of
SEE cross section versus linear energy transfer (LET), so that the probability of SEE can be
well estimated [3]. However, the SEE response obtained by wide-beam irradiation is the
comprehensive effect of all irradiated regions, so the wide-beam irradiation test cannot
accurately distinguish the influence of different sensitive regions on the total response.
Fortunately, micro-beam irradiation can precisely position the sensitive area of SEE due
to its micron-scale beam spot size. As a result, micro-beam irradiation tests often play
an important role in the study of the SEE mechanism. Based on magnetic focusing or
pinhole limiting, researchers have constructed a series of micro-beam facilities and carried
out a lot of related research work on SEEs, which shows that micro-beam irradiation is
of great importance in the SEE sensitive area positioning and SEE physical mechanism
study [11–13].

In recent years, scientists have carried out a lot of research work on SRAM SEE by
using heavy ion wide-beam irradiation tests, and obtained SRAM SEE cross sections under
different LET values. In order to obtain the micro physical mechanism of SRAM SEE,
there is still a lot of work to do. To understand the SEU mechanism of a new kind of
28 nm SRAM, we carried out a series of SRAM irradiation experiments based on the heavy
ion micro-beam in this work. Firstly, the influence range of SEUs caused by micro-beam
irradiation was evaluated. Then we obtained the distribution of SEU-sensitive areas at an
improved accuracy, and the MCU/MBU characteristics are discussed respectively in the
latter part.

2. Experimental Setup

The experiment was carried out on the pinhole heavy ion micro-beam facility at the
L30 terminal of Beijing HI-13 tandem accelerator. A self-made pinhole composed of two
slits was used to limit the beam scale to the order of microns. Each slit consists of two
blades and these two slits are perpendicular to each other to form a rectangular pinhole.
More details about the pinhole micro-beam facility and its application could be seen in [14].
The overall experimental setup is shown in Figure 1. Each part was installed on a mobile
platform and all of them were placed in the vacuum chamber except two control computers.
The accelerator beam was limited by a pre-collimation apertures (millimeter scale) followed
by a self-made pinhole (micron scale) to obtain the micro-beam spot. The irradiated SRAM
device was observed by a long working distance (WD) microscope combined with a charge
coupled device (CCD). The ion fluence can be measured indirectly by the proportional
relationship with the number of secondary electrons generated by incident ions interacting
with carbon film. Combined with the beam switch control system, the number of incident
ions each time can be controlled to a minimum of one, which is called a single ion hit
(SIH) [15].

The device under test (DUT) is a 28 nm technology 8T SRAM device with a storage
of 1024 × 16 bits. The size of each memory cell is 2.17 µm × 0.52 µm. The layout of this
device is shown in Figure 2 with 16 bits interleaving. This test mainly involved three areas
including bit0, bit1 and bit2. The beam used in this experiment was an I ion beam with
the energy of 207 MeV provided by the Beijing HI-13 tandem accelerator, with an LET of
60 MeV·cm2/mg in Si. The incident ion was perpendicular to the device’s surface, and
the ion range was long enough to penetrate the surface to reach the active region. At each
position, the SRAM device was irradiated by N ions. It should be noted that every ion
strike should meet the conditions of SIH. After irradiation, the upset data and their logical
addresses would be recorded. One of the advantages of SIH is to reduce the probability of
fake MCUs as much as possible. Fake MCUs here mean that more than one ion results in
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several upsets at the same time due to a high fluence rate. This type of MCU is actually
composed of multiple SBUs, which are not be considered in this article.
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3. Results and Discussion
3.1. Evaluation of the Micro-Beam Spot Size

The micro-beam spot size is an important geometric parameter that has a great impact
on the performance of the pinhole micro-beam facility. However, the range of SRAM upsets
caused by the ion beam passing through the pinhole also needs to be considered and
even has more experimental significance, as it represents the actual influence range of the
micro-beam on the SRAM device. Therefore, in this article, we determined the micro-beam
spot size by the range of SEUs caused by micro-beam irradiation.

