
A model for pressurized hydrogen induced thin film blisters

R. A. J. M. van den Bos, V. Reshetniak, C. J. Lee, J. Benschop, and F. Bijkerk

Citation: Journal of Applied Physics 120, 235304 (2016); doi: 10.1063/1.4972221

View online: https://doi.org/10.1063/1.4972221

View Table of Contents: http://aip.scitation.org/toc/jap/120/23

Published by the American Institute of Physics

Articles you may be interested in

 Band offsets and trap-related electron transitions at interfaces of (100)InAs with atomic-layer deposited Al2O3
Journal of Applied Physics 120, 235701 (2016); 10.1063/1.4971178

Interband and intraband relaxation dynamics in InSb based quantum wells
Journal of Applied Physics 120, 235702 (2016); 10.1063/1.4971347

 Surface sensitivity of secondary electrons emitted from amorphous solids: Calculation of mean escape depth by
a Monte Carlo method
Journal of Applied Physics 120, 235102 (2016); 10.1063/1.4972196

 Strain-tunable ferroelectricity and its control of Rashba effect in KTaO3
Journal of Applied Physics 120, 234101 (2016); 10.1063/1.4972198

 Reporting buckling strength and elastic properties of nanowires
Journal of Applied Physics 120, 235104 (2016); 10.1063/1.4972175

 Spectral tailoring of nanoscale EUV and soft x-ray multilayer optics
Applied Physics Reviews 4, 011104 (2017); 10.1063/1.4978290

http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/www.aip.org/pt/adcenter/pdfcover_test/L-37/1389932160/x01/AIP-PT/JAP_ArticleDL_0618/AIP-3106_JAP_Special_Topics_1640x440.jpg/434f71374e315a556e61414141774c75?x
http://aip.scitation.org/author/van+den+Bos%2C+R+A+J+M
http://aip.scitation.org/author/Reshetniak%2C+V
http://aip.scitation.org/author/Lee%2C+C+J
http://aip.scitation.org/author/Benschop%2C+J
http://aip.scitation.org/author/Bijkerk%2C+F
/loi/jap
https://doi.org/10.1063/1.4972221
http://aip.scitation.org/toc/jap/120/23
http://aip.scitation.org/publisher/
http://aip.scitation.org/doi/abs/10.1063/1.4971178
http://aip.scitation.org/doi/abs/10.1063/1.4971347
http://aip.scitation.org/doi/abs/10.1063/1.4972196
http://aip.scitation.org/doi/abs/10.1063/1.4972196
http://aip.scitation.org/doi/abs/10.1063/1.4972198
http://aip.scitation.org/doi/abs/10.1063/1.4972175
http://aip.scitation.org/doi/abs/10.1063/1.4978290


A model for pressurized hydrogen induced thin film blisters

R. A. J. M. van den Bos,1,a) V. Reshetniak,2 C. J. Lee,1 J. Benschop,1,3 and F. Bijkerk1
1Industrial Focus Group XUV Optics, MESAþ Institute for Nanotechnology, University of Twente, Enschede,
The Netherlands
2Institute for Spectroscopy Russian Academy of Sciences (ISAN), Troitsk, Moscow, Russian Federation
3ASML Netherlands B.V., Veldhoven, The Netherlands

(Received 6 September 2016; accepted 1 December 2016; published online 16 December 2016)

We introduce a model for hydrogen induced blister formation in nanometer thick thin films. The

model assumes that molecular hydrogen gets trapped under a circular blister cap causing it to deflect

elastically outward until a stable blister is formed. In the first part, the energy balance required for a

stable blister is calculated. From this model, the adhesion energy of the blister cap, the internal

pressure, and the critical H-dose for blister formation can be calculated. In the second part, the flux

balance required for a blister to grow to a stable size is calculated. The model is applied to blisters

formed in a Mo/Si multilayer after being exposed to hydrogen ions. From the model, the adhesion

energy of the Mo/Si blister cap was calculated to be around 1.05 J/m2 with internal pressures in the

range of 175–280MPa. Based on the model, a minimum ion dose for the onset of blister formation

was calculated to be d¼ 4.2� 1018 ions/cm2. From the flux balance equations, the diffusion constant

for the Mo/Si blister cap was estimated to be DH2
¼ ð1061Þ � 10�18 cm2=s. Published by AIP

