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Abstract 
To evaluate the error immunity of the LSI memories 

from cosmic rays in space, an irradiation test using 
accelerated heavy ions is performed. The sensitive 
regions for 64K DRAM (Dynamic Random Access Memory) and 
4K SRAM (Static Random Access Memory) are determined 
from the irradiation test results and the design 
parameters of the devices. The observed errors can be 
classified into two types. One is the direct 
ionization type and the other is the recoil produced 
error type. Sensitive region is determined for the 
devices. Error rate estimation methods for both types 
are proposed and applied to those memories used in 
space. The error rate of direct ionization exceeds the 
recoil type by 2 or 3 orders. And the direct 
ionization is susceptible to shield thickness. 

Introduction 
With the improvement in technology for application 

in space, VLSIs such as memories and microprocessors 
have become the key to improving satellite performance 
because of their high speed, small size, low power, and 
highly reliable performance. For all the advantages 
of VLSIs, there are some problems with their operation 
in a cosmic ray environment. When high energy heavy 
ions in space pass through the active region of VLSI 
chips, the induced charges flow into the circuit nodes 
and disturb proper operation. l ,2 This is called 
I'single event". Single event consists of soft error 
and latch-up; soft error is the upset of stored data, 
and latch-up is a sudden increase in power supply 
current which cannot be returned to normal unless the 
power supply voltage is shut off. 

Although cosmic rays include various sorts of ions 

from protons to iron with the energies up to the GeV, 
such hIgh energy ions are not available in the 
laboratory.3 The approach employed here is to estimate 
the phenomena with a model confirmed by experiment. 
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Fig.l. DRAM cell circuit. 

Heavy ions accelerated by a cyclotron are 
irradiated to the LSI memories. Soft error immunity is 
discussed based on the LET (Linear Energy Transfer), 
the error cross section and design parameters. 

This paper reports a method of testing LSI 
memories using cyclotron and the evaluation results. It 
also describes estimation of single events in space. 

Test Device 
A 64K bit DRAM and a 4K bit CMOS (Complementary 

Metal-Oxide-Semiconductor) SRAM is tested. The DRAM 
memory cell circuit is shown in Fig.l. A cross 
sectional view of the DRAM cell is shown in Fig.2. The 
circuit consists' of a storage capacitor and a transfer 
gate for read/write operation. An information bit of 
110

11 or 111'1 is defined by the quantity of charges stored 

in the storage node at the silicon substrate surface. 
When a heavy ion penetrates from the capacitor node to 
the substrate, the charges induced by the primary ion 
drift into the capacitor and disturb the stored 
information. The charge is collected from the thicker 
region than the depletion depth. 4 ,5 

The CMOS SRAM circuit is shown in Fig.3. The 
cross sectional view of the CMOS SRAM is shown in 
Fig.4. The soft error is supposed to occur when the 
heavy ions hit the highly biased drain junctions with 
deep depletion length. In the 4K SRAM cell, the p
channel transistor drain junction at the ilL" level is 
the place most susceptible to heavy ions. 

Design parameters of these memories are shown in 
Table 1. The 64K DRAM cell size is 1.9xlO-6cm 2 and the 
4K SRAM is 10 times larger. The error is expected at 
the sensitive P-N junctions in the memory cell. 
Junction size in this table means the capacitor size 
for DRAM and the drain junction size of the P-channel 
transistor for SRAM. Node capacitance has been 
determined from the designed geometry. The DRAM noise 
immunity is the difference between the "H'I or "LI' level 
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Fig.2. DRAM cell cross section. 
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and a reference level including the sense amplif i er 
offset ambiguity . The SRAM noise immunity is assumed to 
be 95% of the power supply voltage. 

Irradiation Test 
Accelerator The SF cyclotron at th~ Institute for 
Nuclear Study , University of Tokyo , was the ion source. 
Accelerated heavy ions irradiated the DUT (Device Under 
Test), which is operated to count the error rate. To 
investigate the effects of the amount of charges 
induced by the primary ion, proton, Li, N, 0 , and Ar 
are used. The test energy , range in silicon and LET 

are listed in table 2 . The LET obtained with these 
ions is between 0.0028 and 4.3 MeV/pm. Although cosmic 
ray include Fe ions with a maximum LET of 7 MeV/pm , the 
maximum LET with sufficient stability and intensity 
this cyclotron system can generate is 4.3 MeV/pm for 
Ar . 
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Table 1. Design parameters of tested devices. 

