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Abstract: The performance of the electron-beam (e-beam) coatings can be easily affected by the
environmental humidity due to their porous nature. We propose a shell layer strategy deposited
by plasma ion-assisted deposition to cover the top surface and sidewall of the e-beam coating.
The long-term optical and mechanical stability of the prepared multilayer coatings with and
without the shell layer are compared. Our results show that the shell layer strategy can effectively
isolate the underlying e-beam coating from the ambient humidity, thereby significantly improving
the long-term stability and mechanical properties of the e-beam coating. Meantime, the shell
layer strategy of isolating ambient humidity avoids the increase in compressive stress caused by
water absorption of the e-beam coating, thereby keeping the entire coating stress at a low level.
The proposed shell layer strategy can be used to address the time- and environment-dependent
instability issues of the e-beam coatings for high-power laser applications.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Electron-beam (e-beam) deposited coatings have been widely used in the high-power laser
systems worldwide [1–6] due to their relatively high laser-resistance, good spectral uniformity,
and the ability to scale to large-aperture [7–16]. The optical and mechanical properties of
the e-beam coating can greatly affect the output performance and long-term stability of these
high-power laser systems [11,17]. Unfortunately, the porous nature of the e-beam coating
allows the absorption and desorption of water, making the coating susceptible to environmental
conditions, especially environmental humidity [18–20]. Changes in the environment (for example,
from the atmosphere to a vacuum environment) can cause spectral shifts, resulting in changes in
the transmittance/reflectance and the laser-induced damage threshold (caused by changes in the
e-field distribution) at the laser wavelength [21–23]. All the unsteadiness would in turn cause
the instability of output laser power. The environmental transition can also cause changes in
coating stress and may induce coating cracking [24,25]. Even in a controlled environment, the
performance of the e-beam coating can change with increasing aging time [21,26,27]. Time-
or environment-related stress evolution, whether it is compressive or tensile, can deform the
coating surface and change the wave-front, thereby affecting the beam transmission and focusing
[10,11,17,19,28].
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A lot of work has studied the influence of environmental humidity on the optical and mechanical
properties of e-beam coatings [19,24,26,29,30]. A deep understanding of the stress evolution of
e-beam coatings during coating deposition and vacuum-air exposure process was enabled thanks
to the potential offered by the in-situ stress monitoring system [31–33]. A dense capping layer
method was proposed to prolong the originally rapid water absorption process of the e-beam
coating, thus enabling the study of water vapor transmission rate and the performance instability
of the e-beam coating caused by moisture [29]. Many strategies have been proposed to obtain
coatings with low stress in a controlled environment, including thermal oxide patterning based
correction, optimizing the deposition parameters to minimize the stress of different materials, and
optimizing the coating design to balance the opposite stresses between high- and low- refractive
index materials, as well as applying an under-layer with opposite stress or applying the same
coating on the backside of the substrate to minimize the wave-front change of the coated optics
[24,34–38]. Among the above strategies, only the strategy of applying the same coating on the
backside can reduce the wave-front change caused by the coating, while avoiding the wave-front
change caused by environmental change or aging effect. However, this method may cause
unwanted reflection on the back of the optics, which limits the applicability of this method. How
to obtain low-stress e-beam coatings with long-term stability has not been addressed.

To achieve the low-stress e-beam coatings with long-term stability, first, the radial water vapor
diffusion from the sidewall to the center of the e-beam coating is experimentally verified by
using a plasma ion-assisted deposition (PIAD) SiO2 capping layer (covering the top surface
only). Then, a PIAD SiO2 shell layer covering both the top surface and the sidewall of the
e-beam coating is proposed and experimentally demonstrated to isolate the inner e-beam coating
from environmental humidity completely. The long-term optical and mechanical stability of the
prepared multilayer coatings with and without a PIAD SiO2 shell layer has been comparatively
studied. The multilayer coating with a PIAD SiO2 shell layer shows improved long-term stability
over traditional e-beam multilayer coating. The proposed shell layer strategy provides a new way
to prepare a low-stress e-beam coating with significantly improved long-term stability.

