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Hexamethyldisilazane (HMDS) is utilized to deposit moisture barrier films by catalytic 

chemical vapor deposition (Cat-CVD).  An increase in the thickness of silicon 

oxynitride (SiOxNy) films leads to a better water-vapor transmission rate (WVTR), 

indicating that Cat-CVD SiOxNy films deposited using HMDS do not severely suffer 

from cracking.  A WVTR on the order of 10
-3

 gm
-2

day
-1

 can be realized by a Cat-CVD 

SiOxNy film formed using HMDS on a poly(ethylene terephthalate) (PET) substrate 

without any stacking structures at a substrate temperature of as low as 60 °C.  X-ray 

reflectivity (XRR) measurement reveals that a film density of >2.0 g/cm
3
 is necessary 

for SiOxNy films to demonstrate an effective moisture barrier ability.  The use of 

HMDS will give us safer production of moisture barrier films because of its 

non-explosive and non-toxic nature. 
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1. Introduction 

High-ability moisture barrier structures are of great importance for the long-term 

reliability of photovoltaic modules and organic light-emitting diodes (OLEDs).
1,2)

  

Although encapsulation using thick glass can realize a sufficient barrier ability, other 

problems such as heaviness and less flexibility occur.  The satisfaction of the required 

moisture barrier ability by using thin films has thus been desired.  Thin films deposited 

by chemical vapor deposition (CVD) are expected to be a prospective material, since 

CVD can deposit high-density films at a temperature of less than 100 °C, which is 

required to avoid thermal damage to organic materials with low thermal tolerance.  In 

particular, catalytic CVD (Cat-CVD), often referred to as hot-wire CVD (HWCVD), 

can produce thin films suitable for moisture barrier films because of the high gas 

decomposition rate and the resulting formation of dense films at low temperatures.
3-5)

  

We have so far demonstrated that silicon nitride (SiNx) and silicon oxynitride (SiOxNy) 

films deposited by Cat-CVD can be utilized as moisture barrier films.
6-8)

  In a 

conventional system for the deposition of SiNx films, silane (SiH4) and ammonia (NH3) 

are used as gas sources.  The use of SiH4, however, is undesirable from the standpoint 

of safety because of its explosive nature, and the formation of moisture barrier films 

with a safer material is favorable.  We have thus also investigated the formation of 

moisture barrier films by using hexamethyldisilazane (HMDS), with a molecular 

formula of (CH3)3Si-NH-Si(CH3)3.  HMDS is a non-explosive, non-toxic liquid at 

room temperature, and can be utilized as a gas source in a Cat-CVD system by 

vaporizing it to form SiNx-related films.
9-11)

  The moisture barrier ability of Cat-CVD 

SiNx-related films formed using HMDS is equivalent to that of films formed from 

SiH4.
10)

  Moreover, unlike in the case of SiH4, the addition of O2 during film 
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deposition leads to an improvement in the moisture barrier ability.
10)

  For better 

understanding of Cat-CVD moisture barrier films formed using HMDS, we have 

investigated the effect of film thickness and film density on the water-vapor 

transmission rate (WVTR) in this study.  We have found that a film density of >2.0 

g/cm
3
 is required for Cat-CVD SiNx-related films to exhibit an effective barrier ability.  

An increase in film thickness results in a monotonic reduction in WVTR, meaning that 

SiNx-related films formed using HMDS do not severely suffer from cracking. 

 

2. Experimental procedure 

We used a cylindrical-shaped Cat-CVD apparatus with a height of ~400 mm and a 

diameter of ~500 nm.  A tungsten catalyzer heated at 1800 °C with a diameter of 0.5 

mm and a length of 1250 mm was used for the deposition of SiNx and SiOxNy films.  

The pressure and substrate temperature during film deposition were fixed at 100 Pa and 

60 ºC, respectively.  We used HMDS, H2, NH3, and He-diluted O2 (2%) as gas sources 

at various flow rates of 3-24, 0-1000, 0-280, and 0-400 sccm, respectively.  A typical 

deposition rate of SiNx and SiOxNy films was ~10 nm/min.  It should be noted that the 

addition of NH3 is for tuning nitrogen content in deposited films and for the suppression 

of the carbonization of the tungsten catalyzer.  Figure 1 shows the variation of the 

resistance of a graphite wire with a diameter of 1.6 mm and a total length of 600 mm 

heated at 1800 °C under H2 (400 sccm) or NH3 (280 sccm) flow, which is shown here 

just for the clear demonstration of the effect of NH3 addition for the extraction of carbon 

atoms.  When NH3 gas is introduced to the chamber, the resistance of the graphite wire 

increases rapidly and continuously.  This indicates a shrinkage of the diameter of the 

graphite wire, indicating the remarkable effect of carbon extraction by NH3 addition.  



4 

 

Poly(ethylene terephthalate) (PET) was used for substrates to evaluate WVTR.  We 

measured the WVTR of film/PET structures by an equal-pressure method (Illinois 

Instruments model 7000) under 40 °C and 90% relative humidity (RH).  The WVTR of 

a bare PET substrate was ~4 gm
-2

day
-1

.  The thickness of deposited films was 

evaluated by ellipsometry (at a wavelength of 632.8 nm) for films deposited on 

crystalline Si wafers.  The film density of the deposited films was measured by X-ray 

reflectivity (XRR).  We observed the cross-sectional structure of deposited films by 

scanning electron microscopy (SEM).  The composition of deposited films was 

evaluated by X-ray photoelectron spectroscopy (XPS). 

