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1. Introduction

Material degradation due to exposure to hydrogen is a topic 

of extensive research [1–5]. Over the years many damaging 

processes have been identi�ed, of which, hydrogen induced 

blister formation is one [1, 2]. Blister formation is of relevance 

for a diverse range of applications, from the development of 

plasma-facing materials for fusion reactors [6–9], to silicon-

on-insulator transfer processes [10, 11]. As a result, a consid-

erable amount of information on hydrogen uptake, diffusion, 

and blistering in homogeneous materials has been published 

[1, 2, 12–14]. Most research on blistering has, so far, focused 

on semiconductors [2, 15], and metals [6, 7, 16].

In this article, we focus on blister formation in heteroge-

neous Mo/Si multilayer mirrors. These mirrors are created 

by depositing alternating nanometer thick molybdenum and 

silicon layers on a substrate, which forms an arti�cial Bragg 

crystal that is able to re�ect light at a speci�c wavelength. 

Mo/Si multilayer mirrors can be found in the optical systems 

of, for example, space telescopes, synchrotrons, and extreme 

ultraviolet lithography [17–19]. During the optics’ lifetime, 

mirrors may be exposed to hydrogen to remove contaminants 
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Abstract

A Mo/Si multilayer �lm may blister under hydrogen exposure. In this paper, we investigate 

the impact of intrinsic stress on blister formation in multilayers by varying the Si thickness 

between 3.4–11 nm and changing the hydrogen ion exposure conditions. Increasing the 

thickness of a-Si is found to introduce a higher average compressive stress in the multilayer 

�lm. Measurements of the average �lm stress before and after hydrogen exposure did 

not reveal a correlation between stress relaxation and the observation of surface blisters. 

Comparing the experimentally observed blister size distribution to that predicted by elastic 

models of blistering due to pressure, and thin �lm buckling showed that increasing hydrogen 

pressure under the blister cap is the main cause of the observed blisters. It is also shown 

that hydrogen diffusion plays an essential role in the blister formation process as suf�cient 

hydrogen is required to pressurize the blister.
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from the surface and maintain optimal re�ectivity. However, 

under some conditions, this has led to the formation of blis-

ters, as can be seen in the TEM images of �gure 1.

The basic qualitative picture of hydrogen induced blister 

formation is now well understood and, mainly, two mech-

anism for blister formation can be found in literature. The 

�rst mechanism is related to material deformation under high 

hydrogen pressure building up in nanometer-scale cavities 

near the surface [2]. Alternatively, circular blister growth can 

be caused by a buckling instability of a compressively stressed 

thin �lm [20–22].

Together with the above blister mechanisms, several 

elastic models have been developed that relate the �nal 

observed blister dimensions to the intrinsic stress and/or 

pressure required to be able to de�ect the blister cap [20, 

21, 23–27]. Although these models give an estimate of the 

internal hydrogen pressure and/or critical compressive stress, 

they do not explain the microscopic processes involved in 

the initial stage of the blister formation, where hydrogen 

diffusion leads to cracking and trapping of hydrogen at a 

certain depth.

As these microscopic processes depend on many param-

eters in both exposure conditions and material properties, it is 

dif�cult to predict if and when blistering will occur in a given 

material. For example, it has been shown that nanometer sized 

Si/Si1−xGe
x
/Si layered structures have a completely different 

susceptibility to blistering, compared to that for a homoge-

neous Si bulk material [28, 29].

To better understand the blistering behavior of Mo/Si mul-

tilayers, it is, therefore, required to understand both hydrogen 

diffusion through the multilayer, and the relative importance of 

stress and hydrogen pressure for blister formation. In previous 

work on blistering in Mo/Si multilayers, only the dependence 

on exposure conditions e.g. substrate temperature, �ux and 

ion energy has been investigated [30–32]. In this work, the 

structure of the multilayer is changed by varying the silicon 

thickness. This changes both the thickness of the blister cap, 

and the compressive stress in the blister cap. In this way, the 

relative signi�cance of elastic buckling [20, 21], and pressure-

driven elastic deformations [27] is evaluated. To minimize the 

structural changes to the multilayer, the polycrystalline Mo 

layer thickness is kept constant for all multilayers.

First, the internal stress development in a Mo/Si multilayer 

is discussed in detail in section 3.1. After that, the changes in 

internal stress due to exposure to hydrogen are discussed in 

section 3.2. In the last section 4, the experimentally observed 

blisters in the multilayer are discussed. First, the location of 

crack formation in the multilayer is explained in section 4.1. 

Then, the observed blister sizes are compared to that pre-

dicted from elastic models for blister formation caused by 

either buckling or hydrogen pressure,in section 4.2 [20, 21, 

27, 33]. Finally, in section 4.3, the required local hydrogen 

ion dose, calculated from the pressurized blister model, is 

compared with the amount of hydrogen that penetrates to the 

crack region. The dose is estimated from exposure measure-

ments, combined with SRIM calculations and a 1D diffusion 

model.

