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1.1 HEFHESHNNERESR

BRHLA7 it % (ferroelectric random access mem-
ory, FRAM) {E i R AR AF i s h i —Fh, 5
R FIMENLAF f# #% (random access memory, RAM)
AR Z AR AE T T i e RE 4R 2 IR Fr . B 5T b
M ER S BENLAT fi 7% (static random access memory,
SRAM) "] DASEHLE 4, WI LAYE &2 SRAM A FLASH
ftt 28 e ir T2 454 UL M5+ Flash, FRAM
FA T e 18 5 R, BERR B R DL R IR
M ThHE Pl FRAM BA &k 10 52 IR 13 5 46
I, e bn e B Rl 4] g B RS AEAif 38 (electrically
erasable programmable read-only memory, EEP-
ROM) [ 100 Jif%, 5 A& N EEPROM [ 76 fi%,
M DI#E 40 A 4 EEPROM 1) 3%. FRAM )L Z
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PR R EOR 5 A & 8 E A 2 T 4K (comple-
mentary metal oxide semiconductor, CMOS) 1.2
SEE R, K B B R AR A B B A R
TERAERE A T P00 (47 A B e A 2 4w St IR B o
A LA B EI’JE’”F] MNTT B A8 R 0 0 A T
fE (081 B o Befle s 13 FRAM H A= 2 H 2
AR R A 2 N AU R AT
FEE A, FRAM 55~ BORL1~ 23508 FAH S FE

CEJFRE. SRS D001 M FRAM BT T4
[F) AR E B 1 B SEI T 9T, 1931 1 iZas A R A R
T HIFE (single event upset, SEU) 12k P e S A% 16
(linear energy transfer, LET) B A1 5Lk -HH F4 #
T LA SR AR Bk HV A I LET {8 98] H TCAD T
L A7t 5 G HOBR % 04T 7 5 31 Zhang %5 M %
—#K4 M HFRAM T 7 HE FHEIE, KT

T INTIERLT RN, TR E S B Ah EEE%E’JE‘ i
T B
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FER AR AR I b, BT A ) 2 0
AR KRR LA, 5= i 5 2 80% Jmife i 1, K
BH A 95% A& 1, OGRS ANVE - SOAR TR S i )
Wt AR KB 12 B, XU 51K
F R RN AT SRR A E R L. BT
I N IETe s e B s A, B A T A
T FRAM Jii 1~ HURL1 2808 7 TH RE FEAT54k 45 .
ELRIE AR b [ R T B 2 B 7T B 10 v e T
JISdE & U AR, X T ) AR A 15 DUTRE.

1.2 [ESMTAE

2008 4F NASA 7£ F[J 2 2 40 K % 5 & 5 [/ O
FM22L16 ) 75 I FRAM HEAT 7 Hh T 5 4 HE
W, R T PR R T RN HORL T E S (SEU) M
FARE - T e A BT (single event function interrupt,
SEFT), F£152] 1 E 1 frs i SEU §l 4% 4k i il Jot 1
e B AR ka4 18] (E 9 R X SEFT IR 3E1T IR
AT 2010 42 H, NASA 751 B g . 457 T
AR H R TLA (fast and affordable science and
technology satellite, FASTSAT) b 44 %% — 3K i H
FRAM #EAT £ PN (B IR A B8 2 B T 1), 18
— SF R AE SR TA] Y 9 R A B Bl 2 A
TR R D VR B AR 5 R A7k 4%, FRAM
FE 5T 5 T A ) OB ROV 1 5 4% 48 SRAM
BETAE: SRAM £ AH [F fe &= 0 T4 8 T 27 4
SEU [':16] ] FRAM JU| 27 /£ SEU fl SEFL. % bt
NASA () 17 57 & B8, % B0 S 58 I 5 — 5,
{ENASA X T FRAM ) SEFT IR SRR, {E
A6 R RATAR I, SEFT H BRI A2 4 5 (B 4 B
TR, HER B R AOE H SEFT 512, Frbl SEFT
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Fig. 1. SEU cross section of FRAM verses different