Publishing. [http://dx.doi.org/10.1063/1.4972221]

I. INTRODUCTION

Nanometer thick multilayer structures can be designed

and fabricated to form an artificial Bragg structure that can be

used to reflect light of a specific wavelength. These mirrors

can be found in synchrotrons, telescopes, and extreme ultravi-

olet optical systems.1,2 In many cases, the surfaces of such

mirrors are exposed to fluxes of ionic and/or atomic hydrogen.

This may be on purpose, for example, to remove contaminants

from the mirror’s surface to maintain optimal reflectivity.3,4

Exposure may also be due to the environmental conditions, as

in the case of telescopes operating near planets and in the heli-

osphere.1 Although exposure to hydrogen can be beneficial for

the multilayer optics, earlier investigations have shown that,

under certain hydrogen exposure conditions, surface blisters

may appear, which irreversibly damage the mirror surface.1,5

Blister formation is not exclusively related to multilayer

mirrors but can also be found in a much broader research

field, for example, in fusion reactor wall studies and the

smart-cut process for silicon on insulator fabrication.6–11

Blisters have been observed in both heterogeneous nanome-

ter thick layered structures, and also in bulk materials. In

addition to hydrogen, helium ions have been found to induce

blistering.12 Based on the experimentally observed blisters,

several models have been developed to predict the critical

dose for the onset of blister formation, adhesion energy, and

radius of the blisters.13–16 In general, these models are based

on the calculation of the potential energy of the blister cap as

a function of pressure, volume, and elastic constants of the

cap material. When the strain energy of deformation plus the

surface energy is balanced by the mechanical work of the

gas trapped inside the blister, a stable blister cap is formed.

Besides models based on potential energy calculations,

blister formation has been discussed in the framework of

F€oppl-von Karman theory, and finite element simula-

tions.17–19 In these models, the coupling between internal

pressure and the intrinsic stress in the layer is discussed in

terms of buckling. In the works of Parry et al.17 and

Coupeau et al.,18,19 blisters were observed after additional

compressive stress was applied to the layer, through increas-

ing temperature, or externally applied mechanical force.

In this article, a blister formation model, based on pres-

sure driven elastic deformation, is introduced. Special atten-

tion is paid to blisters formed in a Mo/Si multilayer by

hydrogen ions, of which examples are shown in Figure 1.

Here, we extend the previously described potential energy

models in the following way. The compressive stress intro-

duced during deposition is taken into account and in place of

the ideal gas law an empirical equation of state (EOS), suit-

able for high pressure is used. Furthermore, we use the stable

blister size to estimate the diffusion of molecular hydrogen

through the blister cap. We show that the model agrees with

experimental data. Finally, the model predictions for the

influence of initial intrinsic stress, the adhesion energy, the

FIG. 1. Two examples of surface blisters formed on a Mo/Si multilayer after

exposure to 200 eV hydrogen ions. AFM image (a) and a cross sectional

TEM image (b). The TEM image shows a delamination of the first Mo/Si

bilayer (Mo bright, Si dark).a)Electronic mail: r.a.j.m.vandenbos@utwente.nl
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blister’s internal pressure, and a minimum hydrogen dose for

the onset of blisters are discussed.

II. THEORY

Blister formation is a multi-step mechanism that can

qualitatively be described by the following steps: (i) Atomic

and ionic hydrogen penetrates into the subsurface region of

the thin film, either by direct ion implantation and/or diffu-

sion; (ii) Because the solubility of hydrogen in the target

material is limited, hydrogen segregates into micro cavities

and defect sites, where it can recombine to molecular hydro-

gen and gets trapped; (iii) The pressure inside the cavity

increases as more molecular hydrogen is accumulated up to

the point where a blister is formed. (iv) The blister either

stops growing or bursts depending on the transport of hydro-

gen through the material.20

To calculate the blister’s energy balance, a blister shape

must be assumed. Under the assumption that the blister cap

can be described as an isotropic elastic thin film that deflects

due to the pressure in the blister cavity, a stable blister size

can be calculated depending on the number of trapped

molecular hydrogen particles.

