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Research framework 

Moisture and vapor permeation barrier films technology 

Polymers have appealing characteristics such as being lightweight, flexible , 

transparent, low cost, and compatible with roll-to-roll processing1
-4, which make 

them the substrate of choice, with respect to other materials such as metals and 

ceramics, in many fields of application. Examples range from the most traditional 

food/drink/drug packaging" to the most recent and challenging areas of thin film 

inorganic and polymer solar cells and OLEDs6 
• 

11
• Despite the above mentioned 

properties, the main bottle-neck1 to polymer-based applications is their high 

permeability to moisture, oxygen and aromas present in the environment. This poses 

severe limitations to the performance, better known as shelf-life of the device2• 6• s .. tt. 
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Figure 1: Field• of application for moisture and Ch permeation barrier layer.>.7, 10
· iH

9
• Extremely low 

H20 and 02 transmission rates are required for organic based solAr cells (OPV) and for OLEDs7, 10
· 

18
· 

19 

1 Anorher drawback of polymeric subsrrares is represenred by rheir relarively low glass rransirion 
remperarure T,, which requires low rem perature processing12• 
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dean room environment leading to a morphologically defective surface. The 

presence of dust, pinholes, anti-block particles on polymer substrates as well as 

defects on the (Al/Ba) cathode surface of the OLED eventually lead to local 

permeation paths in the barrier layer, affecting the performance of the device. 

barrier layer 

-polymer foil 

Figure 3: J<.xamples of sources of deftctslpinholes related to the polymeric substrate and the cathode 

surfoce status leading to the formation of "black spots" during electroluminescence measurements of an 

OLt'D devia (dimensions ~ 2 mm x 1.5 mm). in the figure: tht' yellow layer is the AI covert'd Ba 

cathode; the active polymer layer is the red layer; the blue layer is the anode ITO layer. A particle/pinhole 

present on the cathode/active polymer interphase (1) is not harmfulfin· the operation of the OLJ<.'D as 

long as the barrier layer encapsulates it. The same consideration can be made for a particle/pinhole (2), 

which is not mvered by the barrier layer but it is blocked by the thick A/layer. A particle (3) presmt at 

tht' cathode/active polymer interphase which is covered neitha by the A/layer, nor by the barrier laye1~ 

will let water permeate through it, cawing the oxidation of the cathode/active polymer interphase, 

leading to local aretu whert' no electron injection from the cathode to the active layer develops: i. e. a 

"black spot'rl. 22• The polymer substrate (polymer foil) can be conttlminated by particles ( 4), which can 

protrude through tht' barrier layer creating "spikes" in the 110 anode. 1 'his will result in local regions 

with high electric field which will turn in short-circuited areas, leading also to "black .pot.> ·~o. 

Tn order to understand the limits of the single layer barrier technology, a review of 

the early studies on the moisture and oxygen permeation through single inorganic 
barrier layers is presented. This serves as basis for understanding and engineering of 

the present barrier technology approaches for high-end devices. 

5 
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Towards the ultimate control in nano-porosiry? 

Recently, atomic layer deposition (ALD) has been literally booming in the field of 

inorganic barrier layers for high-end flexible devices. Its potential of ddivering 

vinually dense, dcfcct-fm: ultra-thin films has generated several 5tudies, mainly 

based on Al103 deposition, either on polymer substrates or directly on OLED and 

PV devicesu. 49-15• Langereis52 reported a value of WVTR of 5 · 1 0-'1 g m-2 day-1 (at T 

= 294 K and R.H. = 60%) for a 20 nm thick AbO, layer deposited by means of 

plasma assisted-ALD (PA-ALD) on PEN substrates at room temperature. Croner5'1 

also reported a WVTR of- 1· 103 g m 2 day 1 (at T = 298 K and R.H. = 100%) for 

a 26 nm thick AhO_~ deposited by ALD on several polymers. Also Carcia and 

coworkers51 deposited a 25 nm rhick AlJO', layer on PEN showing a WVTR = 1.7 · 

I o~ g m·2 day 1 (at T = 311 K and R.H. = 85%). However, in both cases reported hy 

Langereis and Croner52· 51 , the water vapor permeation wa.s shown ro decrease with 

the increase in layer thickness and reaching a plateau at 20-25 nrn "il, 5\ suggesting 

that even for the virtually defect-free ALD layer the permeation mechanism is still 

defect-driven. However, the superior barrier properties '"'ith respect to those 

obtained by other conventional techniques, such as PE-CVD or sputtering, indic1re 

a better comrol over the nanoporosiry level. 

. . 
• 

• 

Figure 6: Eler:tmluminescence mfllsurements rm po6·mer LEDs enCtZpm!ated with a 300nm SiN. 

deposited bJ PE-CVD (left ptmel) tmd 40nm "1hO, deposited b)' plasma-ds;·isted LiLD Mght prmel). The 
reduc·tion ofblack .rpots in the operming OT.F.D eucapmlated b)' the ArD ALD_; &zycr with re.rpect to the 

I'F-CVLJ dr:posited Si/v', point.r out to br:tter wnformality and partidr:s cm,r:mgc- of thc- AI.D layer. 
1/rnuever, tht· application of a .ringle Af_D l~w:r .rtill re.rultr in lllzck .rpot &veloprm:nt,c;. '/he SiN, layer 

/;r~,· r1 bilrrier performdnce Jimiltr to the ALD ALO,, !t~yer N 

11 
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Moreover a better conformality/encapsulation in the proximity of the defects present 

on the surface'19· 56 can be observed, as the total density of black spots decreases in the 

case of the application of the ALD layer (Figure 6). The better control on the film 

quality in the case of the ALD deposition process, is also confirmed by the excellent 

intrinsic water barrier properties of the Ah05 in the range of IQ-G g m·2 day-1 (at T = 

298 K and R.H. = 50%)4'1, reached for a thin layer (20-40nm). However, also in the 

case of the ALD encapsulated OLEDs, black spots formation still occurs. 

Recendy, also the development of high throughput ALD processes has been 

addressed 57, based on novel approaches such as spatial-ALD leading to WVTR values 

below 10·5 g m·2 day-1 at T"' 323 K and R.H."' 85%, for a 50 nm thick Ah05 layer. 

12 
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Frame 1: Calcium res£ 

Calcium reacts almost insranraneo usly with H20 and 0 2 according to the following 

reacrions72 : 

( I) Ca + H20 ---. CaO + H2 

(2) CaO + Hp---. Ca(OH)z 

(3) 2Ca + 0 2 ---> 2Ca0 

This process finally leads to CaO and Ca(O H)2 which have differenr o ptical and electrical 

properties. By following the changes of either the o prical21 -51-74 or elecrricaF5 properties o f a 

thin (< I 00 nm) Ca layer, during its reaction with H20 and 0 2 permea ting th rough a barrier 

system, the evaluatio n ofrhe WVTR can be achieved with a detection limi t of 3 · I0-7 g m·2 

day·' 10• Since also oxygen is present in rhe atmosphere, the oxida tio n of Ca due ro water 

cannot be distinguished by the o ne caused by oxygen permeation, rhus these WVTR values 

represenr an upper limir10• However, on the basis of RBS srudies of the Ca oxidation by 

using the 180 2 isotope, it has been shown that metallic Ca does no r react with 0 2 ar room 

temperature even in presence of H 20 7G and the permeation values derived in o ur working 

conditions can therefore be a ttributed solely to rhe H20,,"P permeating through the barrier. 

Furthermo re, rhe Ca rest allows d iscriminating betw een rhe wa ter permeation thro ugh rhe 

macro-defects/pinholes and rhe permeatio n through rhe matrix porosiry when rhe barrier 

layer is placed in direct conracr or deposited directly on calcium, as shown in Figure II. 

Ca layer top view 

Calay" 0 II 
sealan£s: glass tJ.. 

polymer substrate 

calcium test 

+--- barrier layer--+ 
polymer substrate 

permeameter 

Figure 11: schematic representation of WVTR measttremerw poformed by means of the calcittm test (left panel} 
and by the traditional permeameter {right panel}. As indicated in the figure, the permeation of water throttgh the 
barrier layer macro-defiers will lead to the fast oxidation of the Ca to CaO!Ca{OHh layer placed in contact with 
the barrier leading to the formation of white spots. The permeation throttgh the barrier matrix is measttred by 
excluding the white spots and measuring the honzogeneous changes in tranSJnittance with tilne due to the oxidation 

to CaO!Ca{OHh In the case of the WVTR measurements performed by means of the traditional permeameter 
method, the total water perrneation through the macro-defects and the layer nuztrix is measured. 

18 
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In this research work the procedure of the calcium test d eveloped by Nisato et al.58
- 74 at the 

Philips Research Labora rories has been used for rhe d ererminarion of rhe inrrinsic barrier 

properties. A rhin (40 nm) layer of calcium is deposited by thermal evaporation on a glass 

pla re, in a glove box environment. A structure consisting of 4 Ca samples, each one divided 

in 9 pads, is invesrigared: rhe C a srrucrure prevents rhar whire spa rs genera ted in one pad 

d evelop across rhe whole calcium sample area. An example o f one of these calcium samples is 

shown in Figure 12. On rop of rhe calcium layer, a temporary SiOz-like layer (intrinsic 

WVTR = I o-2 gm·2 day·1 ar T = 298 K; R.H. = 50%) is deposited ro prevenr oxida tion 

during transport, prior ro rhe starr of rhe test. 

