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Fig. 1. (color online) Grazing incidence X-ray reflectivity curves before and after annealing.
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(a) Reduction of reflectivity of the first Bragg order after annealing at different temperatures;

(b) reduction of period after annealing at different temperatures.

WmAs. 45 RN, TEA R BT 24T A [F B Ja]
B KIS, BEIR KGR FE B3N, D /& A 0.003 nm
BINE]0.009 nm. JA B R EE /N B JE R AT e 2 5t
T )25 R A2 85 55 R X 2 K A 5 420 i A% 15 B in 3
B E 1SRN B P9 I E S A AU, SCHR [17]
WF7E 7 Sc/W/Si/W 7£ 210250 °C & K & i 45 1)
Ak, fE W, Si SIS S T WSip 1I4E K. Kur-
mae 5 181 75 K F 2 250 °C [ 1F T Xt W/Si £
JE IR K IR 250 °C BRI E] T WSiy FIAF
. S4b, dmid W-Si A B DR g, W, S JE 7]
FERG =T 300 K IR FE T a] T WSia. HR4HE WSis

FIW, Si B B2 BE 200, BB /% % ik 45 iy B A T4
L WSia F 2R T LA 5 55 W /St 2 J5E FE S TRk

/N [21,22]
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Fig. 3. (color online) Grazing incidence X-ray reflec-
tivity curves and their fitted curves before and after
annealing at different temperatures for 3 h: (a) 150 °C;
(b) 175 °C; (c) 200 °C.

F B KR I E R RS ERAE N, I H kN
[ A R KR B IR D& K, A AR &
A e AT A% 2 IE 2 IRAF W B2 B AR A
LA 15 R W ORI S S TH SE T A KN 5 S
R (23] — 3, H R KGR E T A WA R, i,
W, Si Ftifi HH 150 °C IR KT 0.342 nm/0.372 nm
B 0 238 K J5 190.348 nm/0.376 nm, 200 °C

B K AT F90.352 nm/0.364 nm 3 i 23R K J5 1
0.364 nm/0.405 nm. FTH 8B K FE T 144
W 2 S 26 P PR, GIXR A R0 40L& &5 SR 10 1,
AR KL 2 S WA = A RN ST 2 R R
FEE P v 2 o JR) T 2 T () 9 ORI AT RE IR T A &
YA R, R TR I 2 BT D 2 4 B, BRI 2
(LT
R1RKHEIAE RIS

Table 1. The fitted parameters before and after an-

nealing.

150 °C for 3h 175 °C for 3h 200 °C for 3 h

before after before after before after

dw/nm 1.700 1.705 1.716 1.751 1.654 1.848
dsi/nm 1.933 1.926 2.019 1.980 1.839 1.631
D/nm 3.633 3.631 3.735 3.731 3.493 3.479
rw/nm 0.342 0.348 0.346  0.356 0.352  0.364

rgi/nm 0.372  0.376 0.351 0.389 0.364 0.405

E: dw WWIZEE, dsg NEZERE, D N, rw N Si-on-
W R S8, rs; N W-on-Si ¥ 571 96 1% .

3.3 NAOSh

PP 5O BRI T i B3R K 3 T B BEAT
D&, TR ACNAT A2 T AR AL 3 By % 35
T, MRIEERGE R =R AT 1R A2, NS 2 R
SHVE AR B g AR B VG B % 1) [ (0 9
FIF Stoney 2 3R TS HH 9 5 A 44k i 17 75 4],

1 1 1 Es \ t2 1)
of = — — —
"7 6 \Rpost  Rpre/ \1-Vi ) t¢’