Bit1 area was irradiated and the number of incident ions N was 100. According to
the known conversion relationship between logical addresses and physical addresses, the
two-dimensional distribution of all upset cells was drawn in Figure 3. The cell arrangement
of every bit area is 64 columns × 16 rows, a total of 1024 cells. Since the aspect ratio of
each cell is about 1:4 (0.52:2.17 precisely), each bit area is approximately a square. The
upset counts were projected to the X and Y directions respectively, and N′X and N′Y were
then obtained by the accumulation of upset counts. The results are shown in Figure 4.
The distances along X and Y direction corresponding to 10–90% of the total upset counts
are defined as the width and height of the beam spot respectively, which is shown as
4.8 µm × 7.8 µm. The linear interpolation at adjacent two points in Figure 4 was used to
get numerical values. This result is marked with a red solid frame in Figure 3. The number
of ions included in this part accounts for 86% of the total. The red dashed frame in Figure 3
represents the most conservative estimate of the beam spot size including all upsets, with a
size of 10.9 µm × 15.2 µm.
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For the ions in the region between the solid frame and the dashed frame, due to the
pinhole structure consisting of two vertical slits, if the inner edge of the slit is slightly
uneven or not completely perpendicular to the beam direction, some incident ions will be
scattered to the outer area. For the ions within the solid frame, MCUs have an obvious
impact. In this experiment, the average ratio of MCUs is about 10% (more details in
Section 3.3) and most of them are distributed inside the solid frame. As found in other
works [4], MCUs could affect more than two (usually up to ten) cells in nanotechnology
SRAMs at one time, which is consistent with Figure 3. Meanwhile, the insufficient stability
of the device platform will lead to slight a mechanical vibration. This micron-scale vibration
may have an effect on the whole region.

3.2. One-Dimensional SEU Sensitive Area Positioning

The position information of the upset cells can be obtained by the micro-beam, so
the SEU sensitive area of the SRAM device can be located. In this section, we did not
try to acquire the distribution of sensitive areas inside one single cell. Instead, our aim
was to locate the whole bit1 sensitive area, especially the boundary. The accuracy of
the positioning system is usually represented by the beam spot size [11], and this size is
often subject to pinhole manufacturing processes or magnetic focusing ability. So, a novel
SEU-sensitive-area positioning method was proposed and verified.

The SRAM device moved from left to right horizontally at a given step length as
shown in Figure 5. The numbers of incident ions and upsets occurring at each position
were N and N′. The step length was set to be 1 µm. The horizontal width of the beam spot
and the sensitive area were defined as d and l, respectively.
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Figure 5. Schematic of SEU-sensitive-area positioning method.

Figure 6 shows the upset results of the bit1-sensitive area, and other sensitive areas
are quite similar. The Y-axis in the figure represents N′/N rather than N′ for the reason
of normalization. The transition at the boundary is quite sharp, which indicates a high
positioning accuracy. The widths of the slope part and horizontal part in Figure 6 equal d
and l − d according to the geometric relationship. The least square method was used to
perform linear fitting of these two parts, and the fitting result is that d = 10.1 µm, l = 39.3 µm.
According to the results in Section 3.1, the estimate of the spot width considering all the
upsets is approximately 10 µm, which was very close to the value of d. At the same time,
according to the designed SRAM layout dimensions, the actual horizontal width of bit1
sensitive area including all the cells and spacings is 39 µm. So, the value of l can give a
good estimate of the actual size of the sensitive area and the error is less than 1 µm.
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These results show the feasibility of the SEU-sensitive-area positioning method with a
small step movement of the device platform. In the case of one-dimensional movement,
when irradiating the SRAM device with a 10 µm-wide beam spot, the accuracy of this
positioning method reaches 1 µm, which is obviously improved. For the heavy ion beam
required in SEE study, the magnetic focusing micro-beam needs a strong focusing ability to
achieve the heavy ion beam to 1 µm at a high construction cost. Meanwhile, the pinhole
micro-beam is often limited by the fineness of the pinhole manufacturing process, which
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makes it difficult to achieve a 1 µm or smaller size. However, there is much room to improve
the positioning accuracy of mobile platforms. Although the study on this method is still in
the preliminary stage, it can greatly weaken the dependence of positioning accuracy on
the micro-beam spot size and provide more redundancy for micro-beam technology. This
method could achieve higher or even nano-scale accuracy by applying the displacement
platform with a higher accuracy and smaller step length, and then it could be used to locate
sensitive areas inside one cell of nanotechnology devices in future studies.

