%445 E 4H1/2024 F£ 2 B/RFEHER

K EHRIK

WF R T

a2 2 8w gls
DX'H&P ,ﬁ?f\EJ )

%&*MX%%g AL 75 W 5
£

LHEY, &1

Ve B B F T FSE T, B ET 1001905
Crp [ BR A B R 2E T L R S A TR B, dE T 100049
N FEY IR SR, B 220 730000

WE XD RBE XA U A 2SS T, AT T X 2 09 A 1R S 55 52 B S I B XIS 4R i B B
22 J2 T A S5 25 55 TS R B A0 I 2 A DD G R AR 22 J2 T AR DB X T BE D BB X R Ol AR R U A

YR

W T 2 )2 R B /AN G 0 JE R R I ) B SIS R R o I A I R S X R 2 SR T TT A

LTS o ARSI T TR T2 DO R 09 X 4 2 J2 B0 i 4, 8 S5 B T Fresnel £ £ 4k 55 115 1 HIO,/

ALO; Ir/ALO, Ru/ALO, W /ALO, WU M KL A 1 Z2 2 00 B3 e T A BHL A RIS B R 8. 5 s
i, AESL SR L, S ORI A T A BIEE R 4 nm JEBIECH 60 4 58

WEF I IES U

HAE S
Ltk 0. 5 B HIO,/ALO, X 4k

LR, XHHZE(0. 154 nm) TR 53814 %‘ﬁ'ﬂ“ LZ AN A B 3. 86 nm, [ 4 A2 43 %4 , £ 2 E AU THT 114 355 5

FL T S Bl B (TEMD) P 8 7 2= i) 55 1 355 BT
XERE R TR XL 2R fiﬁfi
HEISES 0434.1 XEARER A

1 4l G

X 4Ot on 2 N T X B By oo,

17 T [ A AR A5 T O Eﬁ%%xmaﬂﬂ i
ﬁAéXET%‘Z*"{ﬂ' SPNCES S D E I L L
FALHE X SR B R B O % H
T X SR Z R IR — S H A SO ool A
e TR BORE S LR, A 22 A BT B SO Y
AT 2 0, 52 IR I Bt X e 1 v A R A . X AR
ZIRBERA R R TR RS A, Bz N
SR RS R= 3 O G E N S RE 2y 79 T L

20 J2 IR 18 1A iR R T XS 8 A A B B
1 X 2R 9 3 K (0. 01~10 nm) , BT LA 2 J22 I 1) JR)
J1J5E R e e LR LA 40K B, BLAE A MR 1Y
TOLT , 20 J2 1 14 J5 301 J5 12 i XS A O ) D /) T Dk
INo 2 22 TR I B JE A IR R R B LA OK I, 22 )2 5 A ikt
(2 EFﬁXET?)%fi%TKE’kamFNEE 45 [ = B T T
f 7 T RO R A AL /D R R X Sk £
22 TR ) ) 28 B AN T i EE B o A A

FURI, X A 48 20 J2 I B0 ) 48 07 1 5 2R 3 1 R Ik
SFEOR WIS BOR R TR UURBORSE o B 7Rk
SR BE B R AR E 5y TR S R A R R

SERIAE T T R DU ) A/ IO JE R X AR 2 IR BT Y AT AT 4

DOI: 10.3788/A0S231331

T HAE S R T RO S R R TR R R
15 nm, AW Bk 311 C/Si 2 2 450, 78 I K
30.4 nm 1 28. 4 nm B35 52 55 3R 43 ) v] 3k B 14 % AN
11% A, o 15 7 SR S o A 1% T8 52 114 vy 359 50 P A
PN e R SO o Rl S B A= R N S T (T
25 P AN TR B 2 AR RSOGO R X A A T O
SRR, BERIRFHAR TERE R X HLE
JE BRI A kY K s 2 e s
P 0 B B R AR RS B ST IR By BIBER T W/Si £
ZREA Ru/C 2 2B, AR BN 3 nm, J& 11 )2 %055
Wk 70 F 75, X B 2R (0. 154 nm) 53R 5 5k 63%
H 6290, (H 2 0 1 I B 1) 38 2% DB R A 2 M A B B
JRF 2 DR CALD) B AR S —Fi SAH Ak 27 O n , A1) 9
Tl ol 22 b 5200 0 WK AR, 78 H AR LR - DL A R
Gl SR S N Vv = Pl VA S S B A A = ¥ o SO
TR JEL P8 s ohORG JEE E SRR i 2, BT A BRI LR R
P LA B 35 K S %) T 1 R s RS B2 7R 2% /N S 30
B L2 R A E R . RS R