proton energy (131,

St FRAM 1E i 758 R IR N 1B % TAFAR A i i)
FOW AN ] 20, A SCfd 100 MeV BL R T
Wt FRAM ) SEFT HET T 5256

2.1 SCIOERHERIEE

AR S 56 3%k H P 3K 77 B Cypress & & 1 7 A
FRAM, %5 5 FM28V100 F FM22L16, &A1 HI4s
FERSF43 51024 90 nm A1 130 nm, &A1 M A4 M,
J& #F A 00 T 285028 2T2C, i R0, 5K
57 & R P E R 7 B R T B 3 R
100 MeV 5 1 [F e fnidk %, w2 fros. enl b=
42100 MeV BAF 15 F A3, R B g v RS2 B
R M PR, sl E R R A T E R N E, =
DR T B AR AT R . i R 2
Wi, B RN T —, R Ay
SIMER T 75%. X B 5 A AT LU 2 AR E
AIEE R, IF HAR 05T L A SO0 R, S0 ik
$£90, 70, 50 130 MeV HIJii T-RE &, SCPRiFREA
6.9 x 10 p/(cm?-s). BT FRAM [ Rt KGR &
A 280 Korad (Si) BAE D711 g IR R A 3%
P BT 42 52 0 R TR Bz 3z /N T AR B B R
80%, T LA 2% ek 751 o R0 o A SIZ 56 P S

2 EETRRART T 100 MeV 5T [l e in s 2%
Fig. 2. 100 MeV proton cyclotron of China institute

of atomic energy.

2.2 MXE%

SIS P AR DK &R & a0 B3 B, K i
i ARM (advanced RISC machine) B, FPGA
(field-programmable gate array) F5 5 K H 5 R H
HE. ARM B B AL A 3% O C B A5 B A
a4, TRk X Ly & W )5 Rk 4 FPGA R,
FPGA B8 th A7 i & 4 dil i 7, it 1/0 81
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Rt fir & LRI PP (5 B AR b 45 4505, X gt
ITAFBCERAE. SIS M fE Bl 1/0 1 e
FPGA 8, FPGA BRI HT LB AT R 5 R A T
RO FFAC SRR LE s, KR AR 25 ARM LA |
FEML, (i BRI A AEAE R

Computer

ARM QjL
FPGA

K3 FRAM WA RGUREE
Fig. 3. Illustration of FRAM testing system.

fE ERBER ST, MR 4 0 i Bl Sr 5, 23
il FRAM 38 AN QcdE #% 5K 55 515555, 28 A
TE 5T ¥ A R ok A2 o SR A AT B S AR S
. B AS M i I &R S e o A R R
SN M A FRAM Hhise tH 80, I A2 BT 5 N HE
Ht AR AT LBk A 2 15 R A T B R, 7
AW o7 4 HRO A T AN AT B2 tH R A, R IR 4
WG A TF IR B2 E s FI T = KA T R RN
(single event effect, SEE).

Device

| 1/O port |

2.3 ZWHERSHR

1E IR 2 HOp) R i fE RN, FM28V100 £
FRAM A W %% BT AT Bk - RN, {H 2 FM22L16
B EFRAM fE58 S FE i R AR T — 28 Ok 25
5T AT IFI, W 2R G0 57 20 M I 38 K = 1 g
BHR, RERHREGR LA SR, 55
NCEH I (B 4 FR), s ka2 E T
WA HERRAE MR B Eh kAR
SEE VE4i s N 4 Fh, 40 1 f 4.

AR M7 T R ERE, 28R
A ¥ SEFI, SEU 1 £ A7 8 # (multiple-bit-upset,
MBU) &Nz, 1 o v B3, 284k kA4 71
SEFI XN, Jovkie th #8411 SEU M MBU {5 &, b
IS BT P 4 A A R AT 2R A KR IR, MO8 R A
TR EFSMRS R, B B R AR A
F|SEE, RitiEE N, K 1 SEFT RN, 78 H
AN JE R B AR AT 0, B K ARl SEFT Y
FRAM Thag %k & 1E %, BLi o] DLt 8348 1Y SEU
5MBUER.