3.3. MCU/MBU Characteristics

In Figure 6, N′N > 1 in the central area indicates that a single incident ion causes more
than one cell to upset, which means there is a certain proportion of MCUs. The distribution
of multiplicity M is shown in Figure 7. Most of the MCUs are two-bit MCUs while the
maximum of M is seven. This is a common result in most MCU works [4,9,10]. There are
also some studies that analyze different patterns of MCUs [9,10], but few of them explain
the probability difference of these MCU patterns, especially for the most common two-bit
MCUs.
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The ratio of two-bit MCUs with different upset patterns are shown in Table 1. The
probability of pattern (a) is largest both in our work and refs [9,10]. However, the probability
of pattern (b) is larger than (c) in ref [9], while it is the opposite in ref [10]. Our result
is consistent with ref [10]. Here, we provide a possible explanation that the different
probabilities of these three patterns are due to the geometric distribution of the sensitive
area within adjacent cells as shown in Figure 8. The scale of geometric dimensions in
Figure 8 is consistent with the real layout for comparison. The drain areas of MOSFETs in
OFF state are sensitive, which are marked as blue dots in the figure. The spacings a, b and c
correspond to the MCU patterns (a), (b) and (c) respectively. It is obvious that the smaller
the spacing, the greater the probability of MCUs.
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Figure 8. Schematic of sensitive areas (blue dots) within four adjacent cells.

Every two cell rows are separated by a well contact band and the well contact could
hinder charge sharing between two adjacent cells in the vertical direction. At the same
time, the well contact can quickly drain the excess carriers caused by incident ions and
effectively reduce the influence of well potential disturbance [16]. Therefore, the two cells
in the vertical direction are less prone to upset, which means that the probability of patterns
(b) and (c) is much lower than that of pattern (a). Moreover, according to Figure 8, b (=a) > c,
so the probability of pattern (c) is higher than that of pattern (b).

Finally, the MBU characteristics are discussed. Because the bit interleaving layout was
used in the irradiated SRAM device and 16 bits in the same word are distributed in 16
separate regions, MBUs occur only when ions strike between two adjacent bits resulting
in upset cells at the same time. The SRAM device was irradiated from right to left and
there are five areas involved: bit0, bit1, bit2, the area between bit0 and bit1, and the area
between bit1 and bit2. There are three MBUs occurring during the experiment, that is,
0xFFF9 once and 0x0006 twice. The corresponding binaries are 1111 1111 1111 1001 and
0000 0000 0000 0110 respectively, which means all of them are the type of MBUs where bit1
and bit2 upsets, either 1→ 0 or 0→ 1. The physical address distribution of the three MBUs
is shown in Figure 9.
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The physical addresses of adjacent bits are mirror symmetrical arranged, so the upset
cells of MBUs in Figure 9 are mirror symmetrical too. The spacing between bit0 and bit1 is
8.5 µm, while the spacing between bit1 and bit2 is only 0.7 µm. Therefore, the probability of
the latter type of MBUs is much higher. When ions strike the region between bit1 and bit2,
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due to the radial distribution of ion energy and charge diffusion, the adjacent symmetrical
two cells may upset at the same time.

4. Conclusions

To better understand the physical mechanism of SRAM SEE, we have established a
one-dimensional SEU sensitive area positioning method that can improve the micro-beam
positioning accuracy significantly. Through this method, the horizontal width of bit1 area
was measured and compared with the layout information, which shows good consistency.
The patterns of two-bit MCUs were also classified and discussed, indicating that the well
contact could reduce the probability of adjacent cell upsets in the vertical direction, and the
spacing of sensitive areas has a great influence on the probability of MCUs with different
patterns. Because the physical addresses of adjacent bits in the same word are mirror
symmetrical, there is still a certain probability of MBUs when the beam irradiates the areas
between two adjacent bits with small spacing.
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