A. Blister shape function

A commonly used function for describing the blister

shape is a bell shaped profile function as given by14,16,21

z rð Þ ¼
z0 1�

r

r0

� �2
 !2

r � r0

0 r > r0:
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>
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>

>

:

(1)

In this formula, z(r) is the height of the blister cap at a dis-

tance r from the blister top, which has a deflection z0. The

blister radius is given by r0. This function is a solution of the

classical plate equation from Poisson-Kirchhoff-Germain

thin plate theory for small deflections22

Dr2r2zðrÞ ¼ p; (2)

with p as the pressure inside the blister and D ¼
Et3ð12ð1� �2ÞÞ�1

as the plate constant. The plate constant is

determined by the blister cap thickness t, Young’s modulus

E, and Poisson’s ratio �. For a circular plate with fixed

boundaries, i.e.,
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(3)

the differential equation can be solved analytically to obtain

Equation (1) with blister radius r0, and a maximum deflec-

tion given by

z0 ¼
pr40
64D

: (4)

The above equation relates the blister shape to the internal

pressure of the blister but only takes into account the bending

moment of the blister. This means that for small deflections

z0 � t the blister height scales linearly with pressure. As will

be shown in Sec. IIB, a correction due to stretching should be

taken into account for large deflections. The analytical solu-

tion presented in Equation (1) is fitted in Figure 2 (solid lines)

to experimentally measured AFM profiles of Mo/Si blister

caps. To fit Equation (1), z0 and r0 are taken as free parame-

ters. As can be seen in Figure 2, there is a good fit between

the analytical shape function and the measured AFM profiles

of the blister cap. The residual of the fit as given in the bottom

graph is typically less than 8%. The fit of Equation (1) overes-

timates the measured blister radius, which can be seen by the

increase in the residual near the edge of the blister. This dis-

agreement is likely due to local plastic deformation near the

edge of the blister.23 In the model described in this article,

plastic deformation is neglected.

B. Energy balance of blister cap

Several other calculations for the energy of the blister

cap can be found in literature. For example, Selvadurai16 bal-

anced the elastic strain energy including substrate deforma-

tion by the surface energy to determine the adhesion energy

of thin films, while Freund13 and Hong and Cheong14 consid-

ered only the strain energy and surface energy to determine

the minimal ion dose required for blisters to form.

For the blisters formed in a Mo/Si multilayer, the fol-

lowing equation is used to calculate the total potential energy

of the blister cap

Etotðz0; r0Þ ¼ Ub þ Us þ CþWexp þ Eint; (5)

in which the surface energy C, the elastic bending energy Ub,

and the stretching energy Us, are balanced by the expansion

work done by the blister’s internal pressure Wexp, and the

release of intrinsic compressive stress energy Eint. The energy

balance described by Equation (5) assumes that the deflection

of the blister cap is small (r0 � z0) and the blister cap is thin

FIG. 2. Measured profiles of four blister caps (points) fitted with analytical

expression of Equation (1) (solid lines). Bottom graph (b) shows residual of

fitted function.
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(r0 � t). As the observed deflection is comparable to the plate

thickness (z0� 3t), both stretching and bending are taken into

account. To calculate Ub and Us, the blister cap is assumed to

be isotropic and elastic with a shape given by Equation (1).

The elastic constants are assumed not to change due to, e.g.,

hydrogen embrittlement. It is also assumed that the substrate

is rigid, and therefore, the strain energy of the substrate is

neglected. Dunders’ coefficient for delamination at the Mo

on Si interface (ad ¼ ð �Ef � �EsÞ=ð �Ef þ �EsÞ with �En ¼ En

=ð1� �2nÞ) is estimated to be ad� 0.45.24–27 For ad� 0.45,

Parry et al.28 predicted that the blister’s deflection is 15%

more compared to a perfectly rigid substrate.