0 days 8.7 days 15.7 days 

Figur~ 12: CCD camera pictures of one of the Ca samples composed of9 calcium pads (each pad 0.25 ml) at 
different exposure tirnes in a clin'lflte t:hrtmber {i.e. constant re~nperarure and relative hurnidity) . The fornuuion of 

white spots is due to the permeation of water through the pinholes extending across the barrier layne The non 
transparent black reference is also visible. 

Pic tures of rhe calcium pads are acquired by a CCD camera ar differenr rime inrervals (as 

shown in Figure 12) and rhe homogeno us degradation of calcium is measured by following 

rhe gray rinr of rhe calcium layer. A nonrransparenr b lack reference from rhe mask and a 

whire reference from rhe rranspa renr parr o f rhe glass plare have been included in every 

measurement ro ser rhe gray scale range and ro correct for transparency changes due ro rhe 

barrier film. 

Through software analysis, rhe changes in gray rinr of calcium are converted in changes in 

calcium layer thickness, which is relared ro rhe amo unr of adsorbed H 20 vap 5S _ The software 

also excludes rhe permeation occurring thro ugh rhe pinho les for the calcu lation o f rhe 

intrinsic barrier properries21
. A minimum decrease of calcium layer thickness of I nm is 

needed ro obrain an accuracy of rhe I 0% on rhe measuremenr. 

19 
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Since the determina tio n of the intrinsic WVTR is based on the oxida tio n of I nm of 

calcium, iris assumed rhar rhe oxidation ofCa ro CaO is rhe only process to occur. The da ta 

can be provided in Ca thickness reduction with time, or converted into the amo unt o f water 

need ed to oxidize the whole Ca layer with the time (which decreases with the decreasing of 

theCa thickness). An example is given in Figure 13. 

0.0340 .---.~~~~~~.---.~~~~-.--~,--, 

0.0335~-
~- o.0330 l ~ 
E 

0.0320 

0.0315 o~----=2~-4~---::6~--,s~---::10:-----:1':-2 ~1:e4~--:1':-6 _j 

time (days) 

Figure 13: Amount~( water needed to complete(y oxidize the Ca layer as function q( the time, for a barrier layer 
deposited on calcium at 293 K and 50 % of R. H. From the linear regression of the data shown in Figure 13, the 
barrier layer intrinsic WIVTR value can be obtained in g m·2 day-1 58 

Also o ther techniques are reported in literature to determine the WVTR with lower 

detection limits than the traditional permeamerer, namely rhe tritium based WVTR 

dererminarion54· 77 · 78 with a detectio n limit o f ~ I 0·6 g m·2 day·1 and the permeation 

methods based o n mass spectrometry with a detection limit of~ I Q-7 g m·2 day·1 79. However, 

these la tter methods do nor allow discerning between rhe permeation through rhe macro

defects and the one th rough the layer matrix. 

20 
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The conclusions to be drawn from this overview in the field of moisture permeation 

barrier technology are: 

1) The total water permeation through a single barrier layer occurs through different 

paths, which include nm-sized pores as well substrate/process induced macro-defects. 

2) It is of paramount importance to determine and control the density of the macro

defects, as well as to control the inorganic barrier layer microstructure at the pore 

level. 

3) Although empirically successful, the multilayer barrier film technology has not yet 

been supported by studies, which systematically address the role of the organic 

interlayer in affecting the multi-layer barrier performance. 

21 
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Aim of the thesis 

This research work aims to unravel the role of the organic interlayer in affecting the 

global barrier properties of an inorganic/organic multilayer moisture diffUsion barrier 

system. This research has been developed within a Ph.D. project funded by the 

Dutch Polymer Institute (DPI), within the area of Large Area Thin Films 

Electronics (LAFTE), and entitled "Initiated-chemical vapor deposition of polymer 

interlayers for ultra-high moisture diffUsion barrier systems". The project has been 

carried out in the Plasma & Materials Processing Group at the Eindhoven University 

of Technology in collaboration with the Holst Centre and the Philips Research 

Laboratories. 

Within the project, a novel deposition set-up has been engineered and developed, 

which allows the deposition of both the organic and the inorganic barrier layers 

coupled with in situ real-time film growth studies. 

Here below, the set-up is presented together with the principles of the deposition 

techniques and the main diagnostic tools to investigate the deposition process. 

Model of study and multilayer deposition approach 

The multi-layers developed within the project are based on the siloxane chemistry, in 

which the inorganic layer is a PE-CVD SiOrlif<e layer and the organic interlayer is 

an organosilicon polymer synthesized by means of initiated-CVD (i-CVD). The 

same monomer 1,3,5-rrivinyl-1 ,3,5,-rrimethyl-cydotrisiloxane, vjnj, has been 

adopted for both processes. 

22 
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Frame II: lnitiarcd-CVD 

The iniriared-CVD , introduced by K.K. G leason64 · 65 · 80, is a vacuum compatib le free-radical

based polymeriza tio n process which a llows fo r the deposition of polymers with the complete 

rerenrio n o f rhe monomer chemisrry8 1. The scaling up of rhis method ro roll-ro-roll processes has 

been also reporred82 

\ 
+ M 

• • 

---> p 

Figur~ 14: Schematic representation ofthe i-CVD deposition process83. 

T he i-CV D can be considered as a "mild" Hor-W ire-CVD process, in which rhe polymerization 

o f monomer units (unaffected by rhe tempera ture applied ro rhe fi lamenrs) adsorbed on rhe 

surt1ce of a chilled substra te (298<T<333 K)80· 8 1 is initiated by radicals genera red by rhe thermal 

(500< T <800 K) decompositio n of a vola rile molecule wirh labile bond (e.g. a peroxide). The 

radicals will rhen react selectively wirh rhe unsaturated bond (e.g. vinyl gro ups) o f the monomer 

and iniriare rhe polymeriza tio n process. This la rrer rhen proceeds via chain growth mechanism80 

and ir is terminated when either two growing chains or a growing chain and ano ther initia tor 

radical reacr8°. lr has been shown in lirerarure84 rhar rhe deposition rare is linearly dependenr on 

rhe mo nomer surface concentra tion, po inting o ur ro a po lymeriza tion process occurring a r rhe 

subsrrare sur face. The key parameter ro conrrol rhe monomer surface concenrrarion is a non 

dimensional parameter given by rhe ratio of rhe mo nomer partial pressure PM and irs sa rurared 

vapor pressure ar a given rem perature Pw (PMIP,,) 84 · 85. Fo urier Transform Infrared spectroscopy 

(FT-IR) allows following rhe po lymeriza tion process in terms of chemistry (e.g. conversion of 

unsarurared ro sa rurared chemical bonds) and degree of conversion o f vinyl groups. In Fig ure 15, 

rhe comparison of rhe FT-IR spec tra of rhe V30 3 liquid monomer and rhe i-CVD deposited 

poly(V 30 3) (by using di-rerr-bu ryl peroxide: d-TB PO as ini tiator) is reported. 

v'=CH
2 

v =CH(Si0 )3CH3 o• Si-CH
3 

v' Si-0 

1----v' =--'-CH'-t, +' ~- " C~C<, I l .-, 
:J 

,e 

"" 
poly(V,C,l 

" c 
"' -e 
0 
(/) 

.c 
< 

V30 3 

3200 3000 2800 2000 1600 1200 BOO 400 

wavenumber (cm-1) 

Figur< 15: FT-IR comparison of the liquid V3 D3 monomer and the i-CVD deposited poly(V3 D} polymn136 The V3 D3 
and poly{V3 D} chemical srruaure are also reporred'7 

A ll absorptio n peaks rela ted ro rhe vinyl groups (solid lines) are quanrirarively reduced upon 

polymerization, while rhe signals related ro rhe other monomer functional gro ups (namely rhe 

merhyl gro up and rhe cyclo rrisiloxane ring; dashed lines) are unaffected by rhe polymerization 

process86· Sl. 
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Frame III: Deposition setup 

i-CVD process PE-CVD process 

Figure 16: Scheme of the deposition chamber developed for the combined i-CVD and PE-CVD processes. 

• The stainless steel set-up is engineered and developed to combine bo th i-CVD and PE

CVD processes in a single depositio n chamber (the chamber dimensions are: 40 em 

diameter and 58 em height) . The wall o f the setup is hea ted up a t a constant 

temperature of353 Kin order to avoid monomer condensa tion. The pumping direction 

for both processes is towards the bo ttom of the vessel. The setup is equipped with 

Spectroscopic Ellipsometry (SE) windows to study in real- time the film growth. 

• i-CVD process: 

-) the grid system , mounted on a magnetic movable arm, is inserted into the deposition 

chamber at a distance of 2 em from the substrate holder. The substrate is connected to a 

temperature control system allowing fo r a temperature range from 283 up to 383 K. 

-) the grid system (a tungsten wire coiled to form 15 lines, spaced by 2 em) is connected to a 

custom-built D.C. power supply system, which is equipped with a feed-loop system to 

contro l the grid temperature (373 - 873 K). 

-) V3D 3 and d-TBPO are mixed in a buffer and injected into the deposition chamber 

through a ring placed above 3.5 em the grid. 

• PE-CVD process: 

-) the grid is removed from the deposition chamber and placed in a load-lock under vacuum. 

-) the RF plasma is ignited between two parallel electrodes: the top one (area = 3 14 cm2) , 

connected via a matching network to a RF power generator, and the substrate ho lder (area = 

225 cm2), which is gro unded and acts as substrate. The inter-electrode distance is 6 .8 em. 