2. Materials and methods

2.1. Mo/Si multilayer sample preparation

Nanometer thick silicon and molybdenum layers were depos-

ited on top of a 25 × 25 mm2 polished Si(1 0 0) substrates 

(thickness: 157 ± 2 µm) using magnetron sputtering. Between 

the �rst deposited a-Si layer and the Si(1 0 0) substrate a thin 

layer of native oxide was present. Each sample had a total of 

10 Mo/Si bilayers deposited. This is suf�cient to avoid any 

in�uence from the substrate on hydrogen penetration and 

stress development in the Mo/Si bilayer. To vary the average 

intrinsic stress in the bilayer, the period of the multilayer was 

changed by increasing the silicon layer thickness. In total 4 

different sample periods, varying from 6.4 nm to 14.0 nm, 

were deposited, as shown in �gure  2. The thickness of the 

Mo layer including the interface layers was kept constant at 

4.6 nm.

From literature it is known that Mo-on-Si and Si-on-Mo 

interfaces are formed with quite different thicknesses and stoi-

chiometry [34–36]. The Mo-on-Si interface has a thickness 

of 1.8 nm with MoSi
2
 stoichiometry and the Si-on-Mo inter-

face has a thickness of 0.4 nm with a Mo
5
Si

3
 stoichiometry 

as measured by [34]. These interface thicknesses are depicted 

to scale in �gure 2 next to the HRTEM images. The thick-

ness of the Mo including both interfaces is comparable to the 

distances between changes in contrast as seen in the HRTEM 

5 nm
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(b)
z
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t
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Figure 1. TEM images of nanometre sized blisters, formed near 
the surface of a Mo/Si multilayer mirror after exposure to 100 eV 
hydrogen ions. Complete blister in a 8.2 nm (a) and 6.4 nm (b) 
period Mo/Si multilayer. (c) Magni�ed image of one of the blister 
edges as indicated by the rectangle in (b). Arrows indicate the 
blister dimensions as used in the text: maximum de�ection z0, 
blister radius r0, and blister cap thickness tf .
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images. The bilayer period of the samples was con�rmed 

using grazing incidence x-ray re�ectivity (see supplemental 

mat erial for the XRR measurement data and model �t (stacks.

iop.org/JPhysD/51/115302/mmedia)). This technique is com-

monly used to determine layer thicknesses in Mo/Si multi-

layers with an accuracy of ≈0.1 nm [37, 38]. X-ray re�ectivity 

measurements also show that the terminating a-Si layer is oxi-

dized to a depth of ≈1.3 nm.

2.2. Hydrogen exposure conditions

Multilayer samples are exposed to hydrogen ions by placing 

the samples on top of one of the electrodes of a dual-fre-

quency capacitively coupled plasma (DF-CCP) system (see 

supplemental material for a schematic overview and detailed 

description of the setup). The use of an rf plasma for hydrogen 

exposures avoids possible surface charging of the sample sur-

face, which occurs in the case of low conductivity materials, 

such as the terminating oxide of the multilayer samples.

The multilayer samples were exposed to three different 

ion energies with main ion energy peaks at ≈20, 50, and 

100 eV. Before and after the samples were exposed, the ion 

�ux and energy distribution at the electrode surface was meas-

ured using self-biasing and a retarding �eld energy analyzer 

(RFEA), as explained in more detail by [39]. The measured 

ion energy distribution function (IEDF) and total ion �ux at 

the electrode surface for each exposure condition are shown 

in �gure 3. By controlling the applied electrode voltages and 

frequencies of the DF-CCP discharge, IEDFs with a single 

narrow peak (FWHM � 10 eV) could be generated.

The composition of the ion species was measured with 

an enhanced quadrupole plasma analyzer (EQP, Hiden ana-

lytical). The EQP measures the IEDF for each ion specie 

independently. By integrating the IEDF signal of the EQP 

and correcting for the transmittance and detector sensitivity, 

the number density of a speci�c ion in the plasma can be 

determined. For the exposure conditions at 50 and 100 eV, a 

ratio of H+/ H+

2
/ H+

3
 of 20/30/40 is found.

To ensure that exposure conditions were directly compa-

rable, four multilayers with different periods were exposed 

simultaneously. The samples were placed on a water cooled 

circular electrode (diameter ≈122 mm), in order to maintain 

a sample temperature less than 25 ◦C during exposure and 

to exclude any temperature dependence from our measure-

ments. The hydrogen pressure during operation was stable at 

200 mTorr (20 eV) and 20 mTorr (50 and 100 eV). The total 

hydrogen dose to the sample surfaces was varied between  

1017–1019 ions cm
−2 resulting, under the given ion �uxes, to  

exposure times in the range of 40–16 000 s. Some of the 

hydrogen exposed samples were excluded from analysis due 

to the failure of the cooling system.

2.3. Stress measurements

The average stress of an isotropic thin �lm, deposited on a 

substrate, can be calculated from the curvature of the sub-

strate. The relation between substrate curvature and the force 

per unit width applied by the thin �lm to the bent substrate is 

given by Stoney’s equation [40–42]:

σt = −

1

6

Est
2

s

1 − νs

1

R
 (1)

with σ the average �lm stress (Pa), t the deposited �lm 

thickness (m), Es Young’s modulus of the substrate (Pa), νs 

Poisson’s ratio of the substrate, ts the substrate thickness, and 

R the radius of curvature of the substrate (m). From equa-

tion (1), it can be concluded that the average stress in the �lm 

can be determined independently of the elastic properties of 

the deposited �lm.