For small deflections (z0< r0) of a thin film, the bending

energy in cylindrical coordinates is defined as22

Ub¼
1

2
D

ðð

@2z

@r2
þ
1

r

@z

@r

� �2

�2 1��ð Þ
@2z

@r2
1

r

@2z

@r2

� �

( )

rdrdh

¼
32

3
pD

z0

r0

� �2

: (6)

If the deflection of the blister cap becomes comparable

to the thickness, z0> t, the stretching term, Us, becomes sig-

nificant. In this case, the in plane radial displacement u(r)

must be taken into account. Following the procedure of vir-

tual displacement from Timoshenko and Woinowsky-

Krieger,22 and taking the radial displacement

uðrÞ ¼ rðr0 � rÞðC1 þ C2rÞ; (7)

the corresponding stretching energy is given by

Us ¼
pEt

1� �2

ðr0

0

e2r þ e2h þ 2ereh
� �

rdr

et ¼
@u

@r
þ
1

2

@z

@r

� �2

; eh ¼
u

r
:

(8)

By minimizing the stretching energy, constants C1 and C2 can

be calculated by taking the partial derivatives ð@UsÞ=ð@C1Þ
¼ ð@UsÞ=ð@C2Þ ¼ 0. This reduces Equation (8) to

Us ¼
32

3
pD

z0

r0

� �2 3

32
C

z0

t

� �2
( )

(9a)

C ¼
�5582�2 þ 8500� þ 15010

6615
: (9b)

The surface energy released by the blister is given by

the delaminated area as:

C ¼ 2cpr20; (10)

with c the surface energy of the blister cap to substrate inter-

face. In the model, a single value for the surface energy is

assumed. In general, the adhesion energy changes as the blis-

ter grows in size, because changes in the mode mixity of the

crack front appear.24 However, for high blister pressures

pn ¼ pEOSfð1� �2Þ=Egfr0;eq=tg
4 > 1 there are only minor

changes in the mode mixity and the adhesion energy is,

therefore, assumed to be constant.

The work done by isothermally expanding n gas par-

ticles inside a blister cavity in terms of pressure and volume

is

Wexp ¼ �

ðV1

V0

pEOSðVÞdV þW0: (11)

where pEOS(V) is the pressure as a function of volume, which

is given by the equation of state (EOS). For large blisters,

the EOS is simply the ideal gas law, but as the blister volume

approaches zero, the gas significantly deviates from the ideal

gas law due to particle interactions. Around the stationary

point of the blister, the following EOS of state can be used,

as found experimentally by Michels et al.29 for H2 pressures

in the range of 2–300MPa (Ref. 29)

pEOS Vð Þ ¼ A
n

V
1þ B

n

V
þ C

n2

V2
þ D

n3

V3
þ E

n4

V4
þ F

n5

V5

	 


;

(12)

with n the number of particles in moles, V the volume

in cubic meter, and coefficients A through F as given in

Table I. With the above EOS, the molar density approaches

that of solid hydrogen for pressures around 300MPa. For the

expansion work, this leads to the equations

Wexp ¼ WðV1Þ �WðV0Þ þW0; (13a)

W Vð Þ ¼ �An ln Vð Þ � B
n

V
�
1

2
C
n2

V2
þ :::

	 


; (13b)

V ¼
1

3
pr20z0; (13c)

where W0 is the expansion work done for pressures above

300MPa and W(V1) – W(V0) is the expansion work done for

pressures within the validity range of the EOS. We assume

that W0 is constant for all blisters formed. The blister volume

is calculated by taking the volume integral of Equation (1).

Depending on the deposition process of the multilayer,

the average stress of the Mo/Si bilayer can vary from hun-

dreds of MPa pressure compressive to tensile.30 For an ini-

tially compressively stressed blister cap the energy released

by the delaminated layer is given by

Eint ¼ �
1� �

E
r2inttpr

2
0; (14)

where rint is the average compressive stress in the thin layer.

If the film has a tensile stress the sign of the energy is

changed and additional energy needs to be added to deflect

the surface outward. As clamped blister cap conditions are

TABLE I. Coefficients for Equation of State (EOS) given in Equation (12)

for a temperature T¼ 298K.