At R R R RS, Rpve Tl Rpost
73 ) 2 7 B8 T T S B IR JCHT JE R I i 26
7. I R LR By = 72 GPa, AL
Ve = 0.2 250 H 5043 A SR KR IR B 748, 1B K
HUAE i R I N B IRES, KN —260 MPa.
Bl 4 7R 7R KSR il B T N B, R ZE R R
71~ R T 2R 000K R 2 A R P S5 TR R A [ i
SRR 22, R KT, BN T#ECH BTN, 1R
150 °CiB K I i, 2 J2 S J1 90N 20 27%; 1
175 °CIBKJG, B3I /N2) 50%, 289 —134 MPa;
B 5 5 FE 34 £ 200 °C, B34k S0 /N ) 67%, AR
N —86 MPa.
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ARSI AR SR X S AT IR EoR W, Si 2
JE B A IAE 4 nm Je A I, R FEALE T o2 TR
& W T IE AR, AR R T AIHES AN R A
Skt B A B (20 S S T2 ) ) v A
RIS N, e B R W R T DUECK 3l g
PURAE SR B Si Ji = 2R TN, T U R A, F
FE TR T I 51N — R B S H B L AT R ;. 24 B
il — = SR I, 5 A R T AR A Y SR
TR o W J SR T Y A A T A R kb
S, BUR IR EA W, Si iR 2 5 i J5 7 HES s
FRE L R RN RN Ay, 1 — 45 15 30K [9]
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Fig. 4. Reduction of stress after annealing at different
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FIB GRS R 8RS R 2L AR
Kok Bo29] Y Si o B W OZ I, 545 Si i
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W7 RV e 1 R B R R I AR A TN G I A
FUN 745 R E W, 150 °C [ 3 h AR FA A BT
W/Si % 2 5P BE R M AR /1N, AH . I3 980/ N AN % B 2
(Z127%); 7E175 °CiB K 3 h )&, 22N 11 R %)
50%, [F]IF £ 4% R AT B W S S AR AN, ARAE
T 22 200 °C KB R N 7
e K, BT B3 5 R R R R e K. 3B TR (1) T
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Stress and structure properties of X-ray W/Si
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Abstract

The X-ray timing and polarization telescope proposed in China is for imaging spectroscopy in an energy range of
1-30 keV. To obtain the high energy spectrum response with a large effective area, W/Si multilayer mirrors each with
a mirror thickness of only 0.3 mm are used. This makes the figure accuracy of the mirror and the distortion caused
by the multilayer stress an important issue during the telescope development. W/Si multilayer mirror is an important
component of X-ray telescope for astronomical observation. To reduce the effect of the multilayer stress and maintain a
high reflectivity at the same time, the W/Si multilayers prepared by magnetron sputtering deposition are annealed at low
temperatures of 150 °C, 175 °C and 200 °C, respectively, for 3 h. The stress of the multilayer is determined based on the
surface figure measurements of each sample before and after annealing. The X-ray reflectance and layer structure of the
multilayer are characterized by the grazing incidence X-ray reflectometry (GIXR) and the reflectance fitting curves. The
first Bragg peak reflectivity of the as-deposited sample is 67% at 8.04 keV and the multilayer stress is around —260 MPa.
After annealing at 150 °C for 3 h, the first Bragg peak reflectivity and the layer structure are almost the same as before
annealing, while the stress reduces 27%. The fitting results display almost the same interface widths of the multilayer
before and after annealing. As the temperature increases to 175 °C, the first Bragg peak reflectivity drops by about
2%. The multilayer structure begins to deteriorate and the W/Si interface widths increase from 0.346 nm/0.351 nm to
0.356 nm/0.389 nm, according to the fitting results, while the stress reduces about 50%. After annealing at 200 °C for
3 h, the stress reduces 60% and the stress decreases down to about —86 MPa. However, the first Bragg peak reflectivity
drops by 17%, and the layer structure undergoes significant change after annealing. The W/Si interface widths increase
from 0.352 nm/0.364 nm to 0.364 nm/0.405 nm. The GIXR results also show that the d-spacing between the multilayers
decreases after annealing, and a higher annealing temperature causes a larger decrease. The stress reduction should be
mainly caused by the enhanced atomic diffusions at the interface and inside the layer structure during the annealing.
The enlarged interface and the possible compound formation contribute to the decrease of X-ray reflectance and the

layer compactness. These results provide important guidance for developing low-stress X-ray multilayer mirrors.

Keywords: X-ray, W/Si multilayers, annealing, stress
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