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ARSI FH SE B = Bt SiHERE L (400)
s [ 140325 5 PR b SR DR S SR AT KM FERE 1,
K 1 poR. SEE BN Tecnai G2 F20
RUF L 7 WA, SCR AT s U RIARFRIE A
200 kV, JEBTEREIA 1x107 U/min, R 0.02 V/min.
Si fdA Ry 4 WA S5, ASFE S 4L o = 0.5430 nm,
PR PR dygo = 0.1357 nm. K-M FEFEFATR R, A
BOARE ST o BTy B 0008 o = 7.56°,

8 = 2.80°.
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(b) gaoo J5 [ FA 58 5 43 A

Fig. 1. K-M pattern of single-crystal silicon: (a) K-M pat-
tern of (400) plane; (b) intensity distribution along g400 .
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I =1/ [1 + (Sifhkl)ﬂ — 5 (8i/n:)* B AE YA bRy i P, I FH 85 /N —
TG HE, BAMEGHANTREN: y =
X sin2 {nt 1+ (sighkz)Q/éhkz] . ) (-2.661052+1.71376) x 105, WIALERWE 2 FR.
i F 1 K-M BRI A
0 Table 1. K-M pattern measurement data.
5= ()\/dhkl) (Aei/thl) ’ (2) Datal Data2 Data3 Ave. |
s WIS OR o, AWHUR (bt ) LIS § 43 o e MO
sl \{EXT*}:HE %ﬁ?\l $§ #FE,J/TEHI%{E A j\]/\ﬁj‘%% R 7.336 7.336 7.318 7.330 0.006

A6, 0.361 0.342 0.343  0.349 0.006
A, 0.631 0.613 0.595  0.613 0.010
A3 0.829 0.831 0.847  0.836 0.006
Af,  1.101 1.082 1.045  1.076 0.016

WK dp & (REL) SHTREIENEE; A6, S8 (hkl ) FiT 5T
TN 0 SRE R BB TOIIE B Ry MBS
%ﬂfﬁﬁ#ﬁZlEﬂ AR ¢ O A H 5RO ) AR A

BEE I RS s S 200 KV 254 F, Sidb ik A6, 1299 1334 1208 1310 0.012
(hkl) & TH PTE EIE . Af; 1516 1532 1569 1539  0.016
Tt L N2 @ SR mE A a0 B S5 2 T =0, A6 1750 1766 1785 1767 0.010
A i AT 45 [20] Abs 2.001 2.019 1.949 1990 0.021
(si/n:)° + (Epmani) 2 =172, (3) 20r
X, ng HIEEEL S k=-§72 b=t"2 2= -
n; 2 My = (si/ni)?, M (3) ATV Ny = ka +b. Tg 16}
FEF 1(a) s K-M AErE, W5 Ry AT T -
S P45 S SCEIAT S e (OB S A0, ) s
B 2 PR B u (2) T T 50 <2
FRifEoR I, I (4) SUFR, SRS T3 1. N
1 " =\ 2 08, 0.05 010 015 020 025  0.30
u(Z) = $ m ; (Zz' - Z) : (4) (1/n;)?
HUSR (2) TSR S1R A (400) A7 55 B9 45 M2 (/) SRR
ABRIE /I 9 6 9 6 s (8, AMHT8450 m, Fis 2 Grapl of (/o) inst 7
MiZ MR Ryn =i+ 1, FHHAA R A LRI E I 0 BN € B (k)
(si/ni)” 1, G5 FUNFE 2 T8, Filu (b) 5 F3 3 . KA X B AL 45 AR AR

FH% 2 e =8 ng 2 IIEAVERE A8 H5 o, B ZRXb=172, 133U A S R Ty ) Y JE R R
2 K-M {ERRE =45 R A5 A

Table 2. Data analysis of K-M pattern measurement results.