Value Value

A(¼RT) 2479.62 D 3.3804� 10�15

B 1.4384� 10�5 E 9.2492� 10�20

C 3.5637� 10�10 F �4.7594� 10�25
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assumed (no radial displacement and rotation of the blister

edge), Equation (14) only considers the strain energy stored

within the delaminated area (r< r0). One can show that for a

deposited multilayer with material parameters as shown in

Table II, the intrinsic stress has only a minor effect on the

energy balance. (Compared to Ub and Us, the intrinsic stress

is about two orders of magnitude lower, �10�14J compared

to �10�16J).

Adding all energy terms as given in Equation (5), the

total energy of the blister cap as a function of blister radius

and height can be found for a fixed number of n hydrogen

particles inside the blister cavity. For a Mo/Si multilayer, the

contour lines of the energy surface for 15 � 106 trapped par-

ticles are shown in Figure 3. In this calculation, material con-

stants and dimensions are used as shown in Table II.

In the white area, the pressure inside the blister exceeds

300MPa. At that pressure, the hydrogen density approaches

that of solid hydrogen and the expansion work can no longer

be calculated from the EOS. For the limiting case, it can be

seen that as the volume goes to zero, the expansion work

tends to infinity. On the other hand, the surface energy (blis-

ter radius) and stretching energy (blister height) will increase

continuously for an increasing blister size. Thus, for a fixed

number of trapped molecular hydrogen inside the blister, a

stable minimum in the blister cap energy can be found, as

indicated by the red arrow in Figure 3.

C. Stable blister shape

To find the stable point as shown in Figure 3, the partial

derivatives of Etot with respect to r0 and z0 are taken. This

leads to the following equations for the stable point:

z0;eq ¼
pEOS n; r0;eq; z0;eqð Þr

4
0;eq

64D

1

1þ
3

16
C

z0;eq

t

� �2
; (15a)

r0;eq ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

16Dz20;eq

c�
1� �

2E
r2intt

1þ
5

32
C

z0;eq

t

� �2
( )

4

v

u

u

u

t

: (15b)

The first equation relates the blister’s internal pressure to its

dimensions r0 and z0. It is comparable with Equation (4) but

an additional term is included that takes the stretching of the

blister cap into account. With increasing number of particles,

the stable blister size increases. The second equation gives

the minimum in the blister cap energy surface. If z0,eq � t,

there is a linear dependence between the blister radius and

blister height. In Figure 4, the stable blister dimensions for

four different surface energies are calculated taken the values

as given in Table II. It can be seen that for increasing surface

energies the ratio between blister height and radius increases.

To verify the model, data are taken from an atomic force

microscope measurement on a blistered Mo/Si multilayer

surface being exposed to hydrogen. From the graph, it is

seen that the surface energy of the delaminated surface is

around 1.05 J/m2 which equals the surface energy of a-Si as

can be found in literature: 1.056 0.14 J/m2.32 For compari-

son, the surface energy of (001) Mo and (001) MoSi2 is

around 3.97 J/m2 and 3.86 J/m2, respectively.33 So, based on

the model, it is expected that the delamination has taken

place within the a-Si layer.

For a stable blister, both Equations (15a) and (15b) have

to be satisfied. When both equations are combined and

dimensionless constants are introduced, the following rela-

tion between internal pressure pEOS, intrinsic stress rint, and

surface energy c is obtained:

pn ¼ znf

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

24cn �
12

1þ �
r2n

r

; (16a)

f ¼

16

3
þ Cz2n

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

32z2n þ 5Cz2n
p ; (16b)

TABLE II. Material constants and dimensions used to model the blister cap

in a Mo/Si multilayer.

Parameter Value

E 215 GPaa

� 0.18a

c 1.05 J/m2

rint 500MPa

t 7 nm

aCalculated values taken from Loopstra et al.31

FIG. 3. Contour plot of Etot(z0, r0) for 15 million trapped hydrogen particles.

At (160, 29) a stable minimum is found for the total energy of the blister

cap.

