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Abstract 

We report on the influence of sample temperature on the development of hydrogen-induced 

blisters in Mo/Si thin-film multilayers. In general, the areal number density of blisters 

decreases with increasing exposure temperature, whereas individual blister size increases with 

exposure temperatures up to ~200 °C but decreases thereafter. Comparison as a function of 

sample temperature is made between exposures to a flux containing both hydrogen ions and 

neutrals and one containing only neutrals. In the case of the neutral-only flux, blistering is 

observed for exposure temperatures ≥90 °C. The inclusion of ions promotes blister 

formation at <90 °C, while retarding their growth at higher temperatures. In general, ion-

induced effects become less evident with increasing exposure temperature. At 200 °C the 

main effect discernable is reduced blister size as compared with the equivalent neutral-only 

exposure. The temperature during exposure is a much stronger determinant of the blistering 

outcome than either pre- or post-annealing of the sample. The trends observed for neutral-

only exposures are attributed to competing effects of defect density thermal equilibration 

and H-atom induced modification of the Si layers. Energetic ions modify the blistering via 

(temperature dependent) enhancement of H-mobility and re-crystallization of amorphous Si. 
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1. Introduction 

 Hydrogen-induced blistering of materials is a complex phenomenon1-3 that can have 

a strong dependence on the exposure conditions, with sample temperature being one of the 

critical parameters. The temperature dependence of blister formation is an open issue in 

fusion research where hydrogen retention4-6 and hydrogen-induced damage to plasma-facing 

materials7-9 are being investigated. In relation to thin films, blister and crater formation 

occurs during annealing of hydrogenated Si-Ge multilayer (ML) structures10. Heating can 

induce structural modifications such as relaxation and crystalline phase transformation, 

promote diffusion and nucleation, and in the case of mixed-material systems induce 

intermixing and compound formation. All such changes influence the behaviour of 

hydrogen within the system. 

The selection of appropriate annealing/exposure temperature is important for the 

process optimization in thin layer transfer techniques both for standard ion implantation and 

strained-layer driven layer detachment11-21. Localization of either hydrogen or stabilized 

vacancy complexes (depending on the specifics of the strain states) at interfaces in layered 

materials is a commonly observed phenomenon. It is proposed as a means of producing 

better quality thin silicon layers for silicon-on-insulator related applications18-20. Layer quality 

is improved because the use of buried interfaces to control detachment allows for significant 

reduction, or even elimination, of the energetic ion fluence required to induce delamination. 

In this work we report on the influence of sample temperature on the development 

of blisters in Mo/Si ML samples. These samples are composed of alternating layers of 

nanometer thick amorphous Si (a-Si) and polycrystalline Mo with mixed Mo-Si interfacial 

regions22. They are susceptible to two distinct hydrogen-induced blistering processes23-26, 

which are attributed to the formation of H2-filled blisters and to the formation and clustering 
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of hydrogen-vacancy complexes producing void blister24. The former occurs under the 

influence of thermal H-atom irradiation; the latter process is observed when energetic (100’s 

of eV) ions are present in the irradiating flux. These processes are not entirely independent. 

In particular, the inclusion of energetic ions in the irradiating flux modifies the development 

and growth of H2-filled blisters24. 

Hydrogen-induced blistering in such MLs is observed to be localized near the Mo-

on-Si interfaces23. This is attributed the strained states and defects that are introduced near 

these interfaces by the transition between materials and the local atomic structures24. In the 

case of exposure to a neutral-only hydrogen flux, blistering was the result of layer 

delamination occurring exclusively at the outermost Mo-on-Si interface. When ions were 

also present in the irradiating flux delamination was observed at the outermost two Mo-on-

Si interfaces. Apart from direct penetration to the second and deeper bilayers, energetic ions 

were proposed to induce transport of hydrogen from gas-filled bubbles near the outermost 

Mo-on-Si interface across the mixed-phase interfacial region into the underlying Si layer. 

A preliminary study on the temperature dependence of blister formation in Mo/Si 

MLs illustrated that the substrate temperature had a significant impact on the formation of 

blisters26. However, the complexity of the system left many open questions since the MLs 

themselves are subject to structural deterioration as a result of annealing27-29. This is primarily 

the result of increased intermixing at the interfaces resulting in the growth of molybdenum 

silicide layers at the expense of the individual Mo and Si layers. This induces an overall 

compaction of the ML structure as the silicide layers produced are more dense than those of 

their original elemental constituents. 

