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Table 1 Technical parameters of the beamsplitter coating

Parameter Specification
Substrate Erbium glass
Incident angle 0
Reflectance <0.25% @800~1 000 nm
Reflectance =>99.8% @1 500~1 600 nm

1.1 SEEBERASNE

B HS E—Fh Er' YD B 24 B R SR B B, 7E 20 “C~100 CYu Bl N, U ik R EL R 8.7}<10 K 'y H
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Fig. 1 Optical properties of erbium glass. (a) Spectrum;(b) Optical constants
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Table 2 Properties of commonly used coating materials

Materials Transparent zone/pm Refractive index(@1 535 nm) Coefficient of thermal expansion/( X 107°K™")
Ti,0;4 0.40~14.0 2.26 7.0~9.0 at (25 C~300 C)
Ta,O; 0.30~10.0 2.09 2.5~4.0 at (25 °C~500 °C)
HfO, 0.25~10.0 1.92 5.0~6.5 at (25 ‘C~500 C)
Si0, 0.18~8.0 1.45 0.5~0.6 at (2 5C~1 000 °C)
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Fig.2 Schematic diagram of the membrane structure Fig.3 Design spectral diagram
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Fig.4 Distribution of sensitive layers of membrane layers Fig.5 Spectral analysis diagram of film thickness error
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Fig.6 Schematic diagram of magnetron sputtering deposition device
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Table 3 Deposition process parameters

_ TG1/TG2-Si TG3-Ta ICP X 2 . 4
Material Drum rotation/(r-min")
Power/kW  Ar/scem  Ar/scem O,/scem Power/kW — Ar/scem O,/scem
Si0, 8 110 110 0 3 100 200 60
Ta, O, 7 150 150 0 3 150 300 60

3 W5 S

3.1 MEANKLS S
IR 5E RS , T RE S BEAT BEE AR, 8 A SV A RS U e I 3 T, T B R R 5 kR, B
BRI A& 7 RS .
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Fig.7 Sample delamination micrograph
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Table 4 Vacuum level and radius of curvature of Ta,0; and SiO, films under different argon flow rates

Vacuum/Pa R,/m R,/m
Flow of Ar /sccm - - -

Ta,0. Si0, Ta,0. Si0, Ta,0. Si0,
60 3.35X10°* 3.43X10°* 216.7 10 204.1 191.6 185.1
110 4.05X10°* 4.12%10°* 221.7 —4464.3 199.0 245.0
160 4.37x10° 4.45x%10° 224.7 1204.8 204.9 235.2
210 4.73%10° 4.81x10° 237.2 —3816.8 220.3 347.2
260 5.04X10* 5.12X10* 228.6 1557.6 211.7 261.4

H 18 8 T 1, Ta,0, Fil S1O, 5. J22 B8N g Bl Ar 3t 2 38 I mi e/l o >4 Ar it 5t A 60 scem 3 2 210 scem B, B
IR A B T W SR T 10 B BB 2 TR AR, 53 T a,05 F1 S10, W BB B 5% F 22 FL 1) 25 K6 R AE , 3 B 0L 7
35N R 2 015 5 46.2% ,40.7 % o 24 Ar i HE 4k Z2 58N & 260 scem B, B 1 202 /N T 5 MPa, 1
M Ar I i 210 scem 1Y I FHE IS, WS HHOR B R 5 O, 78 40 RO TE BURR 2 A6 G, B iU (1 RS 45
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Fig. 8 Stress evolution of Ta,0; and Si0O, films under varying argon flow rates
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Table 5 Deposition rate and radius of curvature of Ta,0; and SiO, films at different TG power

Deposition rate/nm-s ' R,/m R,/m
TG power /kW - - -
Ta,0. Sio, Ta,0. sio, Ta,0. Si0,
4 0.151 0.633 218.4 —1577.3 198.1 340.1
6 0.174 0.655 237.3 —1612.9 215.5 360.2
8 0.204 0.698 144.6 —925.9 133.2 324.3
10 0.216 0.711 114.7 2415.5 106.5 202.9
-400
B 73,0,
Il SiO,
=300 | 2218
[+
[}
2
% —200
2
7
-100

4 6 8 10
TG power /kW

B9 KE TG % T Ta,0,%0 SiO, ty i ) # &
Fig. 9 Stress evolution of Ta,0; and Si0O, films under varying TG target power
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Table 6 Temperature and radius of curvature of Ta,0; and SiO, films under different ICP powers