2. Material and methods

2.1. Sample fabrication

A PIAD monolayer S1 (substrate|4C|air), two bilayer coatings B1 (substrate|3.35H1.65C|air)
and B2 (substrate|5.42L1.65C|air), and three multilayer coatings including traditional multilayer
(TM), multilayer with a capping layer (MCL), multilayer with a shell layer (MSL), are deposited
by an evaporation coater with plasma assist system. The deposition technology has the advantage
of excellent uniformity. BK7, ZF7 and BaF2 substrates are used for stress, UV/VIS/NIR spectrum
and Fourier transform infrared (FTIR) characterization, respectively. As shown in Fig. 1, coating
TMwith the structure of substrate|4L(HL)12H4L|air is prepared in one coating run, while coatings
MCL and MSL with the structure of substrate|4L(HL)12H4C4C|air are prepared in two coating
runs. In run 1, substrate holders which cover the substrate edge about 3 mm are used, and the
underlying layers 4L(HL)12H4C are deposited. In run 2, half of the samples that prepared in run
1 are moved to substrate holders which cover the substrate edge about 1 mm, and then the top 4C
layer is deposited onto the underlying layers and the newly exposed bare substrate area, serving as
a shell layer. For the uniformity of the shell layer, the influence of the shadow effect caused by the
underlying layers should be considered. In this work, the shell layer in coating MSL covers both
the top surface and sidewall of the underlying layers with good uniformity because the thickness
of the underlying layers is only about several microns, which does not degrade the uniformity of
the coating. The other half of the samples stick to the previous substrate holder, and the top 4C
layer is deposited onto the top surface of the underlying layers only, serving as a capping layer
of coating MCL. Between the run 1 and run 2, the coatings are exposed to the atmosphere as
short as possible to reduce the amount of water adsorbed through the coating sidewall. Here,
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H, L and C denote HfO2, SiO2 and PIAD SiO2 layer with a quarter-wave optical thickness at a
reference wavelength of 1064 nm, respectively. H and L layers are deposited by conventional
e-beam evaporation with Hf and SiO2 as starting materials, while C layer is deposited by PIAD
at a bias of 170V. The coating chamber is evacuated to a base pressure of 9 × 10−4 Pa, and the
substrates are baked to 200 °C before deposition. H, L and C layers are deposited at a rate of
∼0.14 nm/s, 0.6 nm/s and 0.4 nm/s, respectively. The oxygen pressures for H and L layers are 1.4
× 10−2 Pa and 5.5 × 10−3 Pa, respectively. An Ar/O2 mixture at a pressure of about 3 × 10−2 Pa
is used for C layers.

Fig. 1. Schematic diagram of multilayer coatings TM, MCL and MSL.

2.2. Sample characterization

Samples are stored and characterized in a Class 1000 clean room with a controlled temperature
of 23± 1.5 °C and relative humidity of 45± 5%. The chemical composition is determined
by an X-ray photoelectron spectroscopy (XPS, Thermo Scientific K-Alpha) equipped with a
monochromatic Al Kα X-ray source. The spectra are recorded after 20 s of etching with 1 KeV
Ar+ ions. The UV/VIS/NIR transmission spectra are measured by a spectrometer (Lambda 1050
UV/VIS/NIR, Perkin-Elmer). The water absorption phenomenon is confirmed by a Fourier
transform infrared spectrometer (FTIR; Bruker, VERTEX70) in transmittance mode from 4000
cm−1 to 400 cm−1 at a 4 cm−1 resolution. The moisture isolation effect of the shell layer on
the e-beam coating is investigated by the water bath treatment in a water bath cabinet. The
surface and cross-section morphologies of coating before and after the water bath treatment are
characterized by an optical microscope (BX53M Olympus) and a focused ion beam-scanning
electron microscope (FIB-SEM, Carl Zeiss AURIGA CrossBeam). Prior to the FIB-SEM
characterization, the samples are coated with a thin layer of Cr to prevent surface charging. The
anti-scratch property is tested with a nanoindenter (KLA Tencor G200). The diamond stylus
moves over the specimen surface with constant normal force load (0.5, 1.0, 3.0 mN, respectively)
at a scratching rate of 30 µm/s. The scratching length is 300 µm. Scratch morphologies are
characterized by the optical microscope. The sample surface before (substrate) and every several
days after deposition is characterized by an optical interferometer (ZYGO Mark III-GPI).