The substrate curvature, R, was determined ex situ with 

an optical surface pro�ler (Zygo, NewView 7200) and in 

situ using a parallel laser beam apparatus similar to the 

t
f

Figure 2. Schematic picture and corresponding HRTEM image 
of the Mo/Si multilayer samples with four different periods. The 
period is varied by increasing the a-Si thickness. The Mo-on-Si 
and Si-on-Mo interfaces are indicated by different colors. After 
hydrogen exposure the silicon oxide thickness on top of the 
multilayer increases as indicated by the red arrows (left: initial 
oxidation, right: oxidation after hydrogen exposure).

Figure 3. Ion energy density function (IEDF) of the hydrogen 
plasma for three different ion energies. Total ion �ux, φ, in 
ions cm

−2 s is indicated above the peaks. 80% of ion production 
is within the indicated gray area.
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experimental method used by [43]. The in situ measurement 

was used to measure the stress changes in the multilayer �lm 

in real-time during deposition, while the ex situ stress meas-

urements were used to measure changes in the total �lm stress.

For the ex situ measurement a 11 × 11 mm2 height map 

of the surface was created with nanometer height resolution 

using a surface pro�ler. The curvature of each substrate was 

measured three times: before multilayer deposition, after mul-

tilayer deposition and after hydrogen exposure. Due to sample 

cutting, each sample has a slightly different curvature, so the 

initial substrate curvature is used for background subtraction. 

Together with the measured period of the multilayer �lm, the 

average stress of a single bilayer was calculated.

For in situ stress measurements, the relative de�ection of 

two parallel laser beams is used to monitor the bending of 

a substrate cantilever during deposition. One laser beam (the 

reference beam) is incident close to the �xed end of the canti-

lever while to other laser beam (de�ected beam) is incident 

near the free end of the cantilever. After re�ection from the 

cantilever, both laser spots are imaged using a single CCD 

camera. When the curvature of the cantilever changes, i.e. 

due to the multilayer deposition, the de�ection of the laser 

beam pointed at the free end of the cantilever will strongly 

change. The relative curvature change is measured by meas-

uring the change in distance between the two laser spots on 

the CCD camera during deposition (see supplemental mat-

erial for a more detailed schematic of the setup geometry). To 

obtain absolute, rather than relative stress changes, the curva-

ture of the cantilever was measured ex situ before and after 

deposition. The in situ stress measurement (as described in 

section 3.1) was performed on a single cantilever substrate, 

placed at the same distance from the magnetron targets as for 

the samples prepared for hydrogen exposure.

3. Results

3.1. Stress development in Mo/Si multilayer �lms by varying 

the silicon thickness

To understand the internal stress development in the multi-

layer with increasing a-Si thickness, changes in the force per 

unit width of the multilayer were monitored during deposition 

on a cantilever. In �gure 4, the stress development in a single 

Mo–Si bilayer is shown as a function of deposition time. The 

linear growth rates for Mo and Si were determined by x-ray 

re�ectivity to be 0.175 nm s−1 and 0.245 nm s−1 respectively 

(see supplemental material). The �nal a-Si thickness of a bi-

layer was varied between 2 and 12 nm with steps of 2 nm. The 

Mo thickness, including both Mo
y
Si

x
 interfaces, was held 

constant at ≈3 nm. The traces in �gure 4 have been given an 

offset for visibility. To reduce the measurement noise, each 

trace is an average over 5 consecutive deposited bilayers. 

Except for measurement noise, no signi�cant difference in 

stress development was observed between the 5 bilayers. All 

bilayers were deposited on top of each other in the sequence 

indicated by the numbers in �gure 4. In total 41 bilayers were 

deposited on a single cantilever substrate. The �rst 12 nm 

thick Mo/Si bilayer, which was deposited directly on top of 

the silicon substrate, was removed from the data as it showed 

different stress development because of the a-Si/native oxide 

interface formation.

In the �rst 10 s of the Mo deposition, a strong tensile cur-

vature change of  +4 N m−1 is observed. In this early stage, 

the MoSi
2
 interface forms, and Si and Mo  inter-diffuse 

[34, 44]. After ≈13 s, the amorphous Mo layer crystallizes 

to a poly-crystalline molybdenum layer, as can be seen by 

sudden increase in tensile stress. After crystallization the 

Mo layer continues to grow under a constant compressive 

stress of ≈−1.4 GPa, assuming the above 0.175 nm s
−1  

growth rate, and no change in the stress for material at 

greater depths.

When Si is deposited on top of Mo, the Si intermixes with 

the Mo to form Mo
5
Si

3
 during the �rst 5 s of the Si deposition 

[34]. After this, the layer grows compressively until Si depo-

sition is stopped. From the slope of the graph, an a-Si layer 

intrinsic stress of ≈−1.4 GPa is calculated (assuming an a-Si 

growth rate of 0.245 nm s−1). Similar in situ stress measure-

ments by [43] of e-beam deposited Mo/Si multilayers have 

shown a compressive stress of ≈−1.2 GPa.

Figure 4. Force per unit width of Mo–Si deposited bilayer �lms 
with silicon thicknesses between 2 and 12 nm. An offset (in step 
sizes of −2.5 N m−1) is added for visibility. The sequence in the 
deposition is indicated by numbers 1–8.

Figure 5. Force per unit width of a bi-layer �lm with increasing 
a-Si thickness. The total compressive force of the bi-layer increases 
with increasing amount of deposited a-Si.