54K DRAM 4K SRAM 

Cell Size [cm 2 ] 1.9x10- 5 2. 1x10 - 5 

Junction Size [cm 2 ] 5.0xlO- 7 1.2x10- 5 

Node Capacitance [pF] 0.05 0.2 

Depletion Layer [cm] 3.0xlO-4 2. 7xlO- 4 

Thickness 
Noise Immunity [V] 2.25 4.75 

Measurement The measurement set-up is shown in Fig.5. 
Accelerated ions are scattered by an Au scatterer to 
maintain flux uniformity and to adjust flux intensity 
in the DUT position. Beam intensity is monitored by a 
faraday cup to control it stably. The incident energy 
for the DUT is varied by changing the thickness of 
absorber foil placed between the DUT and the target . 
The DUT is connected through ribbon cable to a 
microcomputer controlled test circuit located just 
outside the vacuum chamber. This test circuit 
generates sequential test signals for the DUT. The test 
circuit detects errors and classifies them into soft 
and hard errors . Hard errors means that the cell has a 
fixed output regardless of the written data. The test 
circuit can also detect latch - up by monitoring the 
sudden increase in power supply current . This test 
circuit is connected to a controller in the control 
room by a serial communication interface. 

The geometry of an absorber and the DUT is shown 
in Fig.5. The energy incident to the DUT is controlled 
by absorber thickness. Multiple absobers are set on a 
stage which can slide to change the absorber foil. 
This absorber can be rotated to vary the effective 
thickness. The ions passing through the absober are 
irradiated to the DUT through a slit. The DUT can be 
changed by sliding this stage. An SSD (Solid State 

Table 2. Ions used in radiation test . 

Ions Maximum Energy 
[ MeV/n ] 

H 40 
Li 15 

N 8.5 
0 9.1 

Ar 1.8 

TEST CIRCUIT 

CONTROLLER 

Range in Si LET 
[ pm ] MeV/pm 

8100 0.0028 
1250 0.055 
164 0.48 
155 0.58 
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Fig.5. Meas urement setup. 
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Fig.6. Irradiation geometry. 

Detector) is also set on the stage to measure the flux 
and the energy at the calibrated OUT position. The 
distance between the scatterer and the OUT is 325 mm. 
The flux at the OUT position is calibrated using the 
SSD on the OUT stage and a monitor SSD located in a 
position symmetrical to the OUT stage and the primary 
beam course. 

Single Event Immunity Expression Single event immunity 
can be expressed in terms of a threshold LET and the 
error rate over this threshold LET. The error 
probability is given by the single event cross section, 
which is the error rate normalized by both the number 
of memory cells . in a sensitive condition and the flux . 
The DRAM is sensitive when the cell stores "H" level 
data. The SRAM cell always has sensitive nodes 
independent of the stored data, so all of the cell 
considered sensitive. The effective flux is determined 
by the time interval between writing and reading. 

Results and Discussions 

Test Results The LET dependence of the soft error 
cross section is shown in Fig.7. The 64K DRAM soft 
error cross section increases significantly over the 
0.3 MeV/pm LET . This transient LET is defined as the 
threshold LET. The soft error cross section saturates 
over the threshold LET. This is defined as the 
saturated cross section. The 64K DRAM saturated cross 
section is 1.lxlO- 6 error . cm 2/bit/ion. A rather small 
number of soft errors is observed far below the 
threshold LET. 

The threshold LET and saturated cross section are 
also observed in the 4K SRAM. The 4K SRAM threshold 
LET is 2.0 MeV/pm and the saturated cross section is 
1. 7-6error. cm 2/bi t/ ion. 

As latch - up for both 64K DRAM and 4K SRAM is not 
observed at the 3 . 8 MeV/pm LET , the devices are 
considered to be latch- up free. 

Sensitive Region The 64K DRAM saturated cross section 
is approximately twice as big as the capacitor plate of 
a memory cell. This capacitor region is the sensitive 
region. This sensitive region expansion is the results 
of a fringing effect of the charge collection area 
caused by a lateral expansion of the depletion reg i on. 
The equi va lent fr ing ing length from the edge of 
capacitor plate is 1.7 pm. The 4K SRAM sensitive region 
is expected to be the drain junction of the P- channel 
transistor at the "L" level node of memory cell. The 
equivalent fringing length for the 4K SRAM is 1.0 pm. 