3. Results and discussion

3.1. Moisture-proof property of PIAD SiO2 layer

To verify that the PIAD SiO2 layer in this work is moisture-proof, XPS characterization is
performed on the top layers of the multilayer coating TM and MSL which have experienced an
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aging time of 3 years. As shown in Fig. 2, the O 1s spectrum of the top 4L layer of TM can be
fitted into two Lorentzian-Gaussian peaks centered at 532.98 eV (Si−O) and 531.67 eV (-OH),
respectively [39]. However, the O 1s spectrum of the shell layer of MSL can be well fitted into
a Lorentzian-Gaussian peak centered at 532.92 eV (Si−O), no water absorption induced peak
(-OH) is observed [40]. The XPS analysis indicates that the PIAD SiO2 layer is water-free even
after long-term aging and can serve as a moisture-proof layer.

Fig. 2. (a1), (a2) XPS spectra of Si 2p and O 1s core level for the top 4L layer of coating
TM. (b1), (b2) XPS spectra of Si 2p and O 1s core level for the shell layer of MSL.

3.2. Radial water vapor diffusion

In order to study the radial water vapor diffusion, the UV/VIS/NIR spectral uniformity along the
radius of the bilayer coating B1 is tested within a few days after coating. Three spots A, B and
C evenly distributed from the coating center to the edge at an interval of 6 mm are tested. The
diameter of the test spot is 2 mm. As illustrated in Fig. 3(a1-a3), the spectra measured at the
three spots coincide on day 1, and the spectral redshift is first observed in the spectrum of spot C,
then followed by spot B and spot A, indicating that there is a concentration gradient of water
molecules along the radius of the bilayer coating system.
The center of coatings TM, B1, and B2 are characterized by FTIR. On day 1, an intensive

water absorption peak in the range of 2700-3800 cm−1 is observed in the FTIR spectrum of
coating TM, the water absorption peak does not change much after aging for about 170 days, as
shown in Fig. 3(b1). The reason is that for the coating TM, water can be transported through both
the top surface and the sidewall, and the absorption of water is almost “instantaneous” during the
exposure of the coating from the vacuum chamber to the atmospheric environment. As shown
in Fig. 3(b2, b3), no water absorption peak is observed in the FTIR spectra of the coatings B1
and B2 with a capping layer on day 2, while a clear water absorption peak is observed after an
aging time of about 170 days. The UV/VIS/NIR transmission and FTIR measurement results
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Fig. 3. (a1), (a2), and (a3) Transmission spectra of the three spots of bilayer coating B1
measured on day 1, day 2 and day 5, respectively. The inset is the schematic diagram of
the spectral measurement along the coating radius. (b1), (b2) and (b3) FTIR transmission
spectra of coatings TM, B1, and B2 versus aging time, respectively.

confirm that for coatings with a capping layer, water can be transported through the sidewall of
the coating. A capping layer strategy that only seals the top surface is insufficient to achieve an
e-beam coating with long-term stability.

3.3. Moisture isolation effect verification of the shell layer

In order to completely separate the porous e-beam coating from environmental humidity, a shell
layer strategy covering both the top surface and sidewall of e-beam coating is proposed, and
a water bath treatment is employed to remove the top PIAD SiO2 layer of the coating MSL to
verify the moisture isolation effect of the shell layer. Coatings TM and MSL are immersed in
deionized water at 90 °C for 24 hours, as illustrated in Fig. 4(a). Figure 4(b1) shows that the
shell layer of coating MSL is continuous and smooth between the top surface and the sidewall
before the water bath treatment. It indicated that the dense shell layer can encapsulate the inner
e-beam coating with good continuity to ensure adequate moisture isolation effect. After the water
bath treatment, the PIAD SiO2 layer of coating MSL is peeled off from the underlying e-beam
layers as expected, but the part on the substrate remains coated onto the substrate with excellent
adhesion, see Fig. 4(b2, b3). The peeling phenomenon can be attributed to the poor adhesion
induced by the mismatch between the large compressive stress (−424.4 MPa) of the PIAD SiO2
layer and the tensile stress of the underlying e-beam coating. In comparison, the coating TM
suffers severe water corrosion, and blisters appear on the surface and edge of the coating. The
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FIB characterization results indicate that the blisters are originated from nodular defects with
water diffusion channels at the boundary, see Fig. 4(c1, c2).