J. Phys. D: Appl. Phys. 51 (2018) 115302
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The thinest (2 nm a-Si) and thickest (12 nm a-Si) bilayer 

series were deposited twice. Once near the start and once near 

the end of the deposition run. Comparing both graphs for 

identical a-Si thickness (traces 1 and 8, and traces 2 and 7), 

it is observed that the slope changes with the total number of 

deposited bilayers. This effect is due to the different thermal 

expansion coef�cients of the multilayer and the substrate, 

which generates an additional, thickness-dependent, curva-

ture. As a �rst order approximation (for tf ≪ tSi(1 0 0)), this 

additional change in curvature with respect to temperature is 

linear with the total multilayer �lm thickness. In calculating 

the a-Si stress value above, this temperature-induced increase 

in curvature was removed from the data.

The increase in compressive stress in the bi-layer was 

also measured ex situ for the samples prepared for hydrogen 

exposure (see �gure 5). To calculate the force per unit width 

of a single bilayer, it is assumed that all 10 deposited Mo–Si 

bilayers are identical. The error shown in the graph is the 

standard deviation of 9 measured samples. From the slope, 

an intrinsic stress in the a-Si layer of −1.27 ± 0.03 GPa is 

determined. This is comparable to the stress value of the in 

situ (≈−1.4 GPa) stress measurement. The average stress in 

the Mo layer, including both interfaces, was calculated to be 

−0.26 ± 0.03 GPa from the axis crossing at zero a-Si thick-

ness, assuming a thickness of 4.6 nm. Although the average 

stress in the Mo layer is low, it can be seen in �gure 4 that 

the highly compressive Mo-on-Si interface nearly cancels the 

tensile stress in the Si-on-Mo interface, resulting in a small net 

compressive stress.

3.2. Stress relaxation due to hydrogen exposure

The effect of hydrogen exposure on the average thin �lm 

stress was determined by measuring the wafer curvature ex 

situ before and after exposure. The relative stress changes 

are given in table 1. In calculating the change in stress, we 

assumed that the substrate and total �lm thickness are unaf-

fected by hydrogen exposure. The exposures that resulted in a 

blistered surface are indicated in bold.

The table shows that blisters are formed by either increasing 

the ion energy or dose. Also, with increasing period thickness, 

more severe exposure conditions are required before blisters 

appeared at the surface. This due to the greater depth that 

hydrogen must penetrate to reach the preferred location for 

delamination (see sections 4.1 and 4.3). From table 1 it is seen 

that there is no direct correlation between the appearance of 

blisters and the relative stress change in the multilayer. Since 

a blister only changes the stress locally in the top bilayer, and 

the surface area covered by blisters is typical less than 10%, 

the stress change due to blistering, averaged over the entire 

multilayer is quite small. Given the relative measurement 

uncertainty of 0.05 over the complete 10 bilayer multilayer 

�lm, a detectable change in the top layer’s stress requires the 

relaxation of at least half the compressive stress in the top 

bilayer.

Although the measurement error is too high to make clear 

statements between the different hydrogen exposure condi-

tions, a trend is still visible in the average stress relaxation. 

With increasing period, the relative stress change decreases. 

By multiplying the average relative stress change by the total 

initial stress in the multilayer, the absolute stress relaxation 

in the multilayer can be calculated (last column table 1). The 

typical observed stress change is a ≈4 N m
−1 reduction in 

compressive stress.

A possible cause of this stress relaxation can be found 

in the increased oxidation of the a-Si top layer [45, 46]. 

From the TEM pictures in �gure 2 it can be seen that, after 

hydrogen exposure, the SiO
2
 thickness increased to 7.4 nm 

thickness. This means that an additional ≈6.1 nm of SiO
2
 

has formed after hydrogen exposure which equals an oxida-

tion of ≈2.8 nm of a-Si (taking a molar volume expansion 

of Vm,SiO2
/Vm,Si ≈ 2.17). Assuming the initial compressively 

Table 1. Relative stress change, ∆σ/σ, in the Mo/Si multilayer under different hydrogen exposure conditions. Blistered samples are shown 
in bold. For the 6.4 nm period, four exposures were repeated. The last two columns give the average of the relative stress change and the 
average of the absolute change in the force per unit width of the multilayer.

∆σ/σ (±0.05)

Period (nm)
Dose  
(ions cm

−2) 20 (eV) 50 (eV) 100 (eV)
Average 
∆σ/σ ∆σf tf  (N m−1)

1 × 10
17

−0.10 0.00/−0.10 − 0.01

6.4 1 × 10
18

−0.15 − 0.12/− 0.10 − 0.11 −0.12 4.1 ± 2.0

1 × 10
19

−0.19 − 0.07/− 0.25 −0.13/− 0.13

1 × 10
17

−0.07 0.02 −0.07

8.2 1 × 10
18

−0.05 0.02 − 0.09 −0.06 3.5 ± 2.9

1 × 10
19

−0.12 − 0.09 − 0.11

1 × 10
17

−0.01 0.00 −0.01

10.1 1 × 10
18

−0.07 −0.07 − 0.06 −0.05 3.9 ± 3.5

1 × 10
19

−0.03 — − 0.12

1 × 10
17 0.00 0.01 −0.05

14.0 1 × 10
18 0.01 −0.05 −0.03 −0.03 4.5 ± 4.6

1 × 10
19

−0.07 − 0.04 − 0.09

J. Phys. D: Appl. Phys. 51 (2018) 115302
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stressed a-Si is fully relaxed by the oxide growth, and taking 

the measured compressive stress value of −1.27 N m−1 per 

nm a-Si (see �gure 5), the expected stress relaxation due to 

the additional oxidation is 3.5 N m
−1. This is in agreement 

with the typical measured ex situ stress relaxation of 4 N m−1 

as given in table 1.