ALD #4146 7 ALO,/HIO, Z JZ 45 # , 8 J2 R 3 Ny
10 nm; Fabreguette 1 B\ 32 HI ALD # A il £ 17 )8
W h 16 5 B JEE B > 10 nm B9 W/ALO, 22 2 15, i 5t
R B 25 R R 2 2 E A AR R BT R

Wi B . 2023-07-31; EEHHE. 2023-10-18; KA BHA: 2023-12-12; MEE X B 2023-12-23
HEE&WH.: HFHRPEIES (12104454) b R B o T 198 T 3k 4 (E1554404)

BIEIEE:

‘liyanli@mail.iee.ac.cn;

“slkongxd@mail.iee.ac.cn

0431002-1


https://dx.doi.org/10.3788/AOS231331
mailto:E-mail:liyanli@mail.iee.ac.cn
mailto:E-mail:slkongxd@mail.iee.ac.cn

JEJE R, fiE X GF2R (0. 154 nm) 9355 AR/

A SCWEFEF ) ALD 32 il £ B8 /0N Ji 199 )5 B A X0
&2 2R R ALD Al il £ 0y RS R T T AR
M FR 2 )2 M) X5 26 o 3 43 48 HIO,/ALO, T/
ALO; Ru/ALO, #l W/ALO,, I i — 2 4081 7 2 2 I
S5 R S BO RSS2 AE R B R ALD 35
=AM 60 JH RN 4 nm A 0.5 1)
ALO,/ HIO, Z 215 . I 25 3 0o | 22 J2 158 114 i )2 [i]
ST WG BB, T HL A B 1) X R R
2 SRR AN G T vk
2.1 3RIgitig

ASCAE I ALD 3% 45 0 5% 24 FHR T-ALD 150D
RUJFEF 2 TR R Gt , 3L v S0 Ak A0 R 480 Ak 6 T R P 1
4 A SRR A 51 Sk = 3L AR (CTMA) g (e 3 )
# (TDMAH) , 8 R KB 7K, A ML E N
99.99% MmAai AR . ZZHEWEIRNERN
6. 67 cm () 2 5 ik (2 THLRE B2 208 5 A) L TR R 4
i A TDMAH BN E 75 °C, ] AR B R E i
Jn PR BE R 150 °C L 88 B IR EE D 120 °C, AR 5 ol
26.67 Pao ALO, W B 1) — > 1 BF o B2 60 45 38 A Hi 9K
& TMA 0.015 s, N, 30 s, 8 A & IH £ & F K
0.02 s, N,IKH 30 s, HIO, 3 I ) — A5 30 1 #4240,
¥5 38 A BT 3K A& TDMAH 0.02 s, & i 10 s, N, &
40s, AR ERET/K 0.03s, MW 10s)E, N,ikH
40 so 1 AEERIZS R E M 2 2SR B &8
BT R EE Ky 4 nm (8 ALO,/HIO, 2 2 i, Hokt 4~ A
1R ALO, 5 HIO, B 18 38 505 531 13 8 o0 8 Fn 12,
RLJEEAECR 60,

ALO, 2 nm

HfO, 2 nm

ALO, 2nm
HfO, 2 nm

ALO, 2 nm

HfO, 2 nm

Si substrate

1 HIO./ ALO, 2 J2 R 45 K 7 2
Fig. 1 Structure diagram of HfO,/Al,O, multilayers

2.2 Wik &

BI85 B RE i 22 55 [ ThermoF isher 23 @ Scios 2
BB AR TR TR (FIB-SEM) & 4 $2 B o S A
vl 3% T (%) 0 T 9 R R, O R T TRORIL A0 R 4 T A

445 E 4H/2024 £ 2 B/REEIR

R R E ST E T B (TEM) £ &M s s 1
Wk — 2 % S R B AR T JEM-2100F #
TEM M5 £ 2 B 451 5 22 )2 B0 i 5 S e dL o [ 25
A IWIA ol Bk, X B2k i K oA 0. 154 nm, ]
AR FE AL BT ACERE i & L 7R RS AR B R
GO E I BB A RSN FE AT
X Bk (0 5 B (R, JF A IMD 8RR, 0 B 3045 X
SR R