30— T T T T 11

25| —a— Total error
-o- 0-1

2.0

1.5

1.0

Error number/10*

0 10 20 30 40 50 60 70 80
Beam . . Beam
on Read period off

K4 FRAM £ 4P SEFT IR
Fig. 4. SEFI phenomenon of FRAM using proton

irradiation.

Thae it 5 A 208
6=n/®, (1)

Forr 6 Ty e b Wik T s n 9 D Ae Hh B A AR I K
ARG AR NG 0 NPT R,

MR bk 2 SiH 5 e v W gk O 2847 e
B, KB SEFTE J 8 Rk i il 5 o e B 0
SEhNTRE N, Wk 5 B (T2 RS, R
REERAZE HH 30 MeV e & N [ £

#1 FRAM TR H LT 1) SEE
Table 1. SEE happened using proton irradiation for FRAM.

A e300
Soft SEFI DUT (device under test) 7 & 3 - B K SRR A HE R, AR 10 J5 1198 5
Hard SEFT DUT FEB 28 1 ok il 20 B R AR, IO Ik JE A 2 2k
SEU DUT 8 F A F A 48R, WB N 5 K E
MBU DUT # & N 2T, JF B bhbEs:, aEd E5%E
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Fig. 5. FRAM SEFI cross section verses different pro-

ton energy.

2.4 SEFIMNHIBIRE

ZLK R, A SEFT &N 7 i 48 B IR B T
oI AR B, IF B SEFT§ 8 FRAM K 2K
SEFI X FRAM i S f1) s ma A v 240, A 1 sk —
MR R FRAM H i SEFT 88U IX, i F vE b A% 3
AT FEFT B Bk b O B T AR DL 2 6 FM221L16
TP as AT 5258, 3 KR 1064 nm FIEOGAK T,
it 88 1 i P AT S AT AT A A D).t 6 Bt
R, MR A B ARG 25 pom A 5F— AN B0 kb,
FEFRP NSRS, BORMRER N 5 0], —HBIR
BRI 4 B, s R 2 b X FRAM
0565 NS B AT BN AS I [ stk A i W 42
WA R S & IR, — B SEFLAN K
A, SEZIFIEBOEEERE, Hdsk R iz AR, AR5 4k
SR,

48 TR DL ok i 7 2% A4 0 BE AN A1 ] FL i o
HFH (E 6 A, BIXIR) ¥ RE6% 5] SEU B8, 17
fig B 1 C' X P B3O B AS BE 51 A AT ] B RE - 3K
L, fef% 51 & SEFT RN X 45k H A 75 41 Bl H i
(R — e X, W 6t BIX 4L S s, FEfE N
[ 52, kROt i BRI /N T B AT i ) AR,
21 fi3oR SEFLUR X FT7E VG, FEdEs—ri. 5
ARG OG RN T 5 nd I, AT A I 0 AR A A
kb, MO BE R KT 5 nJ B, ATl W A
JER S AN B . ZE FRAM (4 H U5 S o £ B — A
100 Q 143 F HLBH, 1) F ey 300 3 4 B D 0%, 45
FR DA B AR & B33 F SEE B, tEBE & &
UK SEFT [ & Az, 48 4 1) e 54 Hh vty 310 e 4 2 21—
AR 7 A (W 7 BT R, IF HAE 1% SEFL it
FE A (R AT AT T M kit 457 2 4 6 11

AR FRAM 141 il F % 4 2 H SEE U X,
L1 s fTAE X 32 28 1F SEFT 85U [X. FRAM 4+
BBl FE % 5 T 4% 48 1) CMOS 125 i i B, 1 4 ik
HLEE o CMOS T2 5 S m it R Bg g m 20—221 ) 4k
Tl Je G AF 2 AT AT, B AR BE  2 S 5
WE SR, BEERETEEP W P B8 (a) B
I — AN TRTA AT 42 ek P B S B ) Vg T Vi
242 FLBH 23 1) 5 PNP A NPN XUB 8 1) 3 B AH
B A2 FL B A7 7 A58 L 5 CR R P DG P IR, (H A2
AT AR — AN U A FE AR I i 38 Dy, R R IR Bl
PRI K, — B EmIE s KT 1, f
P LR A, BB A SR AR, e T
Tt AT LA A A K, SERR e AR T RER
WIS HORES, AE LA AR 24