-) The o ther reaction gases (namely Ar and 0 2) , are controlled by mass flow meters and 

injected through a separate ring placed below the one of the monomer/initiator. 

24 
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In situ real-time diagnostics 

The main diagnostic technique here adopted is Spectroscopic Ellipsomeuy (SE). 

Frame IV: Spectroscopic Ellipsometry 

Spectroscopic ellipsometry (SE) measures the change in the polariza tion state of a linear 

polarized beam upon reflection on a sample surface88 . The polarizatio n state of the incident 

ligh t beam is separated into an s-component (perpendicular to the plane of incidence) and p

component (parallel to the plane of incidence) as indicated in Figure 17 . 

Figure 17: Schematic representation of an incident light beam, consisting of both s- and p-polarizedlight, which 
is reflected on the sample swface. The remlting light is elliptically polarized due to changes in amplitude and 
phase of the s- and p-components89 

The emitted linearly polarized light changes upon reflectio n in elliptically polarized light 

characterized by the s- and p- components. T he change in polariza tio n can be attributed to 

the independent change in amplitude and phase of both componen ts. A d escrip tio n o f the 

polarized light after reflectio n is given by the fu ndamental ellipsometry equatio n rela ting the 

Fresnel coefficients with two ellipsometric parameters, !'::. and '¥: 

·a r p = tan('¥) e'' = ..1!.. 
r s 

The parameters rp and r, represent the ampli tude of respectively the p- and s-compo nent of 

the polarized light after reflectio n. T he ellipsometric parameter !'::. corresponds to the phase 

d ifference between the p- and s- polariza tions while tan('¥) represents the ratio of the 

am plitudes upon reflection. T he measured ellipsometric parameters, !'::. and '¥, d etermined 

fi·om the reflected light, are rela ted to the complex refractive index ft which is complex due to 

dielectric loss and a non-zero direct current conductivity. It is therefore defined as ft = n + ik, 

where n is the real part of the refractive index indicating the phase speed , and k is the 

imaginary part representing the light absorption in the material88. 

25 
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Research questions 

As earlier introduced, this research work aims to unravel the role of the organic 

incerlayer m affecting the global barrier properties of PECVO/i-CVD 

inorganic/ organic multilayer moisture diffusion barrier. ln details, the following 

research questions have been addressed, supported by the experimental approach 

outlined in pages 22-25: 

1) What is the growth mechanism of an organic interlayer developed by means 

of initiated-CVD? Can we define an i-CVD process window which allows 

predicting the i-CVD organic layer quality? 

This research question has been addressed in Chapter 2 where the study of the i

CVD polymer growth by means of in situ SE, coupled with ex situ diagnostics, has 

allowed investigating all the deposition stages, i.e. from the surface monomer 

adsorption to the bulk growth. Furthermore, a correlation has been made between 

specific process parameters (i.e. the monomer surface concentration) and the 

deposition of stable, highly cross-linked polymer layers (i.e. exhibiting no thickness 

loss upon evacuation). This has allowed defining the process parameter window, i.e. 

Pif/P"'t' followed in situ by SE, which controls the deposition of high quality 

poly(V3D_l) layers. Figure 18 summarizes the results addressed in Chapter 2. 

26 
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Introduction 

Tn the past years, Initiated Chemical Vapor Deposition (i-CVD) has proven to be a 

very well suited approach towards vacuum deposition of polymeric films for 

application in many fields where specific surface and bulk properties are desired, i.e. 

hydrophobicity/hydrophilicity1
•
2

, antimicrobiaP, binding of biological ligands\ 

biopassive dielectrics\ low-k materials6 and, recently, as responsive materials7 and 

organic interlayers in multilayer moisture and oxygen barrier systems8•9• The 

advantage of the i-CVD approach with respect to the widely known hot wire-CVD 

is the lower thermal budget required for the polymerization process to occur. The 

unsaturated bonds of the monomer unit are activated by the free radicals generated 

during the thermal dissociation of an initiator molecule (i.e. a peroxide), requiring 

only "mild" grid temperature conditions, typically 500 - 800 K, and, therefore, 

making the process compatible with the treatment of sensitive materials such as 

paper, polymers and membranes. The monomer structure retention, within the 

deposited layer, allows defining the i-CVD as an outstanding deposition tool for 

vacuum polymerization, compared to other well known CVD polymerization 

processes, such as (pulsed) PE-CVD10• Also the potential for scaling-up and 

compatibility with roll-to-roll solutions 11 have been discussed for the i-CVD process. 

Previous studies have shown that the deposition rate and the number-average 

molecular weight in the i-CVD process are linearly dependent on the monomer 

surface concentration12
, pointing out to a polymerization process predominantly 

occurring at the substrate surface. The monomer surface concentration can be 

related to a nondimensional parameter given by the ratio of the monomer partial 

pressure (PM) and its saturated vapor pressure (P"'t), PMIPY+t 13
• 

14
. The P11/P,.r and, 

hence, the monomer surface concentration, can be controlled by varying the 

deposition parameters such as the monomer partial pressure P.tt or the substrate 

temperature (which will lead to changes of the monomer saturation vapor pressure 

Psat). The ratio P,vrl P~•t• then, represents a key parameter for any i-CVD process to be 

set upu. It is therefore fundamental having in situ real-time diagnostics to study the 

overall i-CVD process and, in particular, to quantify the monomer surface 

adsorption and, consequently, defining the i-CVD process window for a given 

deposition process. Generally, the i-CVD process window can be defined as a range 

in which the h1IP~,t parameter is large enough to sustain the polymerization process, 

without leading to an excess of monomer at the surface, resulting either in an 

incomplete polymerization or in monomer condensation. Considering these 
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guidelines, on the basis of studies on the relationship between the monomer surface 

adsorption and the deposition rate of the polymer and number-average molecular 

weightl.U1, the recommended i-CVD process window has been defined by a PAri P,a, 

value leading to one- up to- three monolayers of adsorbed monomer on the surface13• 

However, other aspects, related to the monomer reactivity and the final stability and 

quality of the deposited layer, may need to be taken into account when defining the 

i-CVD process window. On the base of our studies, it has been observed that highly 

cross-linked polymer structures can be obtained by reducing the presence of 

unreacted monomer units or short oligomers at the end of the deposition process. 

The implementation of in situ real-time diagnostics in order to define an i-CVD 

process window is, therefore, fundamental. So far, in literature, quartz crystal 

microbalance (QCM) measurements have been used for the determination of the 

monomer surface concentration 12
-
14

, while the film growth development has been 

followed by means of laser interferometry15-
18

• During QCM measurements, the 

mass adsorption on the quartz crystal, generally gold coated, results in a frequency 

shift which can be directly related to the mass of the adsorbed monomer1211
. As only 

physisorption is considered to control the monomer/surface interaction12
-
14

, at each 

value of P.~/P""' the amount of adsorbed monomer is taken as the average of the 

measured monomer surface concentration during the adsorption and desorption of 

the monomer from the surface of the QCM1211• 

Laser reflection interferometry measures the periodic interference of light waves 

reflected from the growing film surface and the film/substrate interface. However, in 

order to continuously monitor the film growth, a calibration needs to be performed 

by comparing the interferometry results with data collected using an independent 

method. This means that only the layer thickness can be monitored in real-time, as 

an assumption on the growing layer optical constants has to be made. 

Nowadays, in situ Spectroscopic Ellipsometry (SE) is widely acknowledged as 

analytical tool providing real-time monitoring on film growth processes 19- 26, since it 

is a non destructive, versatile technique easily implemented in a deposition setup. 

With respect to the above mentioned techniques, SE allows the real-time, direct 

determination of both layer thickness and optical constants27 of the growing layer. 

Since the thickness sensitivity with SE reaches the atomic level, this technique is also 

suitable for the determination of the thickness of the adsorbed monomer at the 

surface in the i-CVD process. For example, Karpovich and Blanchard28 studied the 

adsorption of different vapors on a gold coated QCM crystal by means of SE and 
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QCM showing a linear relationship between the SE measured adsorbed vapor layer 

thickness and the QCM measured adsorbed vapors layer volume28. When applied to 

the i-CVD process, therefore, in situ SE represents an "all in one" diagnostic tool 

providing information on the whole process, i.e. starting from the monomer 

adsorption stage to the polymerization process and polymer bulk growth. 

This paper reports on the real time study of the i-CVD process of poly(V303) layers 

by means of in situ SE measurements. Poly(V3D3) polymers have been synthesized 

by means of 1,3,5-trivinyl-1,3,5-trimethylcydotrisiloxane (V30 3) as monomer and 

di-tert-butyl peroxide (d-TBPO) as initiator. Poly(V50 5) have proven their potential 

as biopassivating material being highly cross-linked, showing good adhesion to 

silicon substrates and being insoluble both in polar and apolar solvents5• 29• T n our 

case poly(V3D 5) layers were deposited as organic inrerlayers for an organosilicon

based organic/inorganic multilayer moisture and oxygen barrier system, where highly 

cross-linked organic interlayers are desirable8
· 9• 

The use of in situ SE, as a tool to study the polymer growth mechanism during all its 

stages, is reported for the first time, according to the authors' knowledge. The 

monomer surface adsorption has been studied by means of adsorption/desorption 

isotherms followed by in situ SE measurements on the same substrates used fo r the 

deposition of the polymeric layer (i.e. Si/Si02 substrate). Differently from the studies 

already reported in literarure1211, the desorption isotherm has also been taken into 

account as it allows highlighting a possible chemisorption process, between 

monomer and substrate. Furthermore, the polymer growth has been followed as 

function of the deposition time. The use of the in situ and ex situ SE coupled to 

other diagnostic tools (namely FT-TR) has allowed for the definition of the i-CVD 

process window for the monomer here under investigation, by limiting the monomer 

surface adsorption to 1/3 of the monomer monolayer thickness, for the deposition of 

stable, highly cross-linked polymers. 