This manuscript aims to provide a detailed evaluation of the influence of sample 

temperature on the formation of blisters in these structures. Atomic force microscopy 
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(AFM) measurements are used as the basis for evaluating the extent and type of blistering. 

Comparison is made between the temperature dependencies in the case of exposure to an 

exclusively neutral flux and to a flux containing energetic ions. In addition, the relative 

importance of the sample temperature during hydrogen irradiation as compared with either 

pre- or post-annealing of the sample at higher temperatures than during the actual exposure 

is studied. Substrate temperature during the exposure is demonstrated to have the biggest 

impact on the outcome. 

 

2. Experimental. 

The Mo/Si ML samples investigated in this work are similar to those studied 

previously23-26. They were deposited on a super-polished Si wafer by magnetron sputtering 

with additional ion polishing of the deposited Si layers. The thicknesses of individual layers 

in the samples were ~3 nm for Mo and ~4 nm for Si. The samples were transferred through 

air both prior to and post hydrogen exposure and no pre-treatment step was applied before 

either exposure or analysis. 

The hydrogen source was a capillary-type thermal cracker (Oxford Applied Research 

TC50). It was operated at a power of 55 W with a 1 SCCM H2 flow. In addition to the 

neutral atomic and molecular hydrogen flux, the source also produced an ion current on the 

order of ~75 nA. The majority of ions produced have energies >800 eV, due to the positive 

bias (+1000 V) used to e-beam heat the capillary24. 

Samples were exposed for 5 hours to the unmodified hydrogen flux from the 

thermal capillary cracker at various set-point temperatures ranging from 50 °C to 275 °C, 

under otherwise identical conditions. They were stabilized at the desired target temperature 

prior to commencing exposure. Heating was radiative, via a back-mounted filament and the 
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temperature was monitored and controlled on the basis of a K-type thermocouple that was 

spot-welded to one of the sample mounting clamps. Similar exposures were performed with 

the addition of a biased deflector plate near to the sample and parallel to the incident particle 

direction. A bias of -1100 V was used to deflect charged species from the flux prior to 

interaction with the surface. When the bias was applied the drain current measured on the 

sample during exposure dropped to <1 nA. Exposures are characterized as “neutral-only” or 

“ion+neutral” depending on whether the biased plate was present or absent, respectively. 

Damage to exposed samples was typically evident to the naked eye as a 

discoloration/dulling of the original mirror-like surface. Regions covered by clamps during 

the exposure always appeared undamaged. Exposed samples were characterized by optical 

microscopy and atomic force microscopy (AFM). For samples exhibiting non-uniform 

damage, the analysis was performed in the region exhibiting the most damaged. In the 

current work this corresponds to the on-axis position of the cracker capillary. In cases where 

no damage was visible or where the damage appeared uniform, the analysis position was 

selected with reference to the non-uniform samples. 

 

3. Results. 

3.1. Temperature dependencies of “ion+neutral” and “neutral-only” exposures. 

 As reported in 24, samples exposed to the ion+neutral flux at temperatures (Texposure) 

of 85-100 °C typically exhibited a distinctive concentric damage pattern on the surface. This 

is primarily due to the presence of ions; when a neutral-only flux is used the damage across 

the exposed surface appears uniform. After the current ion+neutral exposures, the samples 

exposed at temperatures between 50 °C and 100 °C again exhibited the well-defined central 

spot surrounded by regions of more diffuse discoloration. Those exposed at 150 °C and 200 
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°C had a more uniform discoloration, but a central spot remained distinguishable under 

close inspection. The sample exposed at 250 °C appeared to have uniform damage, while no 

damage was apparent on the sample exposed at 275 °C. Thus, visual inspection qualitatively 

indicates that the influence of ions diminishes with increasing Texposure. 

 In the case of the equivalent neutral-only exposures, no damage was evident after 

exposure at 50 °C and 75 °C. At Texposure between 100 °C and 250 °C all samples exhibited 

uniform damage across the exposed surface, while the sample exposed at 275 °C again 

appeared undamaged. Figure 1 shows a comparison of optical microscopy images 

(magnification ×100) taken from these two sets of samples after exposure at temperatures 

ranging from 50 to 250 °C. The left-hand-side (LHS) image segments are from samples 

exposed to the ion+neutral flux, while the right-hand-side (RHS) segments are from samples 

exposed to the neutral-only flux. 