TEASZIG AR S RS ) o7 — AN B 9 1
HLfaf, BT R R R RS, B DAEY R (0 5%
BE J1Hesm. MAERALT 3 MeV K5 T N5t 2 H 1
AP, Sl B R 7 SRR DU
F- 2O, R LT A B AR, X
FEYK LR R ST g fE vp R B O g i Do], i A sz
B0 P R R IR T E AR, A IR R T

Bl6 FM22L16 FRAM Hf) SEFT BUKIX 1,
Fig. 6. SEFI Sensitivity area of FM22L16 FRAM.

Output current/mA
© H M W & U & =
L e T LA m s

—1}

1 1 1 1 1
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K7 AEBE SEFT 28 Az 1 H s

Fig. 7. Electric wave of FRAM accompanied with
SEFI.
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(a) Vaa (b T
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Fig. 8. (a) Silicon controlled rectifier parasitic in digital circuits; (b) simplified silicon controlled

rectifier schematic.

FOBELAS B8 76055, LRI 7 2 22 SRR otk A A%
S A il B AR I Gk, R T R
ST IR LT, JF BT BRECE, B RE RS,
AR B 1 B AR s BB A T 5,
A - OO TTRHEOE KT, WO AR
PRI, e T BRI, W FEN I 5 1] LS H R
T AT POl X EAREE R T E RS
R HL.

T MR B 7 2R B T AR R = 45 CMOS
TR LTI, B8 (b) s i 7 i
A AT PR LS A R A, L O AR I PP
Vis & Vee TN ERHEIZAITUSCER, HLIRERIL PO A s A A
JEG R PRIV, AW e L0 K, LR R BN LR &
FEOK. SR B AL 6 v, PSR AE A gl A BN e
WA AR, SR A R T BUE, WK RS 4%
PEREIEH, BRI S0, JF 558N 4 stk
SIEH P07 FE ARSI SEFTR AERT, WA R 4t
I AR 255 4, DRl DL D Al i3 R 45 44
RIS B TS 2R, R AL TMBUEN R,
SR 2 AR T R A5 R A R, PMOS A
NMOS B I A R

FRAM {1 5045 52 ORI 5N e 7 UM P47 52
AN S T ) F AR S 51, REEF A8 AT A
LA AF AL A AF 4%, FH ORI B L A B AR A
A AR AN {5 5. 7R AN B F B 1 A A7 A8 R
T E I, AR T B 7 TR AU FR, L RR AR
(IR ) DA e BB 1A AR AR AR R LT -2 O RE
{0 2 R T 2 ek 8 A R A R B AR I 1) i B
(RO [E). FEIX AN (] A, 2547 45 JCIL M B, FRAM
i D Re R Rk, MK R 4 el K B R R, 2

XA ARG, IR, A7 AR E IR, I
ARG IER R EAE, b s s R
T, BB — ABUE A AR I X A 100 F
L, W 4 prR. BEAE BT RE R R, E R
27 A2 B R % B - AP RN BE B A I, AEREAY R
Hh R H ) L - O B 2 3G, A B A A R
A BT S AR5 ) IR TR, 0 2R 58 [l 52 R R
W%, FEFRAM K L) AE o Wi AT BE 5 b1 1 e =
(G NG 0. 76 NASA X Intel A= 7= ) 4k 22 2%
H 25 (microprocessor )« P b HE#E (coprocessor) 5
A (integrated peripheral) 1% & 2 M A 78
BRI A B — N85 kA2 SEU ¥4 5 3 A A
i orbE 2 KA SEE, HEMEX /& T &350 1 S 28
el iy P81 BRIy, A B R R OR AR BB
FELUAL, JE T R T DUAE S B i S i e UL
2, W 7 s,