FIG. 4. Equilibrium of blister radius and height as a function for four differ-

ent surface energies. The experimental data is an AFM measurement of blis-

ters formed on a Mo/Si multilayer after hydrogen exposure.
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with zn ¼ z0;eqt
�1; rn ¼ r0;eqt

�1; �E ¼ Eð1 � �2Þ�1; pn
¼ r4npEOS

�E
�1
; cn ¼ r4ncð

�EtÞ�1
, and rn ¼ r2nrint

�E
�1
.

From Equation (16), it can be seen that the internal

pressure decreases with increasing layer stress, as

expected from Parry et al.17

D. Hydrogen density and pressure inside a Mo/Si
multilayer blister

From a measured blister shape, the hydrogen density and

pressure inside the blister can be calculated with Equations

(15) and (12). In Figure 5, the blister pressure and density are

given as a function of the stable blister radius. For blister radii

smaller than �90 nm, the hydrogen density necessary for sta-

ble blisters to form approach values of solid hydrogen (dotted

line). The dashed dotted line indicates the measured blister

radius range and the corresponding range in blister density

(20.1–25.3 H2/nm
3) and pressure (175–280MPa).

When the stable blister shape and density are known, an

estimate can be made on the minimum dose required to form

the blister. For an observed blister with a radius of 98 nm

and corresponding height of 17 nm, the local hydrogen den-

sity has to be 25.3 H2/nm
3. This means that Nmin¼ 4.3 mil-

lion particles have to get trapped in the blister cavity. The

number of hydrogen particles reaching the blister volume

Nmin is given by

Nmin ¼
1

2
fdpr20: (17)

In this equation, d is the incident hydrogen ion dose per unit

area and f is the fraction of the incoming ions that can pene-

trate through the blister cap. The factor of one half takes into

account the recombination of hydrogen ions to stable molecu-

lar hydrogen. In this equation, the diffusion of hydrogen after

implantation is neglected. To estimate f, an SRIM calculation

was performed for a Mo/Si multilayer irradiated by 100 eV

hydrogen ions (see Figure 6).34,35 The fraction of the total flux

that can penetrate through the first bilayer is f� 6.8� 10�3.

Filling the number in Equation (17) gives a minimum required

ion dose of d¼ 4.2� 1018 ions/cm2. This is indeed below the

actual measurement dose of 1.25� 1019 ions/cm2.

Equation (17) accounts for ions that directly penetrate

through the blister cap, but neglects any hydrogen diffusion.

This is justified because the estimated timescale of hydrogen

diffusion is long (hours order of magnitude, see Section

II E)), compared to the timescale of blister formation.

E. Blister stabilization

In the analysis above, only the static case of the blister

is considered where the number of trapped hydrogen par-

ticles inside the blister is fixed. But in general, depending on

the in- and outflux of hydrogen (Hin, Hout), three cases can

be distinguished: (i) Hin>Hout: the number of trapped

hydrogen particles is increasing and the blister grows; (ii)

Hin¼Hout: the number of trapped hydrogen particles is fixed

and the blister is stable at its energetically most favorable

shape; (iii) Hin<Hout: the number of trapped hydrogen par-

ticles is decreasing and the blister size decreases assuming

the deformation is completely elastic. By knowing the in-

and outflux as a function of time, the dynamic behavior of

the blister can be described.

The influx of hydrogen per unit of time Hin H2/s is given

by

Hin ¼
1

2
/fpr20; (18)

with / ions/cm2s the hydrogen ion flux at the surface and f is

the fraction of ions that can penetrate through the blister cap.

The out diffusion Hout H2/s of hydrogen can be estimated

using Fick’s law

Hout ¼ DH2

n=V

t
Sblister: (19)

The diffusion constant DH2
cm2=s depends on the blister cap

material and n is the number of hydrogen particles that are

trapped inside the blister with a volume V. Sblister is the blis-

ter cap surface area

FIG. 5. Blister pressure and density as a function of the stable blister radius.

The dashed dotted line indicates the experimental measured blister radii and

their corresponding ranges for the pressure and density.