 An immediately obvious difference between the two sets of exposures is the absence 

of blistering after exposure to the neutral-only flux at 50 °C and 75 °C [Fig. 1(a)-(b), RHS]. 

The lowest Texposure that was confirmed to produce visible damage after 5 hours of neutral-

only exposure was 90 °C. It is further evident from the images that exposure to the 

ion+neutral flux at temperatures between 50 °C and 150 °C results in the formation of two 

distinct blister size distributions and that the larger of these is primarily comprised of 

double- or multi-component structures. It has already been demonstrated that both of these 

features are a consequence of the presence of ions in the irradiating flux24. This is re-

confirmed by Fig. 1(c)-(d), which illustrate that the deflection of ions results in the 

disappearance of the smaller of the two size distributions and the absence of multi-

component structures. The resultant “neutral-only” blistering is characterized by a single size 

distribution composed of symmetric single-component blisters. Following 24, the smaller of 
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the two distributions is designated as “ion-induced” (void) and the larger as “thermal 

neutral” (H2-filled), signifying the most crucial incident species necessary for the 

development of the respective blisters. The designations are not exclusive since Fig. 1(a)-(b) 

demonstrates that the development of “thermal neutral” blisters is stimulated at lower 

Texposure when ions are present. 

Figure 2 shows plots of blister dimensions (volume versus area) derived from AFM 

scans of the samples shown in Fig. 1. In the case of the ion+neutral exposures, blisters 

designated as “ion-induced” and “thermal neutral” are distinguished using different markers. 

It is possible to make this distinction on the basis of blister size and aspect ratio for Texposure 

up to 150 °C. At higher temperatures only a single blister size distribution is apparent, which 

is designated as “thermal neutral”. Compared to the equivalent neutral-only exposures there 

is more scatter in the volume-to-area data of “thermal neutral” blisters formed during 

ion+neutral irradiation. This is a consequence of the formation of multi-component 

structures. The solid line on these and subsequent figures is a reference curve, which was 

derived in an earlier report24. It is included to aid comparison between the different 

exposures both within this work and with those previously reported. 

Multi-component structures are attributed to the introduction of an ion-induced 

transport mechanism that transfers hydrogen trapped in gas filled bubbles at the outer most 

Mo-on-Si interface to deeper layers24. It is evident from inspection of Fig. 1 that the size of 

the smaller component(s) of such blisters decreases relative to that of the larger component 

with increasing temperature. At Texposure≥200 °C only single-component blisters appears to be 

present even in the case of the ion+neutral exposures. The evolution of ‘double-blister’ 

structures was evaluated for Texposure between 50 and 150 °C on the basis of the radii of the 

two individual component measured from 10 distinct features on AFM scans. Figure 3 
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shows the resultant averaged absolute radii of the two components, while the inset shows 

the corresponding ratio. While both blister components grow in absolute terms with 

increasing exposure temperature, the larger component grows faster than the smaller one. 

Consequently, the ratio drops from ~0.8 to ~0.45 over this temperature range. This again 

points to ion-induced effects becoming comparatively less effective with increasing Texposure. 

Figure 4 provides an overview of the evolution of blister characteristics as a function 

of exposure temperature: (a) the blister count, (b) the total blister volume, and (c) the 

average volume per blister. For both flux compositions, the area number density of blisters 

decreases with increasing Texposure across the full range. The size of the individual blisters 

generally increases with Texposure up to 200 °C [Fig. 1(a)-(e)], followed by a decrease for 

Texposure=250 °C [Fig. 1(f)]. This is reflected in changes in the total and average volumes as a 

function of exposure temperature. Elastic recoil detection (ERD) analysis of the samples 

exposed to the ion+neutral flux indicate that the sample exposed at 150 °C retained the 

highest H-content in the outermost layers, whereas the largest individual blisters are 

observed after Texposure=200 °C. This is consistent with previous results, which also illustrate 

the absence of a simple correlation between total H-content and the development and 

growth of blisters25. 