Hidl Hudi2 B3 A
oo n;’ Si (si/m:)? Si (si/m3)* 51 (si/mi)? Si (5i/nq)?
/nm /(10°% nm ?) /nmt /(105 nm ?) /nm /(10 nm ?) /om™ /(105 nm 2)
1 2 0.2500 0.0067 1.1239 0.0064 1.0087 0.0064 1.0146 0.0065 1.0484
2 3 0.1111 0.0117 1.5262 0.0114 1.4403 0.0111 1.3570 0.0114 1.4403
3 4 0.0625 0.0154 1.4817 0.0154 1.4889 0.0157 1.5468 0.0155 1.5057
4 5 0.040 0.0204 1.6727 0.0201 1.6155 0.0194 1.5069 0.0200 1.5976
5 6 0.0278 0.0241 1.6170 0.0248 1.7053 0.0241 1.6145 0.0243 1.6453
6 7 0.0204 0.0282 1.6180 0.0285 1.6524 0.0291 1.7331 0.0286 1.6675
7 8 0.0156 0.0325 1.6507 0.0328 1.6811 0.0332 1.7174 0.0328 1.6830
8 9 0.0123 0.0372 1.7053 0.0375 1.7361 0.0362 1.6178 0.0370 1.6860
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Table 3.

HARIE R ARG T4 2R

Line fitting data and related analysis results.

k /(107 nm ?)

w(k) /(107 nm2) &€s00 /nm w (£400) /nm b/(10 " nm 2) 4 (b) /(107 nm2) t/nm o (t) /nm to/nm wu (to) /nm

~266.105 9.703 194 3.534 171.376 0.982 242 0.692 239 0.685
t =242 nm. HHh, FEH T AP LT RIS ESLS W

FERTLEY- I Z [R]95% £ o 5 XUB S 54 £ o f B 2Z [H]
f) K 2 cosp = cosacos3, M A5 B 1A J5 EE
to = tcosp = tcosacos =239 nm. B 3 AL
PERA KRR k=67, 5 200 kV X+ TF,
Si fiR (400) ShTATATH YERE 2 £400=194 nm.
AR A b=172 k=gt Bl =0 2,
Enrr = (—k)~ 2 . TEAES W 53 1) oK A = 28, T%?UU
B R EE 1R 25 w () TS R AR 22 w (Enrr), TN
(5) XA (6) TR, FAb, i to = teosacosf ] 17
Flu (to) Flu (t) ZBIAEER, 4 (7) R,
ot 1

uy =| 2w = teww, )
wlnn) = | %) = jeu), @
u (tg) = u (t) cosacosf. (7)
B ELAA RN (5) K—(7) K, 558w (),
u (E400) Flu (to) FME, Z5RIIAFE 3 .
4 A EE N
41 REEENAHEESH
4.1.1 A RBRARE TR ue (to)
H (3) A 2SR A Ay AR R B ¢ 3R
kL
t= [(:)2 + (fhklni)Q] 7§~ (8)

IFERY R to = teosacosf, Herf afll B N HLEE
TR S 7E 2 5l y B A CRE R E ¢o 19
|

to=tcosacos 3= {<Z>2+(£hkmi)_2} ? cos acos 3.
)
(9) b s pyFeak=0an (2) . "I, (9) A
WRIVETA ., S, o, By, A, durr, A Fl Ry
o, ng R IEBE, TCiRE; N, duw, o BINIRZE
RN, AT 2B, PR, 520 BT to AN BE 1Y)
K2 HA Enir, A0; Fl Ry
Bl TR o Ak TR Y B BUAS HE S B A
e (to) FTEALLEH Ennr, AO; B Ry — 48 S AN 2 BE
5 | P JEE AN R 7 A TE S AR T A5 31 12,
TN, A AS T AN BE T R JEE BN o B
5 AL 6, 3% BUR PP E ) SL g bR i 25 A =X
Fon. REIREE to 1B PR HEANHA R B ue (o) IT 3R
NH
" [ ot
ug (to) = n(n—1) 2[5&;1] (Enkt)

=1

3 [as]

(A:)

1 "ot 17,
+ n(nf 1) ; [8thl] Y (thl), (10)