From the above discussion, it is clear that the observed 

stress relaxation is most likely due to oxidation of the a-Si 

layer, rather than the direct effects of hydrogen exposure.

4. Discussion

4.1. Location of delamination in the Mo/Si multilayer

In �gure 1 the HRTEM images show that blisters are formed 

by the delamination of the �rst Mo/Si bilayer. As can be seen 

in the magni�ed image, �gure 1(c), the fracture occurs near 

the �rst Mo-on-Si interface in the top of the a-Si layer and 

not within the MoSi
2
 interface layer. This is exactly where 

a strong tensile force change is observed in the in situ stress 

measurement (see �gure 4). Based on multiple blisters seen 

in the HRTEM images of all four multilayer periods, it could 

be concluded that blisters are preferable formed near the �rst 

Mo-on-Si interface similar to the blisters shown in �gure 1. 

Preferred delamination near a highly strained layer has also 

been observed by [28] in Si/SiGe/Si layered structures.

Another explanation for the location of delamination can 

be found in the formation of the MoSi
2
 interface, as inves-

tigated in more detail by [44]. When Mo is deposited on Si, 

clusters of molybdenum silicide are formed on top of the 

initial silicon surface. To supply the Mo
y
Si

x
 clusters with 

enough silicon, nearby silicon is transported from its initial 

position in the silicon surface to the clusters. The removal of 

silicon to form the interface, leads to nanometer sized cavities 

in the top of the a-Si layer which can serve as a preferred loca-

tion for the trapping of hydrogen. Also the formation of cavi-

ties might lead to reduced adhesion and mechanical failure 

between atomic layers as the number density and strength of 

the atomic bonds is reduced. To better understand the initial 

stage of blister formation, detailed research on the formation 

of the interface is required.

4.2. Pressure or buckling induced thin �lm blister formation

As more hydrogen gets trapped near the MoSi
2
 interface 

layer, it can cause the top layer to delaminate. After this initial 

delamination, a blister can be formed by either buckling of 

the compressively stressed top layer or by de�ection of the 

top layer under hydrogen pressure. To investigate the role of 

stress in the �nal stage of the blister formation process, we 

studied the statistics of blister radius, r0, and height, z0, and 

compared them to the predictions for elastic models that place 

a different emphasis on the layer stress. The blister radius, r0, 

and height, z0, was measured by AFM. In �gure 6, the mea-

sured height and radius of blisters for each multilayer period 

under different ion dose and ion energy conditions is shown. 

Note that the ratio of height and radius is approximately 

constant, thus, we refer to blister size as height and radius. 

The measurement shows that the blister size increases with 

multilayer period. In addition, the average blister size for the 

6.4 nm period (r̄0 = 134 nm, z̄0 = 30 nm) is comparable with 

the average blister size found in 7.1 nm Mo/Si period multi-

layers (r̄0 = 100 nm, z̄0 = 19 nm) as discussed in [32].

Assuming the blisters are caused by increasing hydrogen 

pressure, the internal hydrogen pressure required to elastically 

deform the blister cap to the observed shape can be calcu-

lated using the pressurized blister model, as described more 

extensively in [27]. For a given stable blister size, the surface 

energy and blister pressure are given by:

γeff = 16D

(

z0

r0

)2
{

1

r2

0

+
5C

32t2

f

(

z0

r0

)2
}

 (2a)

p = 64D
z0

r0

{

1

r3

0

+
3C

16t2

f

(

z0

r0

)2
1

r0

}

. (2b)

Where tf  is the blister cap thickness, D the �exural rigidity  

(Pa ⋅ m3) and C is a constant that depends on Poisson’s ratio 

only. Assuming ν is 0.22 for a Mo/Si multilayer, C = 2.51. γeff  

is the effective surface energy in (J m−2), given in equation (3), 

Figure 6. Measured blister height, z0, versus blister radius, r0, for 
different multilayer periods. Model calculations for the pressurized 
blister model (solid line) and classical buckling of a circular patch 
(double dot dashed line) are shown [21, 27]. For the pressurized 
model calculation, a surface energy of γ = 1.87 J m−2 is assumed.
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where γ is the surface energy. The effective surface energy is 

the surface energy, reduced by the potential energy stored in 

the blister cap:

γeff = γ −

1 − ν

2E
σ

2

int
tf . (3)

The �exural rigidity of the plate, D, is given by equation (4) 

with d  the distance from the bottom of the plate to the neutral 

axis, E  Young’s modulus and ν Poisson’s ratio.