With regard to the influence of flux composition, the general characteristic that can 

be identified is that the presence of ions promotes the development of H2-filled blisters at 

Texposure≤100 °C, while retarding them at ≥150 °C. No blisters are directly attributed to ions at 

Texposure≥200 °C, although their presence is still evident from the number and size of the 

“thermal neutral” blisters. The discontinuity in the blister count at Texposure=200 °C indicates 
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that extra blisters are still being formed as a consequence of the ion irradiation. These are 

not distinguishable from “thermal neutral” blisters on the basis of either size or shape. 

 

3.2. Effects of pre- and post-exposure annealing 

 The effects on blistering of pre- and post-annealing of samples to elevated 

temperature was investigated. Pre-annealing highlights the influence of thermally-induced 

changes to the layered structure (e.g. layer compaction and intermixing), while post-

annealing probes temperature-driven redistribution of incorporated hydrogen. For the pre-

annealing studies, samples were held at temperatures (Tanneal) of 200 °C, 250 °C, 300 °C, and 

400 °C for 5 hours prior to exposure to the ion+neutral flux for 5 hours at 100 °C. The 

post-annealing experiment was conducted by first exposing a sample to the ion+neutral flux 

for 5 hours at 100 °C followed by annealing at 250 °C for 5 hours. 

 Figure 5 shows a comparison of AFM images taken from a sample exposed without 

pre-/post-annealing (a), and from samples that were pre-annealed at (b) 200 °C and (c) 300 

°C, and post-annealed at (d) 250 °C. The sample pre-annealed to 400 °C showed no visible 

damage after exposure. The absence of blistering in that case is attributed to destruction of 

the ML structure due to intermixing (see Discussion). 

Figure 6 shows the comparison of individual blister volume versus area derived from 

these samples. Pre-annealing produces a discernable change in the aspect ratio of the 

“thermal neutral” blisters, as indicated by the shift of the data points above the reference 

curve. In case of post-annealing the data points for "thermal neutral" blisters remain below 

the reference curve, but exhibit significant growth. In general, both pre- and post-annealing 

results in a reduced scatter in the “thermal neutral” data points. This is due to changes to the 

relative sizes of multi-component blisters that are discernable on Fig. 5. In both cases the 
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size of the smaller component(s) is reduced relative to the larger component. For pre-

annealing this is mainly due to a reduction in the size of the smaller components, pointing to 

inhibition of the ion-induced transport mechanism. In the case of post-annealing, the change 

is the result of preferential growth of the larger component (compare Fig. 5 (a)&(d)). 

Figure 7 provides an overview of blister characteristics. The number of blisters 

formed decreases with increasing pre-annealing temperature. The effect is most pronounced 

for the “thermal neutral” blisters; the number of “ion-induced” blisters formed is relatively 

unaffected by pre-annealing. The total volume occupied by “thermal neutral” blisters is 

unchanged by pre-annealing at 200 °C, but the average blister volume increases significantly. 

Both are decreased by pre-annealing to higher temperatures. The total volume occupied by 

“ion-induced" blisters is almost doubled as a consequence of the 200 °C pre-anneal. It 

decreases again at higher pre-anneal temperatures, returning to the level of the un-annealed 

sample in the case of pre-annealing at 300 °C. 

Post-annealing results in an increase in the number of both “ion-induced” (~14%), 

and “thermal neutral” (~17%) blisters. The characteristic volumes (total and average) 

occupied by “ion-induced” blisters are not dramatically altered, whereas there is a substantial 

increase in those of the “thermal neutral” blisters. 

 

4. Discussion 

Blistering processes. 

 We begin by giving a synopsis of our previous observations and interpretations of 

blister formation in Mo/Si MLs, before addressing how those processes are influenced by 

temperature-dependent effects. The main steps in “thermal neutral” blistering can be 

summarized as: 
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• Trapping of H atoms at the surface of the outermost Si layer. 

• Diffusion of H atoms through the Si layer; some H atoms will be trapped in the layer 

by strained and dangling bonds. 

• Diffusion of H atoms through the Mo layer, with trapping at defect sites and grain 

boundaries; segregation of H atoms to vacancies and formation of H2 molecules. 

• Preferential accumulation of H2 at stressed centres in the vicinity of outermost Mo-

on-Si interface; growth of H2-filled bubbles by strain-driven accumulation from the 

overlying Mo layer. 