The paper is organized as follow: the experimental part reports on the deposition 

chamber, the deposition procedure and analytical techniques used to characterize the 

polymers chemistry, structure and degree of conversion of vinyl groups. Also in this 

part the description of the methodology used for the in situ study of the poly(V3D3) 

layer with SE is provided together with the description of the V 3D3 monomer 

adsorption /desorption (ads/des) measurement procedure. The results and discussion 

part is divided in two sections: in the first one the results on the poly(VJDJ) 

characterization is provided; in the second part the in situ SE study of the 
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poly(V3D3) film growth in all its stages is discussed together with the studies on the 

polymer stability and the definition of the i-CVD process window. 

Experimental 

Deposition chamber 

The deposition chamber is a custom-built cylindrical vacuum reactor shown in 

Figure 1. 

RF generator 
+ 

Figure 1: Schematic of the i-CVD IPE-CVD deposition setup. 

This setup allows performing both i-CVD and PE-CVD processes, in order to 

develop organic and inorganic layers, respectively. The chamber measures 40 em in 

diameter and 58 em in height. The walls of the setup are heated up at a constant 

temperarure of 353 K to avoid monomer condensation and minimize monomer 

adsorption. Monomer and initiator are mixed in a buffer and injected imo the 

deposition chamber through a ring placed above the grid. The vessel is pumped 

through the bottom by means of a rotary vane pump (Adixen) in combination with a 
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turbomolecular pump (Pfeiffer). The pressure is monitored by three pressure gauges 

for different ranges: a Penning (Pfeiffer) pressure gauge to cover the range from 1 o·7 

mbar up to atmospheric pressure which is used to measure the base pressure of the 

setup and two capacitive (Pfeiffer) pressure gauges to monitor the pressure during 

the process (lO·l mbar- 10 mbar) and the pressurization of the system (1 mbar

atmospheric pressure). During the deposition process the pressure is controlled 

through a butterfly valve (VAT). 

The grid consists of a single tungsten wire (0 = 0.2 mm) coiled to form 15 lines, 2 

em spaced one from each other, resistively heated by a DC current. A feed-loop 

system to read and auto adjust the grid temperature to the set value is embedded into 

a custom-built power supply system. The grid is mounted on a magnetic movable 

arm through which is removed from the deposition chamber and placed in a separate 

vacuum chamber, in order to avoid deposition on the wire during the PE-CVD 

process. The 225 cm2 copper made substrate holder is connected to a temperature 

control system, composed by resistive heating elements (Eurotherm) and three 

Peltier cooling elements, which allow for the temperature control from 383 K to 

below room temperature. The substrate holder is connected to a moving system in 

order to vary the grid-substrate distance. During this work, this latter was fixed to 2 

em. The substrate holder is grounded and acts as electrode during the PE-CVD 

process when the plasma is ignited by applying a radiofrequency to the RF electrode 

(area = 314 cm2, Figure 1) placed at a distance of 6.8 em from the grounded 

electrode. The setup, which has a quartz window for visual inspection, is equipped 

with SE windows mounted in sliding flanges in order to study the deposition process 

at any substrate height. 

The monomer (1,3,5-trivinyl-1,3,5-trimethylcyclocrisiloxane: V3D3 > 95%, Gelest) 

and the initiator (di-tert-buryl peroxide: d-TBPO 98%, Aldrich) are used without 

any further purification. Monomer and initiator are vaporized in stainless steel 

bubblers set at the temperature of 373 K and 298 K, respectively, and the flow rates 

are controlled by two vapor source controllers (VSC 1150 C, MKS). The monomer 

and initiator lines to the vessel are heated up at a constant temperature of 393 K and 

308 K, respectively, to avoid vapor condensation. 4 inch c-Si wafers are used as 

substrates for the deposition of the poly(VJDJ) layers without any cleaning procedure 

prior to the deposition. 

During a typical i-CVD deposition, monomer and initiator are injected into the 

deposition chamber, then the pressure is set to the deposition value and the 
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deposition is started by setting the grid temperature. The deposition process is 

concluded by switching off the initiator and monomer flow rates and the grid power, 

then the chamber is gradually evacuated to the base pressure. Finally the system is 

brought to atmospheric pressure by pressurizing it with a controlled flow of N2 gas. 

The deposition conditions of the i-CVD layers are listed in Table I. 

Table I 
Conditions of deposition of the poly(VJDJ) layers. 

sample V,Do d-TBPO Twin: T~ub p Pv.p/PwvpJ T w"ll 
(seem) (seem) (K) (K) (mbar) (K) 

10 2 473 313 0.7 0.374 353 
2 323 0.201 
3 328 0.150 
4 333 0.113 
5 343 0.065 
6 353 0.040 

Layer Characterization 

The chemical characterization of the poly(VJD5) layers is performed by means of 

Fourier Transform Infrared (FT-IR) spectroscopy with a Bruker Tensor 27 

spectrophotometer. The FT-TR spectra are acquired in transmission mode in the 

range of 400 cm· 1 
- 4000 cm·1 with a resolution of 4 cm·1 and number of scans 

varying from 256 to 2000 (depending on the film thickness) in order to reduce the 

signal to noise ratio. Before the spectra acquisition the spectrometer is purged for 15 

min with N2 to minimize the effect of H20 and C02 absorption. The monomer 

spectrum is acquired with the same spectrometer by placing a drop of the liquid 

monomer between two IR transparent KBr windows. The deconvolution of the CHx 

(3150 I 2800 em 1), and the Si-0-Si (1150 I 900 cm·1) -related absorption bands is 

performed by OriginLab software. Lorentzian functions are applied for the 

deconvolution of the liquid monomer absorption band, since collision broadening 

contributes mainly to the vibrational modes, while a Gaussian functions are used for 

the deconvolution of the polymer absorption bands, as, in this case, the Doppler 

broadening, due to molecules thermal motion, dominates30• 31 • To determine the 

degree of conversion of vinyl groups, the ~CH2 asymmetric stretching at 3057 cm·1
, 

together with the Si-CH3 bending signal at 1260 cm·1 (as reference) are used, since 

the latter is present in both polymer and monomer and remains unaffected during 
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of the other monomer functional groups (i.e. the methyl group bonded to silicon 

and the tricyde-siloxane ring) is witnessed by the Si-CH3 symmetric bending signal 

at 1260 cm·1 and the Si-0-Si asymmetric stretching signal at 995 cm 1
, which do not 

undergo any changes upon polymerization. A shift of the peak associated to the 

cyclotrisiloxane ring from 1016 cm·1 in the monomer to 995 cm·1 in the polymer 

occurs. In literature a similar observation has been reported for the polymerization of 

the V4D4 showing a shift of the cyclotretrasiloxane band from 1075 cm·1 (monomer) 

to 1065 cm 1 (polymer)6• The ring opening can be excluded since this would imply a 

broadening of the absorption band and the appearance of a shoulder at 1080 em 1 5· 

17, related to linear Si-0-Si cl1ains, which is not present in the polymer spectrum in 

Figure 2. The cyclotrisiloxane functionalities are known to absorb at 1010-1020 em· 

1, but this absorption band can be shifted well below 1000 cm·1 due to strain in the 

ring structure06 upon polymer chain formation. To further investigate this point, the 

deconvolution of the Si-0-Si asymmetric stretch band (900 cm·1
- 1150 cm·1

) related 

to the (SiOh ring has been performed for the layer deposited at different 

temperatures and the results are shown in Figure 3: 
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Chapter 3: Evidmu of the filling of nano-pororily in Si02-like layers by an initittled-CVD monomer 

organosilicon-based interlayers deposited by means of initiated CVD (i-CVD), 

coupled to PE-CVD deposited Si02-like barrier layers. The appeal of the i-CVD, 

introduced by Gleason et al. 17
· 

18
, is related to its vacuum compatibility, good 

conformality and retention of the monomer chemistry. During the i-CVD process a 

free-radical polymerization process is initiated by volatile radicals generated by 

thermal decomposition (on a heated grid: T = 423 - 773K) of an initiator molecule 

(e.g., a peroxide) reacting with monomer molecules (stable in the temperature range 

of the grid) adsorbed on the surface of a cooled substrate (T= 298 - 353 K)19
• 

Similarly to the conventional polymerization routes, the i-CVD process propagates 

via chain growth reaction by radical transfer to the monomer units and it is 

terminated by the reaction of two growing chains or by the reaction of a growing 

chain with an initiator radical20
· 

21
• Recently, the successful implementation of an i

CVD deposited organosilicon-based interlayer coupled with PE-CVD deposited 

Si02-like barrier layer has been reported by Coclite et at. 16 ln this case, the 

engineering of an hexa-layer structure has delivered a barrier improvement factor of 

1 00 with respect to the single layer and this has been attributed to the smoothening 

effect by the i-CVD deposited polymer interlayer and defects decoupling effect, as 

described by Graff 12· H', 

ln this paper, we address the i-CVD process by providing experimental proof for 

nano-defect filling of the inorganic barrier underneath. The monomer unit 

infiltration and filling steps of the nano-defects will be highlighted by means of 

isothermal adsorption/ desorption studies followed by in situ spectroscopic 

ellipsometry (SE) which will additionally provide information on the size range of 

the defects. In literature, studies have been already reported, where SE is coupled to 

adsorption/ desorption isothenns22
, with the purpose of quantif}ring the fraction of 

open porosity, i.e. accessible to the ambient. T n these studies, the uptake of the probe 

molecule within the open porosity of the layer is followed in situ by monitoring the 

changes in refractive index which the layer undergoes: the technique is, therefore, 

known as ellipsometric porosimerry (EP) 22-
24

. The advantage of the EP approach 

with respect to the more classical volumetric and gravimetric methods25-27 is the high 

sensitivity to small adsorbant molecule uptakes, as in the case of the thin film s (.,; 

100 nm) here under examination. So far, EP measurements have been only reported 

to evaluate the integrity of thin low-k dielectric films28
• 

29 and of TiOz layers used as 

gas sensors and as catalysts30, and, according to the authors' knowledge, no such 

study has ever been performed in the field of moisture permeation barrier layers. 