A, 51O DOGEE B BT E BE w (Snr) TIA
AT E E O35 26 2 BUAATET B4 @ 4 i B2
AMELZ L R B A0, B ANER SE E w (A0;) 5
Ao 55 3 BUNATST B O B S R O R
0 ) AN A2 B w0 (Rpra) 7 LA BT A2 JEE O
B (9) AXPIIR A T, AT 2] (10) b5
KumFeakat, 4R

Oto S; 2 9 2 -3 2
_ Si ; i i ——t"to, 11
D [(m> + (Enrini) (Eprani)” “nicosacosl = &2 0 (11)
P 2 2
Otg 1 Si\2 1 2 2s;\cosacosf S\ 9 s 5 s; 1 4
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oty (1 Si 2—k 1 2 22si)\A0,-cosacosﬂ_ 5;2 2 _ s? 1 ; (13)
ORn 2 n; n; n;R2,,d2,,  niRpu Rpwni

kR 2 A KRN |k =
HACER, B (10) R AT AZIA N

—Epirs ZEHE S BRI 52 BE A3 A T DURIAR & b 5 LA S 5 2 43

, - 1 n 8to 2 2 n 824:0 2 ~ 8t0 2
u? (to)_n(nl);{ak] u oy p— ;[aAe] n(n—1) Z_Zl[aRhm] (Rnkt), (14)
sop
3
N 2 2772 2
e ([ O]
\
VBB AMIEAR, BRI 4 F  HPHDEBARIRA (16) 28, SR ik BRI 9 2 WA

51, (10) 2 =T HIE 51

1 " T oty 17
n(n—1) Z _8§h(j€l:| u? (Enr)

n - 2
:#Z gt]j] u? (k) = 0.067 nm?,

nor 2
n(nl— 72 ;ZH u? (A6;) = 26.784

1 T oty 17
2 =0.1 2,
n<n_1>2 _8thl} u? (Rp) = 0.179 nm

AL Y S5 T R 2 5 R A AN R A
LU, SF TS =305 | 3 A0 e At 88 v LA 20
AT IRRE IR EE to 85 R AN 7 JEE e (to) AT
(VeS|

TEANT A2 FE R ue (to) = 5 nm; BUREJEBE B9 AH X A5
TEARHARE FE R ue (o) / to=2.2%.

A FHG R MEANA 5 T3 7 B I Bty S b
FE b B SR SRR BE, WT ARy SR B ) S B A
THE M 239 nm, & AR EAHEE A 5 nm; AHXF
PRAEANHAE B 2.2%.

412 ¥V RIHZEU (t)

WA PRV AR B 58 B e (to) 3 LA S A3 Ny
p LS T kp (K > 1), SRR ESHERA p i
MY ANH ZE BE Uy, (to), BB U,, (to) = kpto, Hor 4
FHRFky = t, (), t, O)FREBEHR . AH
J& R v B ¢ A3 AR

ARG S N = 24, BE A g e = N -2
— 20, AL EHER p = 0.95, &£ M A% [
FEAT I 20 F1 25 BHEY ¢ /3 A fH: to.05 (20) = 2.09,

u? (to) = n D) Zn: [afzg ] AB;).  (16) to.05 (25) = 2.06, FHAH LTS 2 t0.05 (22) = 2.08.
=1 tp (v) BYFECLL AT AGE FHAR BT, 40 excel #AFH Y
4 R G R HEA I E BT R
Table 4. Combined standard uncertainty analysis process data of thin crystal thickness.
2 ‘ 2 dto 1?2 2
i ng Ab; Oto {%?} u? (€) % {%} u? (k) % |:3T(4)91:| u? (A6) %:M [ala%t:kz] w? (R
9 /nm? /(10° nm?) /nm? /(10? nm?) /nm? /nm? /nm?
12 0349 0.4789 2.865 17.445 2.865 -8.383 26.848 39.92 0.057
2 3 0.613 0.2129 0.566 7.753 0.566 -9.838 104.519 82.27 0.244
3 4 0.83 0.1197 0.179 4.361 0.179 -10.058 32.823 114.67 0.473
4 5 1.076 0.0766 0.073 2.791 0.073 -10.361 290.186 152.09 0.833
5 6 1.310 0.0532 0.035 1.938 0.035 -10.514 154.891 187.96 1.272
6 7 1.539 0.0391 0.019 1.424 0.019 -10.585 275.992 222.24 1.778
7 8 1.767 0.0299 0.011 1.090 0.011 -10.634 115.718 256.35 2.366
8 9 1.990 0.0237 0.007 0.861 0.007 -10.644 498.953 288.91 3.005
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TINV RT3, 258 K to.05 (22) =2.07. X HRAF
to.os (22) = 2.07, W BE to 99 JB AN € FE R
Uss (to) = to.95 (22) uc (tp) =11 nm.