 Figure 8(a) shows simplified picture of the blistering process during neutral-only 

exposures. Figure 8(b) illustrates how the blistering process is modified when the incident 

flux also contains energetic ions. Ion influences can be summarized as follows: 

• Enhanced hydrogen uptake by the creation of defects and active sites at the surface; 

introduction of vacancies and defects by the ion collision cascade in both the Si and 

Mo layers modify H-mobility. 

• Creation of trap sites in Mo and Si that can retard blister formation by sequestration 

of hydrogen across multiple (new) “sinks”. Si dangling bonds can trap H; Mo 

vacancies can interact with diffusing H atoms to form stable hydrogen-vacancy (H-

V) complexes. 

• Macroscopic void blisters develop due to coalescence of mobile H-V complexes with 

preferentially nucleation at stressed centres near the Mo-on-Si interfaces. 

• Ion-induced defects facilitate the formation of the ‘multi-component’ blisters by 

stimulating the transport of hydrogen from gas-filled blisters to deeper layers.  
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Energetic ions affect a-Si primarily via the introduction and removal of the defect 

structures necessary for efficient transport of hydrogen through the network. Ion irradiation 

induces the release of implanted hydrogen from strongly-bound defect complexes30. The 

resultant diffusion and attachment to vacancy defects enhances the effective mobility of H in 

Si. In a related manner, the presence of ions results in ion-assisted uptake of hydrogen. Such 

processes have been discussed, for instance, in the context of uptake measurements in case 

of D bombardment of carbon materials31. It was proposed that ions promote trapping via 

the creation of ‘active sites’ at the surface by inelastic interaction with the sample. Neutral 

deuterium, trapped by this mechanism filled both pre-existing traps in the sample and ion-

induced traps formed due to the energetic ion bombardment. 

 

 Temperature dependencies 

 For the current samples, the temperature during exposure is a much stronger 

determinant of the outcome of hydrogen-induced blistering than either pre- or post-

annealing. Temperature-dependence in blistering of materials can arise due to changes in the 

relative contributions from competing effects. The temperature dependencies we report can 

be accounted for on the basis of defect densities established as a function of Texposure and/or 

Tanneal and exposure-induced modifications to the layer structure. 

 a-Si layers are known to exhibit a temperature-dependent defect density, which 

establishes an equilibrium above a threshold temperature (TE). In the case of thick a-Si 

layers, TE is typically in vicinity of ~200 °C32-35. The defect density increases with 

temperature above this threshold, while at lower temperature it is generally determined by 

the thermal history of the sample. 
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Heya et al. have demonstrated that H-atom irradiation of a-Si films during annealing 

can induce crystallization at temperatures <350 °C36, 37. The induced transition to a 

hydrogenated microcrystalline phase (µc-Si:H) was also observed during real time monitoring 

by infrared spectroscopy while irradiating at 200 °C38. Formation of µc-Si:H during 

magnetron deposition in an hydrogen-rich atmosphere is typically performed at substrate 

temperatures in the 150-350 °C range. Exposure of hydrogenated amorphous silicon (a-Si:H) 

films to hydrogen plasma at elevated temperatures (>500 K) can also result in 

crystallization39, 40. The process is driven by structural relaxation arising from H insertion to 

strained Si-Si bonds and in bond-centered position between unbonded Si atoms41. 

In a study on the temperature dependence of plasma hydrogenation-driven layer 

separation using a buried SiGe strain layer, Di et al identified a temperature window in which 

the separation was effective42. On the low temperature side (≤250 °C), trapping of hydrogen 

at vacancy defects in the “capping” Si layer hindered diffusion to the strained layer. On the 

high temperature side (≥400 °C) localization was limited by hydrogen dissociation from 

defects and H2 loss via out-diffusion. The onset of thermal desorption from a-Si materials is 

typically ≥350 °C43. 

As noted above, defects introduced by energetic ions modify the uptake and mobility 

of hydrogen by the ML. Consequently, dynamic annealing (i.e. the evolution in time of 

defects following their introduced by an ion collision cascade) influences the blistering 

outcome of hydrogen ion irradiated samples. Defects typically have a characteristic lifetime. 