Temperature/°C R,/m R,/m
ICP power/kW
Ta,0. Si0, Ta,0. Si0, Ta,0. Si0,

0 36 33 246.2 / 223.0 /
1 58 55 234.5 —723.6 209.4 490.2
2 81 85 232.6 —1483.7 205.8 301.2
3 103 116 160.9 —4 587.2 146.5 244.5

-400 100

(a)- Ta,0, (b)- Ta,0,
I sio,
=300 [ 265
-246

< <
a 210 &
Z 200} z
5 5
7 7

100 - -86 a

65 79
0 0 1 2 3
ICP power/kW ICP power/kW

E10 AR ICP & T Ta,O,/ SIO, W & A& R A 5 #m A & . (a) Fad B A5 (D)3 R A
Fig 10 Variation of residual stress and thermal stress in Ta,O,and SiO,films under different ICP powers. (a) Residual stress;
(b) Thermal stress

Wi 10Ca) fir s, Ta,05 F1 SiO, B2 B8 5% 43 W 1 BE ICP Sy R84 hnifii 88 K . 24 ICP IR M 0 5% 2 3kW i,
W O TR A R Y, SRR AN B BN, Ta,0, 1 Si0, I B 5% 43 1 40 B3N T 44.6% F0
25.6% . WA ICP Ty K, 2 5 BOM BT Ak 72 v i B T I 85008 1 3R 6 R, R A X (5) TR #
3, 10(h) iR , 5 ICP Uy SR PRI O R, 3R W75 22 R FAIR IR ) #5125 DARRAR BN, ) i 52w o IR,
AR ICP T2 A3 R T B2 R 1 Bk /N, R 1T 7E 78 A Ar O, 3 i — 22 FE B A 5 14 F , 24 SiO, 5 6 1CP
BB, OLB b R 3 MIK L LA A& W 0 S10, (<<2) , 2% M B A0l E RE AR L 4% S10, 245 B 1) R R
ZEA T, Ta,O W BN R AT ICP i B T 20, Si0, # R I 1kW DR 5y ICP B T 200 3T UL B i, & 4K
IR B DR T 2280 % 7 R .
®7 HUBRARIE
Table 7 Optimized post-deposition process
TG1/TG2-Si TG3-Ta ICP X2

Material Drum rotation/(r-min~")
Power/kW  Ar/sccm  Ar/scem  O,/scem Power/kW  Ar/scem  O,/scem

Si0, 6 210 210 0 1 100 200 60
Ta,0; 6 210 210 300 / / / 60

FKHFE 7T 2, Hl45 Ta,Op F1 S1O, I, AN 11 178 , 355 005 06 25 5 B0, B 3 B 3R 800 A6 1 AR IR &
VeI, X I 5 R 1 il e R AR /N o i R EBE T A9 R AR A5 R R AT R AL SR A B B 2 )2 B DT R T S
FE i R A28 122.5 m  59.1 m, IR P52 20 (4) THE 2 )2 BN F1 o — 105 MPa., SR PEAT @ A% Bk & il
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Fig.11 Comparison of optical constants of Ta,0; and SiO, pre— and post-Optimization. (a) Optical constants of Ta,O-;
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Fig.12 Baigla membrane diagram
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(b) 800~1 000 nm shortwave spectrum

0131004-8



SR, A5 OGN R AR S8 BB B R IR AR 1 ) T 40 AR o O iR

1 600 nm V-1 52 3k 3 4y 99.87 06 il AR R 25K o H A 7E 800~1 000 nm i B 52 B 6315 5 Bt )6 1% A1 B S S
WA Tt R, AR 13 () i, G 32 R PR R 4 1 4 O 2 A 2, S 2 3 TR T 2 S B0 IR B RO, Bk
[ 2

K 1 Zygo WOt T V5 SO AF i 5 IS AT 5 2 TDRELRE B2 4T R AE , W &L 14 (a) BToR , 95 RS AT, 40 356 55 6 i 38 O
HOMLRE B2 (Rq)ME M 0.624 nm. 40 1&] 14(b) Fio , B RS , e S 2y 23 £ 0l g 8 % 1 e i oy, 5 L) A9
Bl R T ORURE 00 5 SR L BB 9 Ry 1 % 2.413 nm,