The depth of the sensitive region was determined 
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Fig.7. Energy deposit dependence on the soft 
error cross section. 

as follows. A threshold charge that upsets the memory 
node is defined as critical charge Qc. The critical 
charge is approximately equal to the product of the 
capacitance and the noise immunity voltage of the node. 
Energy deposited inside the sensitive region generates 
the electron hole pairs at the rate of 3 . 6 eV/pair. 
Then , sensitive depth, Ls , is expressed as follows . 

Ls = 
3 . 6· Qc 

(1) 
Et·e 

where Qc is the critical charge, Et is the threshold 
LET and e is the electron charge. As the critical 
charge of the 64K DRAM is calculated to be 
1.14xlO - 13 C, the sensitive depth is estimated to be 
8 . 7 pm . The same estimation is applied for the 4K 
SRAM , and the sensitive depth is calculated to be 11 
pm. 

Error Generation by Recoil The mechanism by which 
error are generated far below the threshold LET 
observed in the 64K DRAM is concerns the recoil of Si 
atoms which have a large LET than the primary incident 
protons.6 The required primary particle energy, Ep, to 
produce the recoil particle with an energy, Er, in the 

case of the head on collision for example is given as 
follows. 

( Mp + Mr )2 

4·Mp·Mr 
Ep = Er (2) 

where Mp, Mr is the mass number of primary and recoil 
particles. The factor in the right side of this formula 
for proton is 7.5. Then the incidence energy needed 
to produce more than a 2.6 MeV recoil Si atom, which is 
the critical energy for a 64K DRAM, is 20 MeV . From 
this result, the errors observed in the small LET 
region for 40 MeV proton irradiation are considered to 
correspond to recoil type error . The factor in this 
formula for other heavy ions varies from 1 to 3. Thus, 
all other heavy ions exceeding 10 MeV can produce 
recoil type errors. 

To express the error probability of memories by 
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recoil Si, An "equivalent recoil cross section", Sr, 
was assumed. This is defined as the probability of a 
Si atom in the sensitive region generating an error 
under unit flux. As the error rate from recoil is 
proportional to the recoil probability and the volume 
of the sensitive region, this value gives the error 
probability due to recoil. The range of recoil si with 
the critical energy is only 3.5 }lm and is smaller than 
the thickness of the over coating on the sensitive 
region. Therefore it is possible for the sensitive 
region to be affected by isotropic recoils, even though 
the incident angle of the primary particles was fixed 
in the experiment. 

According to the 64K DRAM error cross section in 
the recoil region and the sensitive volume, the 
equivalent recoil cross section is estimated to be 0.4 
barns. 

The energy range of recoil Si that produces errors 
in the 4K SRAM is estimat~d to be between 21 and 50 
MeV. Then, the incident energy that produces recoil 
type error is 160 to 380 MeV for proton and 24 to 56 
MeV for N. In the experimental data, the recoil type 
error 
error. 

seems to overlap with the direct ionization 

Error Rate Estimation in Space The error rate in space 
can be obtained by adding up the recoil type error and 
the direct ionization type error for all cosmic rays. 
Interpolating the abundance of cosmic rays and their 
energy spectra, the number of particles that can upset 
the cell is integrated as the effective flux. 

The average projected cross section of sensiti]e 
region S for isotropic incidence is given as follows. 

a·b + a·c + b·c 
S (3) 

2 

where a, band c are the width, length and depth of the 

sensitive region. The direct ionization type error is 
calculated by multiplying the projected cross section 
by the effective flux. The recoil type error is the 
product of the equivalent recoil cross section, the 
number of Si atoms in the sensitive region and the 
flux. 

The effective flux and error cross section for the 
memory cell and error rates estimated by the proposed 
method are shown in Table 3. This results shows that 
the error rate for a 64K DRAM is 10 times greater than 
for a 4K SRAM. The main error mechanism for both the 
64K DRAM and 4K SRAM is direct ionization caused by 
heavy ions. As heavier ions have a larger stopping 
power, the thickness of the shielding affects the 
effective flux. However, as most of the effective flux 
for recoil type errors consists of protons, shielding 
would not be so effective. 

Summary 
A single event analysis to estimate the error rate 

for LSI memories by irradiating them with heavy ions 
accelerated by a cyclotron has been performed. 
Dimensions of the sensitive region have been determined 
from the LET dependence of the soft error cross 
section. The error rate estimation method for both 
direct ionization and recoil type errors is proposed. 
The error rates of the 64K DRAM and 4K SRAM in space 
are estimated to be lxlO- 4 error.cm 2/bit/day and 
5.8xlO-6 error-cm 2/bit/day respectively. 
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