3 XML 2B

3.1 BRESEY
X It £k 22 2 I v 2 ph TR e b R 5 R B A, —
J2 H I B AR OB R 1) 20 18, 1 S HUS 2 7T
LS BXE XS 26 B HU ;s O — 2 B AR 5 BSORE R (b
BE2) B AE R B B SCHEAE R . 2 2 M0 SO
A BT Fresnel 24 262 2 2 IS #1711
ALY H R R Ao =n,— iR MW TEMRIER F I,
niE 2 v 2 )2 B R ST 0 1B R B R R R
WKERKIBEE NI (j=1, 2, 3, «, m) KK, K2
TR a=n—1p, WK A AW FITENEILLO
A B Z 2R, RS T m 222
Y5 )2 Fresnel ST R ECH
rio,; o exp(i20;)
r,= : , (1)
147,01, rexp(i2d;)
fi,cos 0= n;cos 0, (2)
A AL 22 0, = 2rdm;sin 0,/250, 05 jIE AT 5
ARANBE WA s, AR j— 1R 2 Z E W
Fresnel R4 Z ¥, M j=1 R H 2 j=m fEERITH S
B 2 2R R AL, BRA AR Z R IR SR

substrate

K2 ZJRBEE RN R RN ER

Fig. 2 Diagram of reflectance calculation for multilayers

0431002-2



a4k F 4H1/2024 £ 2 B/REER

TR RER R 2 R O RO R AN 2 R
A T FOE B8 A < Y AP A R B B R 2 T K 5 A
Tl A4 R AR iz B 68 WO R RE /DN 5 DA T 552 ) 1 Rl b
BHE ) Fresnel FOAF R K22 R alGE R . B LA XUf
L0 A HEA 2R I K A AT RS AT
SRR, XSS R AE 2 )2 I A T K A A AR iR v L S B X
SR B v LA, N T TR M 22 R T A DU A A R A
{H

md, + n.d, (3)
d +d,
B EMORE LR Ry d AT S s LB 2
AR 2 (IS BE R o, T 5658 2R mosm AT AR X
LI 2 R IR EEE R D=d, + d,, W 7T LI
o L 1E $F 98 ) 22 2 A R R RE . e A, 7 AR R R GE
B B 2L W B2, BB (B S TH G A BT HUN
FhREAS A 2B AH N, B THDRL RS BE R AT RE /N o XA
LKZ RN LS REM R R D(d, +

mA—Z(dl+d2)/ cos?d ,

dy) (57 o(d/D) M ECN, T AR 53 Hrix 8 2
O X S8 R B 52
3.2 BEMANEHRHEE

ALD ¥ 0] il 28 Z2 P B A4 L, T AR Sy 22 2 B A
2 A S W Ir . Ru  HIO, 25 |, AT AE Ky 22 2 B 4] B
JZ 1 3 AL 45 ALO,  Si0, %5, 1R #i§ Fresenel £ ¥ 1% 1
S T D=4 nm.r=0. 5 .N=100 i) HfO,/ALO, .
Ir/ALO, . Ru/ALO,Fl W/ALO, VU I 52 £ 2 B8 X 5
28 (0. 154 nm) K E 3 Fiw /LA B, UFh £
S — R AT B 2E AR IE L I°~1. 2° 2 [H],
AV B B o R R D Ak E /Y, X T D=4 nm |
t=0.5 . N=100 (1) U F £ JZ B , K 4= — G AT 53 15k X 5
2 1 S I B R T 50%, Hod Ir/ALO, \Ru/ALO,
W /ALO, 22 )2 I5 1Y f i 38 T SR B A K [A] L, 24 Ky
71%, HIO,/ALO, £ 2 & () W {A I 5T R g AKX , 49 K
55% 3% F B oMM T H A = 48 B, HIO, 5
ALO.E 0. 154 nm X 528 &b i 31 5 2 22 Bl &/

(@) 10° — )
- 0.8F
10}
\ 0.7}
2 7
EIO ™ o6}
10 —HIO/ALO, Y 041
—~Tr/ALO, i
10 —W/ALO, ‘ ‘
Lot RVALO, ‘ N30 L Y S /A N N W
0 1 2 3 4 5 6 7 112 114 116 118 120 122 124 126
Grazing angle /(°) Grazing angle /(°)

I3

AT 2% 22 ) I A0 30 5 X5 2 S 2 9 O 2R (a) TR0 A D O 770 A [l JB5E 2% 22 J= I8 5 53 3 ) 22 4 5 (b) 7 — 2 AT 5 0

Ak B4 A ) B 2R 2 22 M) 2 33

Fig. 3 Relationship between reflectivity of multilayer films of different film systems and grazing angle of X-rays. (a) Changes in

reflectivity of multilayer films of different film systems at grazing angles from 0° to 7°; (b) reflectivity of multilayer films of

different film systems at primary diffraction peak
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Abstract

Objective

radiation, free-electron lasers, high-energy astronomical observation, laboratory X-ray detection, and other scientific