D =

∫ tf −d

−d

E(z)

1 − ν(z)2
z2

dz. (4)

To calculate the �exural rigidity of the blister cap, a trilayer 

structure of Mo, Si, and SiO
2
 is considered, with mat-

erial constants and thicknesses as given in table  2. By cal-

culating the neutral plane, and using equation  (4), the 

�exural rigidity of the blister cap was found to be between, 

D = (0.96−5.88)× 10
−14  Pa ⋅ m3 for Si layer thicknesses 

between 3.3 and 11 nm.

Taking the calculated �exural rigidity of the blister cap, 

and a �xed surface energy of 1.87 J m
−2 for the Mo-on-Si 

interface [32], the de�ection, z0, versus the blister radius, r0, 

was calculated using equation (2a). The result for the various 

multilayer periods is shown by the solid line in �gure 6. It can 

be seen that the pressurized blister model �ts the observed 

blister measurement data in most cases with a small deviation 

for the highest dose, ion energy, and thickest silicon layers.

A circular blister can also be formed in the absence of any 

gas pressure by buckling. The de�ection due to buckling can 

be calculated by solving the nonlinear Föppl–von-Kármán 

(FvK) plate equations  for a clamped circular plate under 

compressive in-plane stress, as has been extensively dis-

cussed elsewhere [20, 21, 33]. To perform the calculation, it is 

assumed that the circular blister cap has already delaminated 

from the substrate over a radius r0, and that r0/tf ≪1. When 

the intrinsic stress exceeds the critical stress, the blister height 

can be estimated by [21]:

z0 = tf

√

1

c

(

σ

σc

− 1

)

, (5)

where c = 0.2473(1 + ν) + 0.2231(1 − ν
2). This formula 

becomes asymptotically correct when σ/σc approaches 1. The 

critical stress, σc, for a clamped circular patch is given by [20, 

33, 49]:

σc = j2
1

D

t3

f

1

(r0/tf )
2

. (6)

In which j1 = 3.8317 is the �rst zero crossing of the Bessel 

function of the �rst kind. Equation (5) is shown by the double 

dot dashed line in �gure 6 for each period. It is clear that the 

observed blister height is much higher than predicted by a 

model purely based on the buckling and that for the 6.4 nm 

period case blisters are observed below the critical radius of 

buckling. Therefore, it is expected that, although the blister 

radius is above the critical blister radius for the 8.2–14.0 nm 

samples, the main cause of the observed blisters is explained 

better by hydrogen pressure building up underneath the blister 

cap.

The observed small deviation from the pressurized blister 

model calculations in �gure 6 for the highest dose, ion energy, 

and thickest silicon layers might be caused by the additional 

effects of plastic deformation and/or a combined effect of 

hydrogen pressure and buckling. The measured compres-

sive stress in the multilayer might, therefore, enhance the 

formation of blisters. In the models explored here, only pure 

buckling or de�ection under hydrogen pressure is taking into 

account.

4.3. Role of hydrogen diffusion in forming pressurized  

thin blisters

Assuming that the de�ection is initially elastic and neglecting 

the enhanced de�ection of the blister cap above the model 

calculation as depicted in �gure 6, we estimate the hydrogen 

pressure in the blister using equation (2b). The pressure range 

of the observed blisters is estimated to be between 103 MPa 

for the largest blisters found on the 14.0 nm period samples to 

653 MPa for the smallest blisters found on the 6.4 nm period 

samples. As the blister aspect ratio z0/r0  is nearly constant, it 

can be seen that the blister pressure decreases along the curve 

towards larger blister radii.

Based on the blister size and the estimated hydrogen pres-

sure, the amount of trapped hydrogen, NH2
, in a stable blister 

can also be estimated, following the method discussed in [27]. 

The calculated local hydrogen ion doses for the four different 

multilayer periods are shown in �gure 7. The range of blister 

radii experimentally observed are indicated by the thick black 

line. The graph shows that a local hydrogen ion dose of a few 

Table 2. Layer thickness, Young’s modulus (E) and Poisson’s ratio 
(ν) for the top Mo–Si–SiO

2
 trilayer [47, 48].

tlayer (nm) E  (GPa) ν

Mo 4.55 324 0.31

Si 3.3/5.2/7.1/11.0 80 0.22

SiO
2

1.3 71 0.16

Figure 7. The local hydrogen ion dose required to pressurize a 
blister of radius r0 for four different multilayer periods. The range 
of observed blister radii for each multilayer period are indicated by 
the thick solid line.
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Figure 9. A typical result of the local hydrogen concentration 
in the multilayer after diffusion for an 8.2 nm period multilayer 
mirror exposed to 50 eV ions (a). The calculated �uxes to the 
surface and delamination depth as a function of time are given in 
(b). The time is normalized to the typical timescale of diffusion 

τ = t2
f /DH2,eff = 4.11 ms.

hundred ions nm
−2 is required to form the observed blisters in 

the multilayer structure. Although this is only a fraction of the 

total applied ion �ux of 10
3–10

5 ions nm
−2 as measured at the 

surface (see section 2.2), the dose at the delaminated interface 

is the more important parameter.

To estimate the amount of hydrogen that can penetrate 

through the blister cap and enter the blister volume, an SRIM 

simulation of hydrogen ion penetration was performed for 

ion energies in the 20–100 eV range [50, 51]. The result of 

the simulation is shown in �gure 8. For the simulation, the 

trajectories of 2 × 105 hydrogen ions have been simulated. 