 

 

73 

 

Chapter 3: Evidence of the filling of nano-porosity in Si02-like layers by an initiated-CVD monomer 

In the present contribution, we make use of the EP technique to prove the 

hypothesis on the infiltration and fllling of the nano-defects present in the Si02-Iif<e 

layers, by means of the i-CVD monomer. For this purpose, the experimental 

conditions for the adsorption studies have been intentionally chosen to mimic the 

initial steps of the i-CVD polymerization process. 

The paper is organized as follow. Tn the Experimental section, the description of the 

deposition chamber and of the deposition process of the Si02-like layer is provided, 

together with the layer chemical and optical characterization and the experimental 

procedure related to the EP measurements. In the Results and Discussion part, the 

chemical and optical characterization of the Si0y/ike layers is provided and the 

adsorption/desorption studies are discussed by correlating our results with those by 

Affinito 10
• 

Experimental 

Both depositions and isothermal studies are performed, without breaking the 

vacuum, in a custom-built setup which allows for thin film deposition by means of 

both PE-CVD and i-CVD approaches. The chamber walls are set at a constant 

temperature of 353 K to avoid monomer condensation and minimize monomer 

adsorption. The substrate holder (which acts also as grounded electrode) is 

connected to a temperature- control system based on a resistive heating unit 

(Eurotherm) and three Peltier cooling elements. The substrate temperature is 

monitored by an embedded thermocouple. The pressure is controlled by three 

gauges: a Penning (Pfeiffer) gauge, monitoring the setup base pressure (l0-7 mbar up 

to atmospheric pressure) and two capacitive (Pfeiffer) gauges for process monitoring 

(1 0 3 mbar- 10 mbar) and the pressurization of the system (1 mbar- atmospheric 

pressure). During the deposition process and the adsorption/desorption isothermal 

studies the pressure is controlled through a (VAT) butterfly valve. The same 

monomer is adopted for the PE-CVD Si0y/ike process, the i-CVD polym er layer 

deposition and the isothermal studies: 1 ,3,5-trivinyl-1 ,3,5-trimethylcyclotrisiloxane 

(V50 5). 
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of 0.7 mbar. This value corresponds to the pressure used to deposit the i-CVD 

poly(V3D3) layers investigated in our group, which will be the subject of a next 

paper, allowing for the deposition of a i-CVD layer with a degree of vinyl group 

conversion > 80 %. The substrate temperature is kept at 313 K, which allows, within 

the pressure range investigated, to control the parameter P,u!P,,, between 0 to 0.374, 

where PM is the monomer partial pressure and P,111 is the monomer saturation 

pressure at 313 K (p,,., "' 1.56 mbar), as determined by the Clausius-Clapeyron 

relation16
• The i-CVD monomer adsorption studies are performed by mimicking the 

deposition conditions of the i-CVD layer on top of the Si02-Iike layers during the 

adsorption path (i.e. the pressure is gradually increased till the set value), while, 

during the desorption path the pressure is gradually decreased till the base pressure is 

reached. The data have been acquired as it follows. The first step consists in 

measuring the as- deposited Si02-like refractive index value under vacuum 

conditions (n0) at the substrate temperature of 313 K. Then, Y:1D:l and d-TBPO are 

injected into the chamber, time is given to the system to stabilize at a pressure of 1 o~2 

mbar and the refractive index of the layer upon adsorption of vlo:l is determined. 

Then, the pressure is increased from 1 0 2 mbar to the set values (0.7 mbar) and the 

change in refractive index values is monitored. The increase in pressure is also 

recorded to determine the P,,,/ P"" parameter. At the pressure of 0.7 mbar, time is 

given to the system to stabilize and the value of the refractive index (nplr) is acquired 

as averaged value. The same procedure has been adopted for the desorption curve. ln 

order to evaluate the uncertainty accompanying the refractive index values, the 

standard deviation of the averaged values of the no and nrw (where ntill corresponds to 

p,\1/ P,"' "' 0.374) is taken, being equal to ± 2-1 o~1 . The data analysis is performed by 

using the J.A. Woollam Complete EASEnr software version 4.27 and the mean 

squared error between the experimental data and the model is minimized by 

adjusting the fit parameters using the Levenberg-Marquardt algorithm. 

Further layer analysis includes Fourier Transform Infrared (FT-lR) measurements 

carried out with a Bruker Tensor 27 spectrophotometer. FT-IR spectra are acquired 

in the range of 400 cm~ 1 - 4000 cm 1 with a resolution of 4 cm 1 and 256 scans. 

Before the spectra acquisition the spectrometer has been purged for 15 min with N2 

to minimize the effect of H20 and C02 absorption. 

The Si02-like layer atomic concentrations (see Table TIT) and density are evaluated 

by means of Rutherford backscattering (RBS) and Elastic Recoil Detection (ERD) 

techniques. For both methods a 2 MeV He' beam was applied. The RBS spectra 
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Moreover, a shift of the Si-0-Si asymmetric stretching signal from 1072 cm·1 to 

1 056 cm 1 for the layer deposited at 250 W with respect to the one deposited at 150 

W is observed. This, according to the literature32, points out to higher bond (SiOSi) 

strain and, hence, higher matrix density. The difference in residual porosity between 

the rwo Si02-like layers is supported by the comparison in terms of the as deposited, 

in vacuum, and ex situ refractive index values. Whereas the layer deposited at 250 W 

shows a water uptake (nrr2 o= 1.33) in the open porosity which leads only to a limited 

increase in refractive index (i.e. from 1.451 to 1.465), the film deposited at 150 W 

exhibits a larger water uptake corresponding to an increase in refractive index from 

1.413 to 1.453 33· 31 • Furthermore, RBS/ERD measurements point to an increase in 

density from (2.0 ± 0.1) g cm·5 for the porous layer to (2.2 ± 0.1) g cm·5 for the 

dense film. In order to evaluate the residual porosity in the Si0y /ike layers, the 

concentration of the silanolic groups present in the layer has been calculated from 

the absorption band55 of the Si-OH stretching signal by using the 0-H 

proportionality constant of 0.44 . 1020 cm-2 36. 

Table Ill 
Si(h-like layer atomic concentrdtion.; (Li determined by RRS!F:RD measurement; (Li Junction of the RF 
!'ower. The layer thickne.f.i is also included 

1 015 at cm-2 

RF Power (W) Si 0 c H (()( SiOrlike layer thick (nm) 

150 200 420 0 64.2 685 104.9 ± 0.1 

250 212 449 0 33.9 695 100.6 ± 0.1 

An 0-H concentration of 3 . 1021 cm'l and 6 . 1021 cm·3 has been found for the 

dense and porous Si02-like layer respectively. These results are in very good 

agreement with the H concentration determined by RBS/ERD measurements. This 

comparison holds if we assume that all the hydrogen is present as OH group in the 

Si02-like layer, since no Si-H stretching band is observed in the FTIR spectra. An 

estimation of the residual porosity can be, therefore, made from the ratio between 

the silanol concentration and the Si02- like density (in terms of at Cin-1): the porous 

and dense Si02-lif<e layers are characterized by a porosity of 9 and 5%, respectively. 
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polymerization process is started by the initiator radicals. These results, although 

coupled to a CVD- based polymerization process, confirm the hypothesis by Affinito 

on the possibility of filling the nano-pores/defects of a barrier layer by the organic 

layer deposition precursor molecule. Furthermore, the evidence of the interaction 

between the V5D5 molecule and the Si02-like pores via the H-bonding with the 

silanol groups present on the pore walls, suggests that the chemically activated 

internal surface of the pores may be the key towards the good adhesive properties of 

the i-CVD layerl8, l9• 

Conclusions 

In this work, i-CVD monomer isothermal adsorption/desorption studies by means 

of in situ SE measurements, have been performed on plasma deposited Si02-like 

layers acting as barrier layers in an i-CVD/PE-CVD moisture diffusion barrier stack. 

The i-CVD precursor, V 300, is also used for the deposition of the i-CVD organic 

interlayer. These measurements point out the infiltration/filling of the deposition 

precursor molecule into the nano-scale defects (micro/meso-pores) of the SiOrlike 

barrier layer underneath. As a corollary, i-CVD monomer adsorption/desorption 

measurements provide also information on the Si02-lil<e layer microstructure. The 

ability of the i-CVD monomer to fill the pores is directly related to the i-CVD 

process itself, which is a vacuum compatible, free-radical polymerization process 

behaving in a similar manner to a liquid polymerization process. These results, 

obtained in the case of a CVD process, confirm the hypothesis by Affinito on the 

filling of the nano-defects in the barrier layer upon deposition of an organic layer. 