X-ray optical components are ones applied to the X-ray range and are widely employed in synchrotron

instruments. Among them, X-ray multilayers are important reflective optical components. Due to the short wavelength of
X-rays, the multilayer period is usually in the order of a few to several tens of nanometres. In the case that the incident
angle remains unchanged, the multilayer period decreases with the wavelength of X-rays. When the multilayer period is
reduced to a few nanometres, the defects such as interface width and roughness will significantly reduce the X-ray
reflectivity. Therefore, high-precision film preparation techniques are essential for fabricating X-ray multilayers with small
periods. Several methods including ion beam sputtering, magnetron sputtering, and atomic layer deposition (ALD) have
been adopted to prepare X-ray multilayers. Compared with other techniques, ALD shows advantages in achieving highly
conformal films with precise control of film thicknesses on the order of angstroms. Thus, it has great potential for
preparing multilayers with small periods. We study the preparation of an X-ray multilayer with small periods by the ALD
method. Based on the film types that can be prepared by ALD, we calculate the X-ray (0. 154 nm) reflectivity of four
multilayers which consist of HIO,/ALO,, Ir/ALO,, Ru/AlO,, and W/AlLO, respectively. We also further analyze the
effects of the structural parameters of multilayers on the reflectivity including periodic thickness, duty ratios, and number
of periods. Based on these results, the HfO,/Al,O, multilayer with period of 4 nm, number of periods of 60, and duty ratio
of 0. 5 is designed and prepared by ALD.

Methods

multilayers with different layer materials, periodic thickness, duty ratios, and number of periods. The influence of these

In the theoretical part, we adopt the Fresnel coefficient recursion method to calculate the X-ray reflectivity of

parameters on the X-ray reflectivity is investigated. Based on the calculated results, the HfO,/Al,0, X-ray multilayer with
periodic thickness of 4 nm, number of periods of 60, and duty ratio of 0. 5 is designed. In the experimental part, ALD is
applied to achieve HfO, and Al,O, films. For each film, in a growth cycle, two reactants are employed as precursors and
they react to form films on the substrate surface in a surface self-limiting growth mode. The film thickness is controlled by
the cycle numbers. As for testing methods, ThermoFisher's Scios 2 dual-beam system is adopted to obtain a cross-section
sample of the multilayer that is suitable for transmission electron microscope (TEM) observation. Meanwhile, the
structure of the multilayer film is observed by JEOL JEM-2100F TEM. The X-ray reflectivity of the multilayer is tested
on the Beijing synchrotron radiation 1W1A line station with an X-ray wavelength of 0.154 nm. Before the test, the
multilayer is placed on a horizontal stage, and the positions of the sample stage and detector are adjusted. The data of X-
ray intensity at different grazing angles are acquired and fitted by IMD software. The parameters and X-ray reflectivity of

the multilayer are obtained from the fitted results accordingly.
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Results and Discussions Figure 7 shows the TEM images of the cross-section of the HfO,/Al,0, multilayer at different
magnifications. The interface between HfO, and Al,O, is relatively sharp. However, the thickness of HfO, is slightly
larger than that of ALLO, in one period, which indicates that a small interdiffusion exists between the layers. The results of
measured and fitted X-ray reflectivity of the HfO,/AL,O; multilayer are shown in Fig. 8. We find that two Bragg diffraction
peaks appear at 1. 15° and 2. 23° respectively and the widths of the diffraction peaks are small, which reveals that the film
deposition rate is stable and the thicknesses of each layer in the multilayer keep almost the same. By analyzing the fitted
data, the X-ray reflectivity of the multilayer film is about 43 % , which is a little lower than the theoretical value. The main
reasons probably are the relatively large roughness of the Si substrate and the interdiffusion between the layers. For
example, the roughness of the Si substrate can be transferred to the layers accumulatively, which leads to an increase in the

scattering of X-rays and a decrease in the reflectivity.

Conclusions We study the preparation of X-ray multilayers by ALD technique. X-ray (0. 154 nm) reflectivity of the
multilayer in ideal conditions with different layer materials and structural parameters is calculated. Additionally, we also
discuss the effects of layer materials, periodic thickness, duty ratios, and number of periods on the X-ray reflectivity in
detail. The calculated results show that the X-ray reflectivity of HfO,/Al,0, multilayer with periodic thickness of 4 nm,
duty ratio of 0. 5, and number of periods of 60 is 53%. On this basis, the HfO,/AlO, multilayer film is prepared by ALD.
TEM results of the multilayer show a relatively sharp interface between the layers. X-ray reflectivity results indicate that
the X-ray reflectivity of the multilayer is about 43% , which shows the great potential of the ALLD method for preparing X-

ray multilayers with small periods.
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