Fig. 4. (a) Schematic diagram of multilayer coatings TM andMSL after water bath treatment.
(b1) SEM morphologies of the surface edge (up) and cross-sectional morphology (down) of
coating MSL before water bath treatment. (b2) Optical microscope morphologies of the
surface edge (up) and the top surface (down) of coating MSL after water bath treatment. (b3)
SEM surface (up) and cross-sectional (down) morphologies of coating MSL after water bath
treatment. (c1, c2) Optical microscope morphology and SEM surface and cross-sectional
morphologies of coating TM after water bath treatment, respectively.

The spectra of coatings TM and MSL before and after water bath treatment are compared
in Fig. 5. No wavelength shift but a decrease of the overall transmittance in the spectrum of
the coating TM is observed after water bath treatment. The decrease in transmittance can be
attributed to the increased scattering caused by the high-density blisters on the surface of the
coating after water bath treatment. A clear spectral redshift is observed in the spectrum of the

Fig. 5. (a), (b) Transmission spectra before and after water bath treatment of coatings TM
and MSL, respectively.
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coating MSL after water bath treatment. The underlying porous e-beam coating absorbs a lot
of water after the top PIAD SiO2 layer is peeled off. The difference in the spectra ripple near
the 500 nm before and after water bath treatment can be explained as follows: For the design
of coating MSL, the refractive index and extinction coefficient of H and L layer are the same
as that of coating TM. The designed optical thickness ratio of H to L is 1:1 in the atmosphere.
However, the actual optical thickness ratio of H to L derives from 1:1 because the H and L layer
in MSL do not absorb water. The mismatch of the optical thickness of H and L layer results in the
observed ripple near the 500 nm. After the shell layer is peeled off in the water bath treatment,
the optical thickness of H and L is identical with the design value due to the adsorption of water,
and therefore the ripple near the 500 nm disappears. The results of the water bath treatment
demonstrate that the PIAD shell layer can effectively isolate the porous e-beam coating from the
ambient humidity.

3.4. Mechanical performance and long-term stability

3.4.1. Scratch resistance

To investigate the mechanical property, the scratch test is conducted on the multilayer coatings
TM and MSL. Figure 6(a) shows the optical microscope morphologies of different scratches.
The applied constant normal forces are 0.5 mN, 1.0 mN and 3.0 mN, respectively. Under the
same magnification, the 1.0 mN and 3.0 mN induced scratches can be observed on the coating
TM while only the 3.0 mN induced scratch can be observed on the coating MSL. Figure 6(b)
shows the depth profiles of the scratch grooves. Compared with coating TM, coating MSL shows
a smaller groove depth when subjected to the same normal force. It means that the coating MSL
exhibits an enhanced scratch resistance.

Fig. 6. (a) Optical microscope morphologies of different scratches on coatings TM and
MSL. (b) Depth profiles along the center of scratch grooves on coatings TM and MSL.

3.4.2. Long-term stability of spectral and stress properties

The transmission spectra of the multilayer coatings MCL and MSL are regularly measured to
investigate the long-term spectral stability. The wavelength (λp) at peak reflectivity versus aging
time is shown in Fig. 7(a). The multilayer coating MCL with a capping layer experiences a large
spectral redshift, and it takes about 90 days to reach a relatively stable spectrum since water can
only be transported through the sidewall. At the steady state after 90 days of aging, the spectral
fluctuations of the coating MCL can be attributed to the swelling and refilling effect caused by
the large amount of water infiltration [29]. The spectrum of the coating MSL stabilizes in a short
time, and the amount of spectral redshift is relatively small because the shell layer isolates the
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porous e-beam coating from the ambient humidity. Compared with the coating MCL, the coating
MSL shows a more stable spectrum under the steady state due to less absorbed water.

Fig. 7. (a) Wavelengths at peak reflectivity of coatings MCL and MSL versus aging time.
(b) Stresses of coatings MCL and MSL versus aging time.