YT AN 5 B BN I PR S TSR
MY R FRIEERE, AT LASRIA N to=(239+11) nm, & A
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Horfng | N dp FASERE JE T ZBEANTT, 52
B € I E FEN R R B2 ¢, A0; Fl Rywy. THE
HEES € A PRI AE B ue () TTFRAR A

u? (§) = n(nl_ ) :1 [gﬂQU2 (t)
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R 5 THCHERS G MR HE AT 2 B AT R
Table 5.  Combined standard uncertainty analysis process data of extinction distance.
2 2 : o¢ 12 . : 2

cnoan o [Ewo % [Bee 2 [ag] ven 2 [

ot /nm? /(107 nm?) /nm? /(10? nm?) /(10% nm?) /(10? nm?) /nm?
1 2 0349 2.067 2.047 1.457 2.047 8.762 0.293 0.417 0.063
2 3 0.613 4.651 10.363 -3.278 10.363 -15.405 2.563 -1.289 0.598
3 4 083 8.269 32.752 -5.828 32.752 —-21.001 1.431 —2.394 2.064
4 5 1.076 12.921 79.962 -9.106 79.962 ~27.041 19.767 -3.969 5.672
5 6 1.310 18.606 165.809 -13.113 165.809 -32.929 15.193 —5.887 12.475
6 7 1539 25325 307.182 ~17.848 307.182 -38.676 36.847 -8.120 23.738
7 8 1767 33.077 524.039 —23.312 524.039 —44.406 20.179 -10.705 41.252
8 9 1.990 41.863 839.410 —29.504 839.410 -50.001 110.117 -13.573 66.316

A A PR EASEA 2 BE 2678 200 kV I, gl
Si FIA (400) & T T4 GIE B T LAk A T GEE
B AR T N 194 nm, A AT EASIR T K
20 nm; AHXTARFEATHE BN 10%.

422 ¥ RIHZEU (€00)

Bl N =24, Fd A E v =22, AR
p = 0.85 [, to.85(22) =1.49. T ICIEES Ea00 Y
AL R Uss (€a00) = to.s5 (22) uc (€400) = 30 nm.

A Y RN E 2R 200 kV B, B0 Si
& (400) i TET B IEEEE B, W LLRIB N a0 =
(194430) nm, & BFREATE N 20 nm; 65
HER A 0.85 I, A5 T2 1.49, ¥ A & B
A 30 nm.
4.2.3  ¢#MRAE G AR L

HR 3 L7 5 AR Al BE BIE Rl 137 S AR 3 2
AT HEAS AT SR AR A RO DG BE B € AT LASROR
g [13.14]

Enpt = mVecoslp /A, (25)

A VORI AR, N RZAHRHSE R HL o
Wl O hELAT SRS R B ATRIRS A1, AT b AT BAR 2
3 2dsin Op= A 15101 AR 2]t ] DLSE o 0 AT
SPAERE B AT BE Rkl F0 3% 56 BE 2 18] Y A FE 20815
. HosTR/N, costp =1, WIEHE B 22t mT LA
R Enr = TVe /A Fp .