For instance, Myer et al. determined a characteristic time constant of 6 ms for dynamic 

annealing of crystalline Si at room temperature44. The lifetime decreases with increasing 

temperature. 
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Giguère and Terreault illustrated that dynamic annealing during irradiation could 

significantly enhance ion-induced blistering of Si45. The effects were attributed to the 

introduction of strain structures and the enhancement of H mobility via radiation enhanced 

diffusion. Creation of strained structures contributes to the enhancement of hydrogen 

diffusion through a-Si. Ab initio simulations of H in a-Si and a-Si:H show a strong tendency 

to attacked strained bond structures in the network46. Formation of H2 in large voids with 

excess H-content was also observed. Based on studies hydrogen diffusion in nano-structured 

a-Si, Kail et al47 proposed that molecular diffusion might be the dominant process in 

microcrystalline Si. 

 The results presented in this report can be interpreted in light of these known 

(temperature-dependent) effects of hydrogen ions and neutrals on a-Si layers. We note that 

the current layers are nano-scaled. Hence the critical temperatures identified above for thick 

a-Si layers and (defected) crystalline Si must be considered as indicative rather than absolute. 

 

Effects of Texposure 

 Neutral-only exposures are somewhat analogous to plasma hydrogenation, except 

that even low energy ion effects are absent. Only “thermal neutral” blisters were observed to 

develop on samples exposed to this flux. For the current exposure conditions these blisters 

have an appearance threshold at Texposure~90 °C. At higher temperatures two regimes can be 

distinguished: a growth phase for Texposure up to 200 °C and a decline phase for Texposure >200 

°C. In addition to thermal relaxation of layers and intermixing at the interfaces, the processes 

that are operative during neutral-only exposure will be defect density thermal equilibration 

and H-atom induced hydrogenation of a-Si and crystallization to µc-Si:H. The combination 

of these effects is sufficient to account for the observed temperature dependencies. 
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 In the “growth phase” (100-200 °C) thermal equilibration results in an increasing 

defect density in the a-Si layers with increasing sample temperature. This promotes the 

transport of atomic hydrogen through the outermost Si to the underlying Mo layer where 

accumulation in vacancies and defects produces H2 filled bubbles. Preferential accumulation 

at strained centers associated with the Mo-on-Si interface leads to the development of 

macroscopic blisters. The a-Si overlayer hinders out-diffusion of H2 from the Mo layer. 

Increasing temperature enhances the effective lateral diffusion of hydrogen, leading 

to formation of bigger blisters with lower number density. The increasing individual size and 

decreasing number density of blisters with increasing Texposure implies preferential 

accumulation at certain nucleation sites at the expense of others. In the current case, the 

objects being observed are macroscopic surface modifications. As demonstrated by figure 

5(d), these features do not dissipated with post-exposure annealing and the growth of large 

blisters does not go at the expense of smaller ones. However, the size and number density of 

blisters formed as a function of Texposure will still reflect processes, such as Ostwald ripening 

and preferential consumption of hydrogen from the surroundings, that are operative during 

the pre-blister clustering stage48, 49. 

 The “decline phase” (>200 °C) can be attributed to H-induced crystallization of the 

a-Si layer, retarding the uptake and transport of H-atoms. In the first instance this will 

counteract thermal defect equilibration by reducing the average defect density in the layer. 

Furthermore, if the main diffusion mechanism in µc-Si:H is indeed via H2
47, crystallization 

will provide an escape route for the molecules formed in this and the underlying Mo layer, 

retarding the development of H2 filled blisters. 

 The inclusion of energetic ions in the irradiating flux modifies the development of 

“thermal neutral” blisters by reducing their onset temperature while simultaneously retarding 
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their growth at higher temperatures (≥150 °C). The reduced onset temperature can be 

attributed to ion-enhanced H uptake and transport due to the introduction of new defect 

sites and strained bonds into the a-Si. The effects diminish with increasing temperature due 

to more rapid dynamic annealing. The presence of ions also reduces the onset temperature 

for a-Si:H crystallization and accelerates crystallization and structural relaxation at a given 

temperature. These structural changes again retard the development of thermal-neutral 

blisters relative to the equivalent neutral-only exposure by reducing diffusion of H to deeper 

layers and enhancing re-emission of H2 from the ML structure. 