The stress evolution curves of coatings MCL and MSL versus aging time is shown in Fig. 7(b).
On day 1, the stresses of the coatings MCL and MSL are very close. Due to the water transport
from the sidewall, the stress of the coating MCL gradually changes from 9.5 MPa to −113.3 MPa.
Then, the compressive stress relaxes gradually during the aging process. The stress of coating
MSL varies slightly and stabilizes at low compressive stress. The shell layer of the coating MSL
can effectively improve the long-term stress stability of the e-beam coating by preventing water
molecules from being incorporated into the porous e-beam coating. Meanwhile, preventing the
incorporation of water also helps to reduce the high compressive stress induced by the large
amount of water absorption [19], which makes it possible to keep the entire coating stress at
a low compressive level. The small spectral shift and slight stress evolution exhibited by the
coating MSL are attributed to the diffusion of water that penetrated through the sidewall of the
coating during the exposure process between the two coating runs.

3.4.3. Stress component analysis

The shell layer prevents water from penetrating the inner e-beam layers, so that the stress of the
layers without water absorption can be calculated. The measured stress σ of the coating TM
consists of intrinsic stress σi and water-related stress σw, which arises from coating structure,
and interaction between water molecules and coating pores, respectively.

σ = σi + σw, (1)

The measured stress συ of the coating MSL and unaged coatings B1, B2 and MCL can be
regarded as the stress without water since only a small amount of water is absorbed.

συ = σi =
συ−HTH + συ−LTL + συ−CTC

Ttotal
+ (n − 1)συ−int, (2)

Where, συ−H, συ−L, συ−C and συ−int are the stresses of H, L, C layers and interface without water,
respectively. TH, TL, TC and Ttotal are the total physical thicknesses of H, L, C layers and entire
coating, respectively. n is the number of layers, (n-1) is the number of layer interfaces. The four
stresses included in Eq. (2) can be solved by establishing a linear sequence of four equations [24].
In this work, the data of four coatings are used for calculations. The detailed information is listed
in Table 1.
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Table 1. Sample information for stress component analysis

Sample TH (nm) TL (nm) TC (nm) Ttotal (nm) n-1 συ (MPa)

S1 0 0 705 705 0 −424.4

B1 500 0 291 791 1 76.1

B2 0 1000 291 1291 1 −101.0

MSL 1940 2952 1410 6302 26 10.3

For the given coatings, the calculation is constructed in matrix form:

TH−S1
Ttotal−S1

TL−S1
Ttotal−S1

TC−S1
Ttotal−S1

(n − 1)S1
TH−B1

Ttotal−B1
TL−B1

Ttotal−B1

TC−B1
Ttotal−B1

(n − 1)B1
TH−B2

Ttotal−B2
TL−B2

Ttotal−B2

TC−B2
Ttotal−B2

(n − 1)B2
TH−MSL

Ttotal−MSL

TL−MSL
Ttotal−MSL

TC−MSL
Ttotal−MSL

(n − 1)MSL


×



συ−H

συ−L

συ−C

συ−int


=



συ−S1

συ−B1

συ−B2

συ−MSL


, (3)

Solving Eq. (3) with the input parameters listed in Table 1. The solutions are summarized in
Table 2.

Table 2. Solutions to the system of equations describing the individual stress contributions.

Component συ−H συ−L συ−C συ−int

Value (MPa) 367.7 −6.7 −424.4 −0.2

To verify the correctness, we use the above-calculated stress values to predict the total stress of
a multilayer coating which with a design structure of substrate|4L(HL)12H4C|air. The coating
stress without water absorption is predicted to be 65.3 MPa, and the measured stress of the
as-deposited coating is 66.9 MPa. The predicted value consistent with the experimental result
well.

4. Conclusion

In summary, we have proposed and experimentally demonstrated a shell layer strategy for
preparing low-stress e-beam coatings with enhanced long-term stability. The proposed shell layer
strategy covers both the top surface and sidewall of the porous e-beam coatings with a dense
PIAD layer, it can effectively isolate the inner e-beam coating from environmental humidity.
The experimental results demonstrate that the shell layer strategy has several advantages. First,
it avoids the increase in compressive stress caused by water absorption of the e-beam coating,
thereby achieving a low-stress coating. Second, it improves the long-term stability of the spectrum
and stress of the coating. Third, it enhances the anti-scratch property of the coating. Fourth, it
enables to evaluate the stress of the coating without water in an atmospheric environment, which
is traditionally obtained by performing wave-front measurements in a vacuum environment. We
believe that the proposed strategy opens a new pathway for low-stress e-beam coatings with
enhanced long-term stability.
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