3 & ®

AR ) FRAM JF & 7 51 Bk 152
B mitgE, I B A A AE B TR R 1R,
R IR AE R ~F % FRAM (1) SEE 85U (1) 52 5
£ 45 SRAM AN ], B AR FM28V100 [ 74 R <) Eb
FM22L16 /)5, H FM28V100 7£ 90 MeV LA K i
e B4R IR R R K 42 SEE, [T A2 5 AE R ~F &k Y
FM22L16 3 T SEE. iX /& K A FM28V100 [ %
I FM22L16 /), AhE B AR S &/, S35
SEE US55 (40 27 4745 ) 75 hig A &3 o 1) Ee A7),
7EAH 7] 1 57 HE IR 55 R ok k42 SEE. R H AR
Re B R T R T FRAM HEATHE 8, FM22L16 Y
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FRAM 7£ 30—90 MeV 1] )i T (& & T 3 GE A& I 21|
SEFI N, - H244F SEFT # 1 b 4 i 1 At B 1
T 3 n.

TS EOETHOR AR B SE 5, RIS R 42 SEU
B (1) BBURR X 43 A 75 REAS A [ LB T AR A R
4z SEFT FIRBURK X IR 43 A5 75 41 Bl B i 1) e — B X
. ASCA NI B S 5 IR a9
TEREIRIAEE N R A T B e, A8 FLAE S UG )ik
FEHR AL, FEER IR, SR T E IR
ANTE], B e F A ) F U R i FRAM I IE % T
PERLIR (15 mA), ATRLH EWE. XA HEREFEEM
i (8] Y€ T FRAM (1) T fig o W T K/, #e s
I FH e AT 8 S8 TR ORI P AR BB AR, X FRAM
(%t FBIR AT [RD SRR R IR A SEFT AL
)RR, i e (7 3R B — BBE S FR, ER R R
A= SEFT UM AR SR T S04,
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Abstract

Ferroelectric random access memory (FRAM) is a promising memory for space application. The performance of
FRAM under irradiation environment should be investigated, especially under proton irradiation environment, which
dominates the particles in the space environment. The experiments on single event effects are carried out for two types of
FRAMs (FM22L16 and FM28 V100) based on the proton cyclotron of China institute of atomic energy. Both dynamic
and static mode are tested for each chip under the irradiation of proton in an energy range from 30 MeV to 90 MeV.
Single event upsets (SEUs) and single event functional interrupts (SEFIs) are observed only on FM22L16, where the
SEFT is recorded as a significantly transient error with or without memory cell upsets. The SEFI can be subdivided into
soft SEFT and hard SEFI according to whether those significantly transient errors disappear or not when the irradiation
is paused. Single event effect performances of FM22L16 are accurately described, and the SEFI cross section in an
energy range from 50 MeV to 90 MeV is obtained experimentally. The cross section of SEFI increases with proton
energy increasing and reaches 1072 /cm? at 90 MeV. To further study the mechanism of SEFI, the pulsed laser beam
with a wavelength of 1064 nm is used to pinpoint the sensitive area of SEFI in the FRAM. Pulsed laser experiment is
easy to carry out when single pulsed laser radiates on the device from the back side. Results show that a certain part
in peripheral circuit is detected as a sensitive area to SEFI. The sensitive area could be a register or buffer which is
vulnerable to irradiation. Only SEUs are observed when the pulsed laser radiates others area of peripheral circuit and
memory cell. A hypothesis that a micro latch-up in the CMOS-based peripheral circuit leads to the SEFI is proposed
to explain the test results, for the CMOS-based peripheral circuit is sensitive to irradiation. The further reason is the
energy deposition in silicon substrate by protons with energies ranging from 30 MeV to 90 MeV through nuclear reaction,
which triggers the silicon controlled rectifier structure in the FRAM peripheral circuit. According to the hypothesis, a
transient current should be generated in the peripheral circuit when the micro latch-up happens. The transient current
is observed on the output of device by using a high frequency oscilloscope which demonstrates the reasonability of the

hypothesis.
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