 Ion-induced production of H-V complexes in both the Si and Mo layers is an 

additional factor in the slower growth of “thermal neutral” blisters with increasing Texposure by 

consuming hydrogen that might otherwise contribute to the growth of gas-filled bubbles. H-

V complexes are necessary for the formation of void blisters. Dynamic annealing modifies 

the evolution and nucleation behaviour of such complexes42, 50. While blisters clearly 

identifiable as “ion-induced” are not evident at Texposure>150 °C ion-induced pre-blister voids 

may still act to sequester hydrogen, thereby retarding H2-filled blister growth.  

 

Effects of pre-/post-annealing  

 Pre-annealing induces structural changes to the ML stack via silicide formation at the 

interfaces, with the effect becoming more pronounced with increasing temperature. An 

annealing study on e-beam deposited Mo/Si MLs exhibited an initial period of rapid (0-10 

hours) compaction that was attributed to compound rearrangement at the interfaces, 

followed by a slower diffusion-limited process of interface growth27. Gradual expansion of 

the interfaces occurs in Mo/Si ML during annealing to temperatures up to ~300 °C. Above 

 16 



A.S. Kuznetsov, M. A. Gleeson and F. Bijkerk (2014). "Temperature dependencies of hydrogen-induced blistering of thin 
film multilayers." Journal of Applied Physics 115(17): 173510. 

DOI: 10.1063/1.4875484 
 
300 °C an abrupt change occurs, which is attributed to a transformation to hexagonal MoSi2 

(h-MoSi2) associated with reaching a critical Mo-on-Si interface thickness of 2 nm28, 29. 

 Pre-annealing of samples introduces defects to the a-Si layers via defect equilibration. 

In principle, the defect density established by pre-annealing becomes a constant after any 

Tanneal that exceeds the equilibration threshold. Vergnar et al. have investigated hydrogen 

diffusion and material densification in a-Si as a function of temperature51. Both processes 

became appreciable in the 200-250 °C temperature range. As silicon diffusivities were an 

order of magnitude lower than those of hydrogen, hydrogen diffusion always preceded 

densification. Pre-annealing ensures that some layer densification, which reduces H-mobility, 

can occur prior to the addition of hydrogen to the system. Thus, defect equilibration 

contributes to enhanced hydrogen mobility in a-Si but the effect is counteracted with 

increasing Tanneal by interfacial layer growth and densification. 

Pre-annealing results in a significant decrease in the number of “thermal neutral” 

blisters formed, while having a relatively minor effect of the number of “ion-induced” 

blisters. The reduced number density of “thermal neutral” blisters indicates removal of 

strained states and potential nucleation sites during the pre-annealing stage. It is noteworthy 

that pre-annealing results in a clear change in the aspect ratio of “thermal neutral” blisters 

(figure 6(b)&(c)). They shift above the reference curve on the volume-to-area data plot and 

begin to follow a trend that is similar to that of the “ion-induced” blisters. This can be 

attributed to structural relaxation of the layers. 

 Fig. 5 shows that double-blister structures become much less pronounced with 

increasing pre-exposure Tanneal and are almost absent in the sample after Tanneal=300 °C. This 

points to a significantly increased barrier to ion-induced transport across the Mo-on-Si 

interface due to the increased interfacial-layer thicknesses. No blister formation was 
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observed on a sample that was pre-annealed to 400 °C. This temperature is sufficient to 

completely transform the Si layers to crystalline h-MoSi2, relaxing the structure29. The 

absence of distinct interfaces and enhanced H2 mobility afforded by the crystallization 

prevents the depth-localized development of blisters. 

 In the case of post-annealing, the characteristic volumes of the “ion-induced” blisters 

are largely unaffected (although the number of such blisters increases). In contrast, the 

characteristic volumes of “thermal neutral” blisters increase substantially. This is consistent 

with the attribution of these blisters to redistribution of hydrogen trapped in voids and 

vacancies in the outermost Mo layer25, a process that is enhanced by the elevated post-

exposure temperature. Only the larger component of multi-component blisters exhibit 

growth. The smaller components do not change because the transport mechanisms that feed 

these features require the presence of energetic ions. 

 The changes observed as a result of pre-/post-annealing are relatively minor in 

comparison to the influence of the sample temperature during the actual exposure (contrast 

Figs. 1 and 5). Thus, the effect of temperature on the uptake and distribution of hydrogen 

during the exposure is far more critical in determining the size and number of blisters 

formed than thermally-induced structural and chemical modification to the ML. This is 

emphasized by the fact that blisters did not develop on the sample that was exposed at 275 

°C whereas they did appear on the sample that was pre-annealed at 300 °C followed by 

exposure at 100 °C (figure 5(c)). 