ZAIXHSIBTE R R X (YA 0718 5y

=1/ [2meelU (1+ eU/(2mec?))] ",
By

A= 122643/ [U (1 4 0.978476 x 10750)]"/?,

N R nm. A BB AT AR 2, AT DAAE SCk
rhte 3] 19201 U7 J2 L I U A I PR R, BN
V; Fur /& gna TSI f AR BRI R Z5 A 4R, H3RIA
KXh
Fhp = Zjv [fgi (€) exp[2mig - 73], (26)

Hrp

r; = z;a + y;b+ z;c,g = ha™ + kb* +lc*, (27)
K, r R PN EFALE AR & g TR
PR AT B S K1 a, b, ¢ SR IEAS [
ikt a*, b, c* RSB ERNIREE; fqi (€) S gk
ﬁ?ﬁiﬁﬂ“ﬁﬂ@qﬂ% MJE%WEE%E@%&%WE, B
N e, 1T = 3685 n, AR
AR E R SR [19, 20] £33 fg: (3.5) = 0.123 nm,
fgi (4) = 0.102 nm, i {5 15153 5| fg: (3.685) =
0.115 nm.

AR Si A ENIVESSH, SESECH o = 5.430 A,
FARIARIN Ve = a x b x ¢ =160.1 3. SZI0 HIZE S
BEMEE A 200 kV, ABTHEFHREERK N N =
0.02507 A. 7E4 NI £ 454 Si ik, HA P
8 AT, 8 AN IR B A B AL AR 43 B A (‘0, 0, 0),
(550 (5:0:5): 053) (o) (5 53):
(G13) (33 5) Mgk 8 4T 1 gxride
HRBUMIN: gaoo - 71 = 0,g400 - 79 = 2, Gaoo - T3 =
2, 9400 - 74 =0,94100 - "5 =1,9100 - T¢ = 3, Gaoo - 7 =
3, 9400 - 75 = 1, THHEAEH Zle eI = 2 4 27 ¢
2% 4 260 =8, HL T BRI B IE R =

m
m

1.3914 , ZHHSIEIENEHIR T Fy = S—Ofgi (e) =
1.283.
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Evaluation of uncertainty in measuring thin crystal thickness
and extinction distance by Kossel-Mollenstedt pattern analysis
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Abstract

In this paper, the local thickness of single crystal Si film sample and the extinction distance 400 of the
(400) plane of Si crystal are obtained by analyzing the double-beam converging beam diffraction (CBED)
pattern of single crystal Si film sample under the 200 kV of accelerated voltage. The factors affecting the
measurement uncertainty are analyzed, and the influence coefficients of each factor on the measurement
uncertainty are discussed by using the concept of first-order partial derivative. The measurement uncertainty of
thin crystal thickness and extinction distance are evaluated and expressed according to national standards
GB/T 27418-2017. The conclusions are as follows. The local thickness of the measured Si crystal is estimated at
239 nm, the combined standard uncertainty is 5 nm, and the relative standard uncertainty is 2.2%. With the
inclusion probability being 0.95, the coverage factor is 2.07 and the expanded uncertainty is 11 nm. With the
accelerated voltage being 200 kV, the extinction distance of Si crystal (400) plane is estimated at 194 nm, the
combined standard uncertainty of the extinction distance is 20 nm, and the relative standard uncertainty of the
extinction distance is 10%. With the inclusion probability being 0.85, the coverage factor is 1.49 and the
expanded uncertainty is 30 nm. The main factors that can affect the combined standard uncertainty of sample
thickness ¢, are camera constant, accelerating voltage and sample thickness, while the factors that influence the
combined standard uncertainty of extinction distance are camera constant, accelerating voltage and extinction
distance. The influence of the uncertainties of the measurement data of the Kossel-Mollenstedt pattern on the
uncertainty of the extinction distance is n;(¢/t)® times that on the sample thickness, and their influence on the
slope of the fitting line is about n; times that on the intercept of the line, where n; is a positive integer and
greater than or equal to 1. If the sample is not too thin, that is, n; is greater than 1, then the uncertainty of

crystal thickness will be smaller than the uncertainty of extinction distance.

Keywords: convergent-beam electron diffraction, thickness measurement, extinction distance, uncertainty
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