The ion distribution, as given in �gure  8, is normalized by 

the total amount of hydrogen ions. Assuming that the penetra-

tion of hydrogen ions is not affected by previous hydrogen 

ions that have penetrated in the multilayer, the normalized ion 

distribution is calculated from the probability of �nding an 

ion at a certain depth in the multilayer and the total dose. The 

amount of directly backscattered ions ranges from 20–30% of 

the incoming �ux, as calculated by the SRIM calculation. The 

backscattered ions are also taken into account in the normali-

zation of the ion distribution in �gure 8.

Ignoring hydrogen diffusion, the local hydrogen ion con-

centration in the multilayer can be calculated by multiplying 

the ion distribution (�gure 8) with the total measured ion dose 

of 10
3–10

5 ions nm
−2. This results in two main conclusions. 

Firstly, the amount of hydrogen that accumulates at the 

delaminated interface is too low to pressurize the blister. And, 

secondly, the SRIM calculation leads to unrealistically high 

peak hydrogen ion concentrations in the multilayer (a few 

hundred to a few thousand ions nm
−3). Actual measurements 

of hydrogen concentrations in hydrogen exposed Mo/Si mul-

tilayers have shown typical hydrogen concentration of 10–20 

at.% in a-Si [31, 52]. Taking a density of 50 atoms nm
−3 for 

c-Si, this means that only a maximum of 5–10 hydrogen atoms 

nm
−3 can be stored in the a-Si matrix. Therefore, hydrogen 

diffusion has to be taken into account.

Since hydrogen exposure is uniform over a lateral length 

scale of millimeters, while the relevant diffusion lengths are 

less than a micrometer, we model hydrogen diffusion by 

numerically solving a time-dependent 1D-diffusion equation:

∂CH

∂t
= DH2,eff

∂2
CH

∂x2
+ φw(x), (7)

in which CH is the atomic hydrogen concentration in ions 

nm
−3, DH2,eff the effective diffusion constant of the blister cap 

in nm2 s
−1, x the depth in the multilayer in nm, φ the ion 

�ux at the surface in ions nm
−2 s and w(x) the nor malized 

ion distribution resulted from the SRIM calculation, as shown 

in �gure 8. The concentration of atomic hydrogen at the sur-

face and the delamination depth is �xed at 0. We assume that 

hydrogen ions neutralize and that the concentration of atomic 

hydrogen outside the multilayer is orders of magnitude less 

than the concentration within the multilayer. At the delami-

nation region, we assume that hydrogen atoms recombine 

to form molecular hydrogen, making the atomic hydrogen 

concentration at the delamination depth negligible. A typical 

result for the 8.2 nm period multilayer exposed with 50 eV 

ions is shown in �gure 9.

For the effective diffusion constant, the literature value for 

c-Si is taken: DH2,eff = 2.98 × 10−14 m2 s−1 [53]. In �gure 9(a), 

the evolution of the hydrogen concentration pro�le in the mul-

tilayer is shown. Initially, the hydrogen concentration increases 

Figure 8. SRIM calculation of hydrogen ion distribution in 
multilayers with different period and ion energies between 20–
100 eV. In these calculations diffusion of hydrogen is neglected and 
only direct ion penetration due to binary collisions are considered.
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but, after a typical time τ, the out-�ux balances the in-�ux, 

resulting in a time-independent pro�le. The time required to 

reach steady state, τ = t2
f /DH2,eff = 4.11 ms, is small com-

pared to the total exposure time of t > 40 s and only the steady 

state fraction of hydrogen is considered in calculating the dose 

of hydrogen ions entering the blister volume.

The �nal hydrogen peak concentration is proportional 

to φ/DH2,eff and depends on the ion depth distribution from 

the SRIM calculation. As mentioned earlier, the maximum 

capacity to store hydrogen in the a-Si matrix, is about 10 

atoms nm
−3. Given the measured in-�ux of hydrogen, and 

assuming the SRIM pro�les as the hydrogen source, the effec-

tive diffusion constant has to be at least >1 × 10
−18 m2 s−1, 

as a smaller diffusion constant will lead to unacceptable high 

hydrogen concentrations in the blister cap.

In �gure 9(b), the hydrogen �uxes as a function of time 

are shown. The double dotted dashed line shows the amount 

of hydrogen ions that are directly backscattered, as given 

by the SRIM calculation. The dashed line shows the out-

diffusion of atomic hydrogen at the surface, and the solid 

line gives the atomic hydrogen �ux into the blister volume. 

Figure  9(b) shows that most hydrogen is lost through the 

surface, and only a fraction φin/φ ≈ 0.19 contributes to 

blister growth. At steady state, the total hydrogen out-�ux is 

equal to the in-�ux (29 ions nm
−2 s, for 50 eV case shown 

in �gure 9). Under steady state conditions, the fraction of 

the incoming �ux that reaches the depth of delamination 

is only dependent on the initial hydrogen ion depth pro�le. 

This fraction is independent of the incoming �ux and the 

diffusion constant.

Multiplying the measured applied hydrogen ion dose at the 

surface with the fraction that reaches the blister volume, as 

calculated by the one dimensional diffusion model, gives the 

local hydrogen in-�ux to the blister volume, din, appl, as given 

in table 3. The local hydrogen dose decreases with increasing 

layer thickness and lower ion energies. In the cases for which 

blisters are observed, the calculated effective dose can be 

compared with the required ion dose din, req (see �gure  7). 