FIG. 6. SRIM calculation of hydrogen ion penetration depth in a Mo/Si mul-

tilayer with native SiO2 on top. Fraction f of total flux that reaches a certain

depth (dashed line) and number of ions at certain depth (solid line) are

given.
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Sblister ¼

ð ð

zðrÞdS � pr20F: (20a)

F ¼ 1� 0:0036
z0

r0

� �

þ 0:715
z0

r0

� �2

� 0:205
z0

r0

� �3

: (20b)

From the final shape of the blister, the diffusion constant

DH2
can be calculated by combining Equations (18) and (19)

DH2
¼

/ftV

2n

1

F
: (21)

Taking the blister shape of the measured data with a number

density between 20.1 and 25.3 H2/nm
3 exposed at a constant

flux of / ¼ 1� 1014 ions=cm2s, the diffusion constant is

around DH2
¼ ð1061Þ � 10�18 cm2=s. This is about an order

of magnitude higher than the literature value for hydrogen

diffusion in c-Si:25 DH2
¼ 2:36� 10�18 cm2=s.

Before the blister is stabilized, the blister is growing

which means that Hin>Hout. Because the influx of hydrogen

particles per unit area is constant during the experiment, the

outflux of hydrogen per unit area has to increase during the

blister growth until the influx is balanced and the blister

growth will stop. This means that regarding Equation (19),

the hydrogen density n/V and/or the diffusion constant DH2

has to increase in time. At the start of the hydrogen exposure,

the concentration inside the multilayer is zero and it is

slowly increasing with time. While the influx is set instanta-

neously by the ion flux and energy, the outflux is increasing

towards the influx value with a certain delay depending on

the diffusion constant DH2
and thickness of the blister cap.

The timescale for out diffusion can be estimated with

s ¼
t2

DH2

� 104s: (22)

This is the typical time it takes for a hydrogen particle to dif-

fuse through the blister cap. During this time, about

s�Hin¼ 4 million H2 particles have penetrated through the

blister cap. This is about the number of particles needed to

form a stable blister of 100 nm in radius. For a large diffu-

sion constant the delay between in and outflux becomes

smaller and no blisters will form at all as not sufficient

hydrogen can get trapped. On the other hand, a lower diffu-

sion coefficient will increase the blister size as more particles

get trapped before a balance between in and outflux is

established.

Although it is possible to form a stable blister where

fluxes are balanced, this point does not have good stability.

As the blister radius increases beyond the stable point, the

influx of hydrogen per unit area becomes larger than the out-

flux, and the blister can continue to grow until it bursts. This

contradicts the stable blister shape observed on a Mo/Si multi-

layer. A possible explanation for this can be found in a time

dependent diffusion constant. Studies on the hydrogenation of

amorphous silicon have shown that the permeability of a-Si

can change significantly during the hydrogenation.36 These

studies suggest that before the Si layer is fully saturated, only

atomic hydrogen can diffuse through the silicon layer and the

rate of diffusion is rather low. However, once a-Si:H is fully

hydrogenated, H2 can freely and rapidly diffuse through the

layer. This means that during the blister formation process

this enhanced outdiffusion of hydrogen may prevent further

blister growth. The magnitude of the change in the diffusion

constant required to prevent further blister growth depends on

the (time-dependent) size of the blister. For a blister near its

initiation point, a doubling in the diffusion constant may be

enough to stop the blister growth process. In addition,

Coupeau et al.21 also suggested that changes in the diffusion

process occur during blister formation. Coupeau et al. showed

that the evolution of blisters on a pure silicon surface has

small discontinuities over time, which the authors address to

changes in the diffusion process.

III. CONCLUSION

The results presented here show that an elastic energy

balance of a blister cap can be applied to hydrogen induced

blister formation in Mo/Si multilayer mirrors. The model

shows that the blister formation is mainly caused by the

accumulation of hydrogen under the blister cap and that a

stable blister can be formed with a fixed number of particles

inside. From the measured blister radius and height, the sur-

face energy, pressure, and minimum hydrogen dose for blis-

ter formation could be calculated from the model. In the

second part, the diffusion and penetration through the blister

cap was considered. Given a fixed influx of hydrogen and

assuming a linear outdiffusion of hydrogen, a diffusion con-

stant for hydrogen through the blister cap could be calcu-

lated. Furthermore, the lack of blister expansion after the

stable blister has been formed is likely caused by a time

dependent permeability of the blister cap.
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