 

5. Conclusion. 

 Evaluation of the effects of sample temperature on hydrogen-induced blister 

formation in Mo/Si multilayer (ML) samples illustrates that the temperature during exposure 
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is the dominating factor in the development of blisters. Effects related to thermally-induced 

changes to the ML structure and post-exposure redistribution of incorporated hydrogen are 

of lesser importance. 

 The general trends observed for increasing exposure temperature were of an increase 

in blister size and a decrease in areal number density up to 200 °C, followed by a decrease in 

blister size there-after. In the case of the neutral-only exposures, these trends are attributed 

to the competing effects on a-Si layers of defect density thermal equilibration (enhancing H-

uptake and mobility) and H-atom induced re-crystallization (reducing H diffusion and 

enhancing H2 out-diffusion). The inclusion of ions in the irradiating flux enhances blister 

formation at lower temperatures by introducing defects and strained bond that promote H-

uptake and diffusion. At higher temperatures the presence of ions retards the growth of H2-

filled blisters relative to the neutral-only exposures. Two effects contribute to this: more 

rapid dynamic annealing reduces the impact of ion-induced defects and H-V complexes at 

higher temperatures, and ion enhancement of a-Si crystallization facilitates more effective 

out-diffusion of H2 from the layered structure. 
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Figure 1: Optical microscopy (x100) images of samples after exposure at fixed temperatures 

for 5 hours to the flux from the capillary cracker at a 1 sccm H2 flow. The left-hand-side 

segment of each image represents an exposure to unmodified flux (ion+neutral); the right-

hand-side segments represent exposure with deflection of charged species (neutral-only). The 
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white scale bars represent 10 µm.
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Figure 2: Plots of individual blister volume versus corresponding area covered derived from 

AFM scans of samples after exposure at fixed temperature. The panel labels indicate Texposure 

and the scan area used for the analysis. Data from samples exposed to the ion+neutral flux 

are represented by circles (filled and open indicate “ion-induced” and “thermal neutral” 

blisters, respectively). Data from samples exposed to the neutral-only flux are represented by 

crosses (“thermal neutral” blisters only). The solid line is a reference curve to aid comparison 
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between datasets.
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Figure 3: Plot of the radii of the large and small components of “double blister” features as 

a function of exposure temperature based on the averaged result of measurement from ten 

individual features. Inset: Ratio of the two radii. 
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Figure 4: Plots of (a) blister count, (b) total occupied volume, and (c) average blister 

volume as a function of sample temperature during exposures to the ion+neutral and 

neutral-only fluxes. Data points are derived from the same AFM scans used to produce 

Figure 2. All values have been normalized to represent a 50x50 µm2 equivalent area. 
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Figure 5: Shaded image representation of 20×20 µm2 AFM scans from samples after 5 

hours of exposure to the ion+neutral flux at 100 °C with: (a) no pre-/post-annealing; (b) 

200 °C pre-annealing; (c) 300 °C pre-annealing; and (d) 250 °C post-annealing. 
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Figure 6: Volume versus area data of individual blisters derived from 50×50 µm2 AFM scans 

of samples after 5 hours of exposure to the ion+neutral flux at Texposure=100 °C. (a) No pre-

/post-annealing; (b) 200 °C pre-anneal; (c) 300 °C pre-anneal; and (d) 250 °C post-anneal. 

“Ion-induced” and “thermal neutral” blisters are represented by filled and open circles, 

respectively. The reference curve from figure 2 is again reproduced. 
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Figure 7: Plots of (a) the blister count, (b) the total volume occupied, and (c) the average 

blister volume after exposure to the ion+neutral flux as a function of pre-/post-annealing 

temperature. Negative (positive) annealing temperatures signify pre- (post-)annealing. The 

data points are derived from analysis of 50x50 µm2 AFM scans. 
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Figure 8: (a) Schematic representation of ‘thermal neutral’ process of hydrogen uptake and 

blister formation. (b) Schematic representation of ‘ion-induced’ H uptake and hydrogen 

transport to deeper layers. 
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