The uncertainty in din, req is carried through from the standard 

deviation in the observed spread in blister radii.

At low incoming dose (1017 ions cm
−2) blisters are only 

observed for highest ion energy (100 eV) and thinnest multilayer 

(6.4 nm period). The calculated ion dose based on SRIM and 

the 1D diffusion model for this case (din, appl = 392 ions nm
−2)  

corresponds well to the required ion dose according to the 

pressurized blister model (din, req = 449 ± 17 ions nm
−2).

For all other cases where blisters were observed, the cal-

culated ion dose based on SRIM and the 1D diffusion model 

was signi�cantly larger than the required ion dose according 

to the pressurized blister model (up to 77×). Studies on the 

hydrogenation of a-Si have shown that the hydrogen perme-

ability of a-Si can change signi�cantly during the hydrogena-

tion process [54]. It is also known that increasing hydrogen 

concentration in the a-Si matrix, lowers the density of the a-Si 

and promotes the diffusivity of hydrogen [52].

The fact that diffusion increases with increased hydrogen 

concentration might also explain why no blisters were 

observed at incoming ion energies of 20 eV whereas the SRIM 

and 1D diffusion model with constant diffusion coef�cient 

predict a dose which exceeds the ion dose required to form a 

blister. Figure 8 shows that in case of low energy ions (20 eV), 

the peak of the hydrogen distribution is close to the surface 

which likely leads to a larger diffusion coef�cient towards the 

surface than into the multilayer.

A more accurate but complex description of the hydrogen 

penetration would include a diffusion constant that is 

dependent on the hydrogen concentration. The requirement 

for a dynamic diffusion constant is also supported by earlier 

research on blister formation in Mo/Si multilayers [27] and in 

c-Si substrates [55].

Table 3. Comparison of applied hydrogen ions dose to the blister volume, din, appl, and required hydrogen ions dose, din, req, for all 
exposure conditions. The din, appl is calculated from the SRIM depth pro�le, combined with a 1D-diffusion model. din, req follows from the 
pressurized blister model. For the cases indicated with ‘—’ the sample cooling failed during exposure and these samples were excluded 
from the analysis.

20 eV 50 eV 100 eV

Period 
(nm) Dose (ions cm

−2)
din, appl 
(ions nm

−2)
din, req  
(ions nm

−2)
din, appl 
(ions nm

−2)
din, req  
(ions nm

−2)
din, appl 
(ions nm

−2)
din, req  
(ions nm

−2)

6.4 1 × 10
17 226 No blisters 251 No blisters 392 449 ± 17

1 × 10
18 2260 No blisters 2510 501 ± 61 3923 469 ± 32

1 × 10
19 22 600 No blisters 21 645 483 ± 47 39 231 512 ± 28

8.2 1 × 10
17 186 No blisters 216 No blisters 362 No blisters

1 × 10
18 1862 No blisters 2156 661 ± 48 3625 679 ± 39

1 × 10
19 18 622 No blisters 18 597 — 36 250 711 ± 37

10.1 1 × 10
17 159 No blisters 185 No blisters 323 No blisters

1 × 10
18 1590 No blisters 1851 No blisters 3229 735 ± 42

1 × 10
19 15 900 No blisters 15 966 — 32 286 757 ± 37

14.0 1 × 10
17 123 No blisters 143 No blisters 254 No blisters

1 × 10
18 1230 No blisters 1432 No blisters 2537 No blisters

1 × 10
19 12 304 No blisters 12 351 — 25 371 756 ± 30
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5. Conclusions

It has been observed in multiple cross sectional HRTEM 

images that delamination always occurred near the Mo-on-Si 

interface layer, which coincides with the position where in 

situ stress measurement show a strong (+4 N m
−1) tensile 

stress change. The stressed interface layer, therefore, acts as a 

preferential location for the initial delamination in the blister 

formation process.

Modeling indicates that a buckling instability of a com-

pressively stressed layer does not play a dominant role in the 

blister formation. However a buckling instability, in combina-

tion with plastic deformation, might explain why the pressur-

ized blister model underestimates the blister size by up to 20% 

for the larger multilayer thickness. Based on a pressurized 

blister model, the calculated pressure in the blisters ranges 

from 103–653 MPa.

Using a 1D diffusion model and SRIM calculations, the 

local ion dose at the location of blister formation was calcu-

lated for a wide range of ion energies (20 eV, 50 eV, 100 eV), 

incident �uxes (10
17, 10

18, 10
19 ions cm

−2) and multilayer 

thicknesses (6.4 nm, 8.2 nm, 10.1 nm and 14 nm). In all cases 

a blister was observed, the calculated local ion dose was 

equal to or larger than the minimum local ion dose required 

according to the pressurized blister model (several hundred 

ions nm
−2). Comparing the required ion dose with the calcu-

lated applied ion dose, we found that, for ion energies �50 eV 

and multilayer periods of 6.4 and 8.2 nm, both ion doses are in 

agreement with the onset of blister formation. For multilayer 

periods of 10.1 and 14.0 nm the required dose, as calculated 

by a 1D diffusion model, overestimates the required ion dose. 

Above conclusions show that diffusion plays an essential ele-

ment in blister formation.
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