The presented study is considered relevant for the understanding and control of 

ultra-high barrier layer systems and their engineering, since nano- and meso-pores 

represent a relevant path of permeation. 
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Chapter 4 

Initiated-chemical vapor deposition of organosilicon 

inter layers for moisture diffusion barrier systems* 

Abstract 

Although very promising results in terms of moisture and oxygen permeation barrier 

properties have been achieved by organic/ inorganic multilayers, the impact of the 

organic interlayer on the global barrier performance is still under discussion. It is 

generally considered that the organic interlayer acts as smoothening layer allowing 

the decoupling between macro-defects either present on the polymer substrate 

and/or in the inorganic barrier layer. It is also hypothesized that the organic 

interlayer infiltrates into the nano-pores present in the barrier layer, therefore 

affecting the barrier itself at microstructure level. In the present work we discuss the 

moisture permeation barrier performance of multilayers deposited by means of 

initiated- and plasma enhanced- CVD methods. Calcium test measurements allowed 

discriminating between the water permeation through the macro-defects/pinholes 

and the permeation through the matrix porosity. It has been found that the 

improvement in terms of barrier properties, due to the filling/infiltration of the 

Si02-like layer nano-pores by the organic interlayer, correlates with the residual open 

porosity in the barrier layer. Specifically, only for WVTR values of the Si02-like 

layer larger than I0-3 g m-2 day- I' a barrier improvement factor up to 4 is reported, 

upon deposition of the organic interlayer. The combination of these results with the 

defect density study performed on the multilayer, and a comparison with parallel 

studies reported in literature, led to the conclusion that the main contribution of the 

i-CVD layer in improving the multilayer barrier properties is given by the 

smoothening/defects decoupling of the macro-defects. 

·G. Aresta, E.R.j. van Beekum,]. Palmans, M. C.M. van de Sanden, M. Creatore, to be submitted 
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Introduction 

The state-of-the art in the field of ultra-high moisture diffusion barriers is 

represented by a multilayer in which an inorganic (Ab05, ShN4 or Si02) thin film 

(<1 00 nm) barrier is coupled with an organic (generally an acrylate- or 

organosilicon- based polymer) interlayer. This approach has led to water vapor 

transmission rates (WVTR) lower than I0-5 g m-2 day-1 1
- 2, therefore suitable for the 

encapsulation of high-end devices such as flexible OLEOs, which require WVTR 

values of 1 o-6 g m-2 day 1 in order to reach a ten year lifetime5· 1. The multilayer 

barrier systems are generally deposited by a hybrid approach: sputtering or PE-CVD 

of the inorganic barrier layer, in combination with flash evaporation/condensation of 

the organic precursor, usually acrylate-based, followed by curing/polymerization1• 5-S, 

but also novel deposition approaches like ALD (for the barrier layer) in combination 

with MLD (for the organic inrerlayer)9-
11 and fully PE-CVD developed multilayers 

have been reported in literature12
-
15

. Recently, Coclite et aL 16 reported on the 

deposition of multilayers based on organosilicon chemistry, in which the inorganic 

barrier layer is deposited by means of PE-CVD and the organic imerlayer is 

deposited by means of initiated-CVD (i-CVD) 17 - 19• The appeal of the i-CVD lays in 

its compatibility with vacuum systems and the full retention of the monomer 

chemistry, as in the case of liquid phase polymerization processes20· 21 • Furthermore, 

the polymerization rate of the i-CVD process is fully controlled by the monomer 

surface adsorption20
• 

21
. 

The necessity for a multilayer barrier technology derives from the limit associated 

with single inorganic layers, i.e. their permeation barrier level being controlled by the 

presence of defects. These defects range in diameter from nms (equal or larger than 

the HzO molecular size of 0.33 nm22
), up to substrate/process- induced macro

defects (e.g. pinholes and particles reaching a size up to flms)23• The successful 

application of a multilayer is generally attributed to the smoothening effect by means 

of the ( m- thick) organic polymer layer, which allow for a better development of 

the subsequent inorganic barrier1
• 

24· 25 . Graff et a!. 26
, who carried out numerical 

simulation studies, reported on the development of a tortuous path which the 

permeant molecule must follow through the organic interlayer before approaching a 

pinhole/defect in the subsequent barrier. Worth to mention is that this simulation 

has been carried out assuming that the moisture permeation occurs only through the 
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macro-defects present in the barrier layer which is considered elsewhere as 

impermeable (i.e. no permeation occur through nano-pores). However, Affinito et 

al. 24 highlighted that, although the macro-defects represenr an unhindered path for 

the permeant molecule27
• 

28
, the estimated area density of the nano-pores can be 

approximately 15-20 times larger than the one of the macro-defects resulting in a 15-

20 times higher permeation flux than the latter21 . Therefore, Affinito et al. 2'1 

proposed an additional role of the organic interlayer, i.e. the infiltration of the liquid 

phase organic layer inro the nano-sized pores of the inorganic barrier layer 

underneath, eventually affecting the local transmission of the permeant molecule 

through the filled pores. Recently29, we reported on the experimental evidence for 

the infiltration of the inorganic (Si02-lil<e) barrier layer nano-pores (from 1 nm to 

larger than 2 nm) by means of an i-CVD monomer during the initial step of the 

polymerization process. These studies confirmed, therefore, the hypothesis of 

Affinito et af.24 to be also valid for a CVD-based process, and not only limited to 

liquid phase polymerization. 

The present work focuses on PECVD/i-CVD multilayers and addresses the 

contribution of the above-mentioned filling/infiltration of the nano-porosity to their 

moisture permeation barrier performance. Furthermore, a comparison is carried out 

with a fully PECVD- developed multilayer system. Tn order to discern between the 

effect of the filling/infiltration (affecting the porosity of the Si02-like matrix) and the 

better known decoupling/smoothening effect (associated to the layer macro-defects), 

intrinsic WVTR measurements (i.e. by excluding the permeation through the 

macro-defects/pinholes) have been also carried out, by means of the calcium test}(). 

The filling/infiltration effect has been further addressed by studying the open 

porosity of the Si02-like layer by means of ellipsomerric porosimetry (EP) 

measurements31 -34 . Adsorption/desorption isotherms33• 35• 36 can be carried out 

providing information of the layer microstructure and estimation of the pore size. 

This is performed by following, by means of spectroscopic ellipsometry 

measurements, the changes in layer refractive index upon adsorption/desorption of 

the probing molecule in the open pores as function of the probing molecule relative 

pressure from 0 to saturation (i.e. 0 < P.~rl P,a, < 1 ), at constant temperature. 

The paper is organized as follow: in the experimental part a description of the 

deposition chamber is provided, together with the diagnostic techniques, i.e. IR 
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spectroscopy, in situ spectroscopic ellipsometry, EP measurements and the calcium 

test. The section on Results and Discussion addresses the comparison in terms of 

chemistry and barrier properties of the i-CVD/PECVD and fully PECVD developed 

mulrilayers. Then, the effect of the nanoporosity filling by means of the organic 

inrerlayer is addressed in the case of SiOylike barrier layers exhibiting a different 

level of porosity. Finally conclusions are drawn and also discussed with respect to the 

experimental data set presented by Codite et al. 16
• 

Experimental 

All depositions are performed, without breaking the vacuum, in a custom-built setup 

which allows for thin film deposition by means of both PE-CVD and i-CVD 

approaches described in details elsewhere29• 37• During the i-CVD process the grid 

system, which is mounted on a magnetic movable arm, is inserted into the 

deposition chamber at a distance of 2 em from the substrate holder. Its temperature 

can be controlled between 383 K and room temperature. The monomer (1,3,5-

trivinyl-1,3,5-trimethylcydotrysiloxane: V 1D 1, purity> 95%, Gelest) and the 

initiator (di-tert-butyl peroxide: d-TBPO, purity 98%, Aldrich) are mixed in a 

buffer and injected into the deposition chamber through a ring placed above the 

grid. The gridl7 is connected to a custom-built D.C. power supply system, which is 

equipped with a feed-loop system. During the PE-CVD process the grid is 

transferred from the deposition chamber to a load-lock chamber. SiOz-like and the 

SiOxCyHz layers are deposited by means of parallel plate RF-plasma29· 37• For both 

processes, the pumping direction is towards the bottom of the chamber. Before 

starting each deposition process, the chamber is completely evacuated to the base 

pressure of I0-6 mbar and the setup is arranged for either the i-CVD or the PE-CVD 

process. Table I reports the conditions of deposition for all processes. In the case of 

the poly(V303) layer, the conditions have been chosen according to previous studies 

aimed to the deposition of stable, smooth layer with a high conversion (i.e. > 85%) 

of vinyl groups57. The serup is equipped with spectroscopic ellipsometry (SE) 

windows to study the film growth during each process. 
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the deposition process and then kept constanr. The layer chemistry is investigated by 

means of Fourier Transform Infrared (FT-IR) measurements carried out with a 

Bruker Tensor 27 spectrophotometer. FT-lR spectra are acquired in the range of 

400 cm·1 - 4000 cm·1 with a resolution of 4 cm·1 and 256 scans. Before the spectra 

acquisition the spectrometer is purged for 15 min with N2 to minimize the effect of 

H20 and C02 absorption. All the spectra have been baseline corrected and 

normalized by the layer thickness. 

Ellipsometric Porosimetry measurements 

The open porosity of the Si02-like layer has been studied by means of EP 

measurements by using Y ,D, as probing molecule and He as buffer gas under the 

conditions described in Table TT. 