0.036 um
0.3236 " ®) 0.03 |
0 0.02
-0.025 0.01
0.050 0
-0.075 ~0.01
100 -0.02 l

B 14 B S AT R LR L M H () AT () R A

Fig 14 Comparison of surface roughness pre— and post— thin—film deposition. (a) Pre-deposition; (b) Post-deposition
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Abstract: Erbium glass lasers offer advantages such as compact size, high efficiency, and excellent beam
quality. Additionally, the 1 535 nm wavelength falls within the atmospheric transmission window , exhibits
strong penetration capability, and lies in the eye—safe range, significantly reducing operational risks. These
lasers are widely used in laser ranging systems and also hold important applications in fields such as lidar
and military medicine. However, the weak stability, hydrophilicity, and high thermal expansion coefficient
of erbium glass often lead to excessive stress in thin—film devices, resulting in poor adhesion—a critical
technical bottleneck limiting the development of erbium glass lasers. Research on reducing residual stress
and improving thin—film adhesion on erbium glass substrates remains scarce. To address this, this study
employs the control variable method combined with magnetron sputtering technology to optimize three key
process parameters—argon (Ar) flow rate, target (TG) power, and inductively coupled plasma (ICP)
power—thereby reducing thin—film stress and enhancing the adhesion of erbium glass thin—film devices.

First, the optical constants of the erbium glass substrate were determined using a Cary7000
spectrophotometer. Based on optical thin—film design theory, Ta,O; and SiO, were selected as coating
materials for the near—infrared band. The initial film structure was designed as Sub |(0.5LHO0.5L)°| Air,
with the reflection bandwidth formula confirming a bandwidth of 355.2 nm at the central wavelength of
1 535 nm, meeting the specifications. The reflectivity formula indicates that, for a given ratio of high—to-
low refractive indices, reflectivity increases with the number of film periods (S). To achieve a reflectivity
of 99.9%, at least 12 periods were required, resulting in the finalized structure: Sub|(0.5L.HO0.5L) "*|Air.
The film design was globally optimized using Macleod software, yielding the following configuration: Sub|
1.06H 0.761. 0.97H 0.86L. 1.16H 1.11L 0.93H 0.92LL H 1.08LL H 0.93L. 0.96H 1.061. 1.03H 0.94L. 0.93H
1.021 1.08H 1.02L 0.87H 0.96L. 0.75H 0.49L |Air. Theoretical spectra showed an average reflectivity of
0.076 % in the 800~1 000 nm band and 99.92% in the 1 500~1 600 nm band. Based on the robustness
principle and considering deposition process constraints, manufacturability was improved by introducing
film thickness error analysis. Subsequently, a beam—splitting film sample was prepared following standard
deposition processes.

After deposition, adhesion testing was performed using 3M tape pressed onto the film surface and
rapidly peeled off vertically five times, revealing delamination. Comprehensive analysis indicated that film
delamination was primarily caused by thin—film stress, which consists of intrinsic stress and thermal stress.
To address this issue, the study focused on optimizing deposition parameters and temperature variations
during coating. By analyzing the influence of deposition parameters on single-layer film stress using the
Stoney formula and thermal stress equations, the following trends were observed : The stress of Ta,O; and
SiO, single-layer films decreased with increasing Ar flow rate. The stress of Ta,O; and SiO, single-layer
films initially decreased and then gradually increased with rising TG power. The stress of Ta,O; and SiO,
single—layer films increased with higher ICP power. A low—stress film preparation process was identified,
and the curvature radii of the samples were measured before and after deposition using an ET-4000A step
profiler. The calculated multilayer film stress was —105 MPa, and subsequent adhesion tests showed no
delamination.

The final beam-splitting film prepared on the erbium glass substrate exhibited an average reflectivity
of 0.16% in the 800~1 000 nm band and 99.87% in the 15 00~1 600 nm band, meeting the specifications.
The slightly higher reflectivity in the 800~1 000 nm band compared to the design spectrum was attributed
to surface roughness—induced interfacial scattering in the multilayer film. This was further analyzed using a
Zygo laser interferometer to measure surface roughness. After undergoing environmental tests in
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accordance with specifications, the film showed no defects such as cracking, delamination, or bubbles. As
laser energy increases, the thermo—mechanical coupling interaction between the laser and the film raises the
risk of film failure due to residual stress. Further reducing film stress remains a key focus for future research.
Key words: Erbium glass; Near-infrared dichroic beamsplitter coating; Mid-frequency magnetron
sputtering; Process optimization; Low stress
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