Table TT 
Conditions used during the V;DJ FP measurements on SiO;-like klyers. 

vjnj (seem) 
He (seem) 
T,uh (K) 
P (mbar) 
Twalh (K) 

5 
2 
298 
10"1'- 0.78 

353 

After loading the Si02-like sample, the chamber is evacuated in order to remove 

adsorbed water (n ~ 1.33) due to the layer exposure to ambient. For each sample an 

overnight evacuation was performed and the value of the Si02-like layer refractive 

index after evacuation is taken as the starting value of the adsorption/desorption 

measurements (i.e. n0). Mter the layer degassing, monomer and He are injected into 

the chamber at the base pressure of 10 6 mbar and the pressure is then increased by 

equilibrium steps from 2.5 . I0-2 mbar to 0.78 mbar during the adsorption path. An 

equivalent procedure is followed for the desorption path. At the substrate 

temperature of 298 K, this allows to scan the entire h1/ P«t range from 0 to ~ 1, 

being the monomer vapor pressure equal to 0.571 mbar at this temperature38• The 

monomer adsorption and desorption on the Si02-like layers is monitored 

continuously by means of in situ SE measurements. As shown later, all the studied 
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12 bit Adimex MX12p camera was used to obtain a gray scale image of the sample. 

The amount of oxidation is determined from the gray tint. A nontransparent black 

reference from the mask and a white reference from the transparent part of the glass 

plate have been included in every measuremenr to set the gray scale range and to 

correct for transparency changes due to the barrier film. Several configurations can 

be adopted for the Ca test according to the different substrates on which the barrier 

systems are deposited. Ca can be deposited on glass substrates followed by the 

deposition of the barrier system or directly on the barrier system if the latter has been 

deposited on polymer substrate. In the first case a temporary PE-CVD SiOx 

(intrinsic WVTR of 10 2 g m 2 day-1) barrier layer is deposited on Ca to avoid 

moisture permeation during transportation. Tn the second configuration glass is 

replaced by a PE-CVD deposited a-SiNx:H 40 barrier layer with excellent (1 0 6 g m 2 

day-1
) intrinsic barrier properties40

. The sample size is of 100 cm2. Ca has been 

deposited by thermal evaporation on the glass plates or barrier systems in a structure 

consisting of 4 samples, each divided in 9 squares of 0.25 cm2, to avoid that the 

water vapor permeating through one defect would affect the whole area of the 

samples. The determination of the barrier properties of the multilayers on PEN 

substrate has been performed by using the following configuration: glass/PEN/ 

barrier/Ca/a-SiNx:H. The glass/PEN substrates have been made by laminating 125 

pm thick PEN (DuPont) foils on 100 cm2 glass plates. Prior to the Ca test the 

PEN/barrier/Ca/a-SiNx:H systems have been delaminated from the glass. The 

determination of the extrinsic WVTR values has been performed by taking a 

weighted average of the transmission through the barrier system matrix and pinholes. 

No effect of potential side-leakage is taken into account. As a matter of fact, in our 

measurement configuration, a water molecule diffusing laterally, through the barrier, 

to the Ca samples should make a path in the em range, while the vertical path, 

through the PEN/barrier, is in the order of pm and the latter represents the 

dominant path, also considering the short measurement time (4 - 7 days). The 

comparison in terms of intrinsic WVTR values between the single SiOrlike barrier 

layer and the Si02-like/poly(V00 0) system has been carried out on glass/Ca/SiOx (40 

nm thick) substrates. The use of the temporary SiOx layer has no effect on the 

determination of the intrinsic WVTR values since the SiOx layer has a barrier 

performance of a factor one-to-three times lower than the barrier layers under 

investigation. 
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at 1020 cm-1 showing a higher wavenumber (1080 cm-1
) shoulder associated to short 

linear siloxane chains4 l. 46• 47 and furthermore highlighted by presence of the Si-H, 

stretching in the OySi-Hx group at 2100 cm-1 42
• 47. The broadening and decrease in 

intensity of the Si-(CHJ)x related signal, at 1260 crn-1, points out to a shift towards a 

O xSi-(CH3)) chemistr/7 19, due to the fragmentation occurring in the plasma phase. 

B. Barrier Performances 

The barrier performances of the above-mentioned multilayers deposited on PEN 

substrates have been tested and the extrinsic W'VTR values are reported in Figure 2a. 

10° 
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Figure 2: a) J<.xtrinsic WVJ'R vaiw's and b) dtfect dt'nsity of the singk Si02-Like iaya and the i

CVD/PF-CVD and PF-CVD multi-layers. 

For each system a single Si02-like layer has been deposited as reference. The 100 nm 

thick SiOrlike layer shows already very good extrinsic barrier properties with an 

average barrier improvement factor (BIF) of 80 with respect to the pristine PEN 

substrate, superior to other values reported in literature for PE-CVD deposited Si02-

like layersl:i· 16· 50• When two 1 00 nm thick Si02-lif<e layers are coupled with a 200 
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Conclusions and Outlook 

In this work, the impact of the filling of residual nano-porosity in Si0y/ike barrier 

layers by means of the i-CVD poly(VJDJ) has been investigated with respect to the 

smoothening/decoupling effect of the SiOrlif<e layer macro-defects. Ca test 

measurements allowed discerning between the water permeation through the macro

defects/pinholes and the permeation through the matrix. The impact of the filling of 

the nano-pores has been found to be effective only for SiOrlike barriers 

characterized by an intrinsic WVTR value> 105 g m 2 day·1 with a maximum BTF of 

4. The BTF measured for the several Si02-like layers has been correlated with their 

residual open porosity as detected by means of ellipsometric porosimetry. When the 

effect of the filling of the nanopores is compared with the impact of the poly(VJDJ) 

in terms of control on the macro-defect density, it is concluded that the main 

contribution of the i-CVD layer is the smoothening/decoupling of the macro

defects. Considering the limited BlF values here reported, it can be argued that an 

infiltration into smaller size pores (i.e. < 1 nm) can provide better moisture 

permeation barrier levels, as these pores are still accessible to water vapor. 

Furthermore, a proper control on the chemistry of the organic interlayer in terms of 

water solubility and diffusivity, as suggested in the study of GrafF6
, can represent a 

valid approach towards higher intrinsic BlF values. 
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Chapter 5: Optical characteriZillion of plasma-deposited SiOz-like layas on anisotropic polymeric <Ubstrales 

Introduction 

The determination of the optical properties of thin films is nowadays acknowledged 

as fundamental in thin film characterization. Spectroscopic ellipsometry (SE) 

measurements, usually performed in reflection mode at one or more angles of 

incidence, are widely carried out in applications ranging from optical and 

tribological to electrical and moisture/oxygen diffusion barrier coatings1-9. Among 

these, polymer characterization has received much attention and an example are the 

works of Drevillon et al. 10 11 and Martinu et aL 12 15 focusing on the study of plasma

induced polymer surface modiflcarion and of the adhesion of plasma- deposited thin 

films on polymer substrates (i.e. polycarbonate and polypropylene) by means of IR10 

and l.N-Vis 11 Spectroscopic Ellipsometry measurements, also performed in situ 12
• 

Also worth of note is the study of the polymer substrate/thin film interphase 

development during the deposition processn. However, thin film and polymer 

(surface) characterization by means of SE may be challenged by the presence of 

optical anisotropy in the polymer. Polymer anisotropy generally occurs because of 

the extrusion and stretching processes which polymer webs undergo with the 

purpose of achieving the necessary thickness and specific mechanical properties. 

After the stretching process, the polymer macromolecular chains are preferentially 

oriented towards the stretching direcrion, generaring oprical anisotropy. Beside this, 

the induced crystallization results in an enhancement of polymers properties such as 

melting temperature (which increases), thermal stability and mechanical properties 

(e.g. Young modulus and the tensile strength), making these materials good 

candidates for many applications, i.e. flexible electronics, amongst others14
• 

An anisotropic material may be either uniaxial, i.e. having two different refractive 

indices1: nd = nb ~ n,., or biaxial, i.e. having three different refractive indices: na ~ nb ~ 

n,.. Here, n, rlb and n,. are the principal refractive indices of the index ellipsoid of the 

material15, representing the interaction between polarized light and the material 

itself. Mathematically, the interaction of the polarized light with the (isotropic or 

anisotropic) sample is described by a 2 x 2 matrix, also known as the Jones matrix1S. 
While an isotropic material is defined by a diagonal Jones matrix (in which the 

diagonal elements are the coefficients for the reflected or transmitted p- and s

polarized light), an anisotropic material is described by a four elements Jones matrix 

1 For simplicicy, the anisotropy is here investigated only in the range of transparency of the 
substrate. Therefore, the complex refractive index (n- ik) is replaced by the real pan n. 
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well as the orientation of the material index ellipsoid with respect to the laboratory 

coordinate system, defined by Euler angles ( r, r, r). However, reflection 

measurements are still needed to obtain the absolute value of the refractive indices. 

Examples of this approach are the work of Elman21 and of Sassella22 studying the 

optical anisotropy of a biaxially stretched PET foil and of a crystal of potassium acid 

phthalate, respectively. 

If a high depolarizing effect induced by the sample is present (i.e. high surface 

roughness, thickness non uniformity, backside reflection)15, then the Jones matrix 

formalism cannot be used any longer and the Muller matrix (4x4 matrix) needs to be 

determined. ln the Muller matrix formalism, the state of the light is described by the 

Stokes vectors15 by which also the depolarized light can be characterized: the work of 

Hilfiker on several liquid crystal systems23
• 

24
, of Logothetidis2

" on uniaxial inorganic 

films of SnSe and biaxial polymers and of Sassella and Wagner26 on uniaxial PET 

crystals are valid examples of this approach. 

T n this paper we report the characterization of the optical anisotropy of the poly(2,6-

ethylenenaphtalate), (PEN) in its transparent region, by using Transmission 

Generalized Ellipsometry (TGE) and reflection multi-angle spectroscopic 

ellipsometric (SE) measurements. While TGE measurements allow determining the 

in-plane and our-of-plane anisotropy and orientation of the material index ellipsoid, 

the determination of the optical dispersion of the polymer along the x, y, z axes (i.e. 

our laboratory frame) is achieved by means of reflection multi-angle SE 

measurements. Moreover, based on the results obtained from this analysis, a strategy 

for the determination of the optical properties of plasma- deposited Si02-like layers 

on the anisotropic polymer has been developed. Furthermore, the optical properties 

of the Si0ylike layers have been correlated with the morphological, chemical and oxygen 

difl'usion barrier properties. 

This paper is organized as Follows: in the Experimental Part section, an extensive 

description of the strategy used to determine the PEN optical anisotropy is given along 

with the deposition process of the SiOrlike layers on PEN and the other diagnostic 

tools. The results obtained from the PEN and the Si02-like layers/PEN optic.1.l 

characterization are discussed in the Results and Discussion section and correlated with 

the outcome obtained from the analysis of the chemical, morphological and oxygen 

barrier properties. Finally, conclusions drawn from this study are provided. 
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Note that the refractive index value of the layer deposited at a DC of 2%: carbon

containing Si02-like layers are known to be characterized by a higher refractive index 

than carbon- free Si02-Iike layers, as extensively investigated in ref5. The decrease in 

refractive index from a DC of 2% to a DC of 5%, therefore, is due to the 

quantitative decrease (approx. a factor three) of the carbon content, followed by the 

increase in refractive index trend, due to the gradual removal of porosity in the Si02-

like layers with the DC. 

Table II 
in vacuum refractive indias of Si(JJ-like layers as determined by including/excluding the polymer 
anisotropy in the optical model. 

Duty Cycle (%) n (633 nm) Si0y/ike n (633 nm) Si0y{ike 
(PEN anisotropic substrate) (PEN isotropic substrate) 

2 1.420 ± 0.005 1.452 ± 0.002 

5 1.417 ± 0.005 1.450 ± 0.002 

10 1.443 ± 0.005 1.470 ± 0.002 
20 1.447 ± 0.005 1.475 ± 0.002 

The importance of the determination of the optical anisotropy of the polymer 

substrate can be quantitatively appreciated by comparing the in vacuum refractive 

indices of the deposited layers in the case an isotropic (i.e. the PEN substrate is 

modeled by means of a Cauchy isotropic layer) and an anisotropic layer modeling 

(i.e. the biaxial model) for the PEN substrate are applied, as reported in Table II. If 

polymer anisotropy is not taken into account, the Si02-like layers are found to have 

considerably higher refractive index values than in the case of polymer anisotropy. 

This overestimation of the refractive index can lead to erroneous conclusions 

regarding the quality of the deposited layers. 

Further layer characterization has been carried out by means of AFM to study the 

morphology and defect presence (pinholes, dust particles) of the deposited layers and 

the results are shown in Figure 9. 

The pristine PEN and the inorganic layers defect density, derived from large area 

AFM studies, are reported. The trend of surface roughness suggests the growth of a 

conformal layer on top of the polymer substrate with a limited roughness 

development. Furthermore, no development of dust particles during plasma 

deposition occurs, as the surface defect density as well as the particle size is the same 
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Summary 

Chemical vapor deposition of (in) organic layers: 

in situ film growth studies, nano-porosity and moisture permeation barrier 

properties 

Although polymers represent the substrate of choice for flexible devices such as solar 

cells and OLEOs because they are lightweight, flexible, transparent, inexpensive, and 
compatible with roll-to-roll processing, they have the drawback to be highly 

permeable to moisture and oxygen. This poses severe limitations to the performance 
of the flexible device. This drawback is presently addressed by depositing inorganic 

(Al203, SiOz, Si,N1) thin film barrier layers on the polymer substrate. Despite their 

impermeable bulk counterpart, the (water vapor) permeation through single barrier 

layers is driven by several paths, which include nm-sized pores as well as 

substrate/process induced macro-defects. Tt is, therefore, of paramount importance to 

determine and control the density of the macro-defects, as well as to control the 

inorganic barrier layer microstructure, deflned by its (open) nano-porosity. The 

state-of-the art in barrier layer technology applied to polymer substrates as well as to 

the direct encapsulation of the (flexible) device is a pm-thick multilayer consisting of 
inorganic barrier layers decoupled by organic interlayers. This encapsulation solution 

against water permeation into the device can virtually guarantee a device lifetime of 
ten years. Although several approaches have been followed in engineering the 

multilayer, there is still a debate on the effective role of the organic interlayer in 

affecting the multilayer barrier properties. Tt is generally considered that the organic 

interlayer acts as smoothening layer allowing the decoupling between macro-defects 

either present on the polymer substrate or in the inorganic barrier layer. Tt is also 

hypothesized that the organic interlayer infiltrates into the nano-pores present in the 

barrier layer, therefore affecting the barrier itself at microstructure level. However, 
this hypothesis has neither been followed by any experimental evidence, nor it has 

been investigated in the case of organic interlayer deposition methods other than 
polymerization from its liquid phase. 

This thesis work aimed to gain insight into the role of the organic interlayer in 

affecting the multilayer barrier properties. A model system, based on a siloxane 

chemistry, has been adopted in which the multi-layer is developed by means of two 
vacuum deposition techniques, i.e. PECVD for the inorganic SiOylike barrier layer 

and initiated-chemical vapor deposition (i-CVD) for the poly(VlDl) organic 
interlayer. This latter allows the polymerization process to develop organic films with 

full retention of the monomer chemistry. A novel deposition setup has been, 
therefore, developed to implement both deposition processes in a vacuwn chamber, 
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equipped with in situ real time diagnostic tools, such as spectroscopic ellipsometry 
(SE). 

As first research step, the i-CVD polymer growth has been studied in situ by means 

of SE which allowed following all stages of the deposition process from the initial 
monomer adsorption to the linear film growth and to the thickness losses due to the 

presence of unreacted monomer units at the end of the deposition process. 
Moreover, in situ SE measurements allowed characterizing the thickness losses as 

bulk- related phenomenon and brought new information on the polymerization 
process which propagate nor only at the surface of the growing layer but also in the 

bull<. Furthermore, a correlation has been made between specific process parameters 

(i.e. the monomer surface concentration) and the deposition of stable, highly cross

linked polymer layers (i.e. exhibiting no thickness loss upon evacuation). This has 

allowed to define a process parameter window, i.e. P,,,/ P""' followed in situ by SE, 
which controls the deposition of high quality poly(V 3D5) layers. 

The follow-up studies of the i-CVD polymer growth on Si02-like moisture 

permeation barrier layers, performed by means i-CVD monomer (V303) 

adsorption/desorption isothermal studies, have highlighted the filling/infiltration of 
the i-CVD monomer into the open nano-defects/porosity of the Si02-like layer 

underneath. This result has, therefore, provided support to the above-mentioned 

hypothesis on the infiltration of the organic interlayer into the nano-porosity of the 

Si0y/ike barrier layer underneath. 

Finally, the contribution to the improvement of the barrier performance of the PE

CVD/i-CVD deposited multilayer due the filling of the PE-CVD deposited Si0y 
like layer nano-pores has been studied with respect to the smoothening/decoupling 

effect of the SiOrlike layers macro-defects. Ca test measurements allowed discerning 
between the water permeation through the macro-defects/pinholes and the 

permeation through the matrix. The effect of the filling/infiltration of the Si02-like 
layer nano-defects has been studied as function of intrinsic porosity of the Si02-Like 

layer (i.e. as function of the intrinsic WVTR values). It is concluded that the effect 
of the Si02-like nano-defect filling by the poly(V3D3) is effective only for Si02-Like 
layers initially exhibiting an intrinsic WVTR value > 10·1 g m·2 day·1

• The above

mentioned results, in combination with an evaluation of the local macro-defects 

prior and upon deposition of the organic interlayer, and a comparison with parallel 

studies reported in literature, allow to conclude that the main contribution of the i

CVD layer in improving the multilayer barrier properties is given by the 
smoothening/decoupling of the macro-defects. 

The Si02-like layer microstructure characterization has been carried out on layers 

deposited on a silicon substrate by means of ellipsometric porosimetry measurements 
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which allowed discerning between the different residual open porosity of the 

deposited Si0ytike layers. The same characterization in terms of refractive index and 

residual open porosity, however, should be also carried out in case of polymers as 

substrates, for example for barrier-on-foil applications. However, polymeric 

substrates often show optical anisotropy and the proper determination of the barrier 

layer optical constants can be achieved only by a proper optical characterization of 

the substrate. T n order to perform the microstructure characterization of barrier 

layers deposited on polymers, the polymer (poly(ethylenenaphtalate), PEN) 

anisotropy has been characterized by means of the Generalized and Spectroscopic 
Ellipsometry combined approach. This approach has allowed defining the optical 

constants of a Si02-like barrier layer deposited on PEN. 
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