 

3. Results and discussion 

Figure 2 shows the WVTR of SiOxNy/PET structures as a function of film 

thickness.  The SiOxNy films were deposited at HMDS, H2, NH3, and He-diluted O2 

flow rates of 3, 400, 280, and 200 sccm, respectively.  The density of the SiOxNy films 

was 2.18 g/cm
3
, which is almost independent of film thickness.  One can see a 

monotonic decrease in WVTR with an increase in film thickness.  In general, WVTR 

is governed both by the diffusion of H2O molecules in films and by the movement of 

H2O through cracks and/or pin-holes, and if the latter is more dominant, the increase in 

film thickness does not contribute to the improvement in WVTR.
12)

  The result shown 

in Fig. 2 thus indicates that Cat-CVD SiOxNy films deposited by using HMDS do not 

seriously suffer from cracks or pinholes.  If film thickness increases to more than 1 µm, 

we can obtain a WVTR on the order of 10
-3

 gm
-2

day
-1

, without any film stacking.  This 

value meets the WVTR required for application to food packaging, electrophoretic 

displays, and liquid-crystal displays.
13,14)

  According to Fick’s law, the WVTR of a 
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film without cracks or pinholes can be expressed as 

j = −𝐷
𝑑𝑛

𝑑𝑥
= 𝐷𝑆

𝑝𝑖𝑛−𝑝𝑜𝑢𝑡

𝑑
,                       (1) 

where j, D, n, S, d, pin, and pout represent the WVTR, diffusion coefficient, H2O density, 

solubility coefficient, film thickness, and partial pressures of H2O at the inlet and outlet 

sides, respectively.
15)  

The permeability coefficient (P) of the film material can be 

defined as 

𝑃 =
𝑗𝐷

𝑝𝑖𝑛−𝑝𝑜𝑢𝑡
.                            (2) 

Since the samples in this study are stacked structures consisting of PET and 

SiNx-related films, the total permeability coefficient (Ptotal) of the stacked structures 

should be shown, which can be written as 

𝑃𝑡𝑜𝑡𝑎𝑙

𝑑
=

1

𝑑𝑃𝐸𝑇
𝑃𝑃𝐸𝑇

+
𝑑𝑓𝑖𝑙𝑚

𝑃𝑓𝑖𝑙𝑚

=
𝑗

𝑝𝑖𝑛−𝑝𝑜𝑢𝑡
,                (3) 

where dPET and dfilm represent the thickness of a PET substrate and a deposited film, 

respectively, and PPET and Pfilm are the permeability coefficient of the PET and film 

material, respectively.
13)

  Since dPET, PPET, Pfilm, pin, and pout are fixed values here, 

the relationship between WVTR (j) and dfilm can be written as 

j =
1

𝐶1+𝐶2𝑑𝑓𝑖𝑙𝑚
,                        (4) 

where C1 and C2 are fixed values of (dPET/PPET)/(pin-pout) and (1/Pfilm)/(pin-pout), 

respectively.  The solid line in Fig. 2 is the fitting result obtained using Eq. (4).  

The experimental plots are well fitted by Eq. (4).  Since Eq. (4) is true only when 

cracks or pinholes do not dominate WVTR, we can conclude that Cat-CVD SiOxNy 

films formed using HMDS do not suffer from cracks or pinholes. 
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    Figure 3 shows the cross-sectional SEM image of SiOxNy/SiNx stacked films 

formed by Cat-CVD using HMDS on an Al film.  The SiNx and SiOxNy films 

were deposited at HMDS, H2, NH3, and He-diluted O2 flow rates of 3, 400, 280, 

and 0 or 200 sccm, respectively.  We have previously reported crack generation in 

a Cat-CVD SiNx film formed by Cat-CVD using SiH4 gas, which is the reason for 

the necessity of stacking structures in our previous study.
6)

  In contrast, we can 

see no cracks in the films formed from HMDS.  This result is consistent with the 

thickness dependence of WVTR shown in Fig. 2.  We can thus utilize SiNx and 

SiOxNy films as moisture barrier films without any stacked structures.  The 

absence of cracks in films deposited using HMDS is probably due to compressive 

stress.  Cat-CVD SiNx films formed using SiH4 generally have tensile stress,
16,17)

 

and thus are likely to be cracked.  In contrast, according to the experimental result 

of film stress measurement based on Si wafer warpage, SiNx and SiOxNy films 

formed using HMDS have compressive stress, typically ~400 and ~100 MPa, 

respectively, and are thus resistant to cracking, which leads to the formation of 

crack-free films even for thick films. 

    Figure 4 shows the WVTR of SiNx/PET or SiOxNy/PET structures as a 

function of film density.  The flow rates of HMDS, H2, NH3, and He-diluted O2 

were widely changed in the range of 3-24, 0-1000, 0-280, and 0-400 sccm, 

respectively.  The thickness of SiNx and SiOxNy films is approximately 100 nm.  

Only films with a density of >~2.0 g/cm
3
 can effectively reduce the WVTR 

compared with a bare PET substrate, otherwise no moisture barrier ability can be 

obtained.  This finding clearly shows that not only the suppression of crack 

generation but the densification of the film material itself is important to realize 
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good moisture barrier films. 

    Figure 5 shows the WVTR and film density of SiOxNy/PET structures as a 

function of O2 flow rate.  The flow rates of HMDS, H2, and NH3 were 3, 100, and 

280 sccm, respectively.  The addition of a suitable amount of O2 can improve the 

moisture barrier ability when HMDS is utilized as a gas source, unlike the case of 

films formed using SiH4.
6,10)

  According to Fig. 5, the improvement in WVTR is 

accompanied by the densification of films.  The formation of denser films by 

adding a suitable amount of O2 may be due to the extraction of carbon atoms from 

the films.  HMDS molecules contain a number of carbon atoms, and are known to 

be decomposed to (CH3)3SiNH and (CH3)3Si radicals on a heated tungsten 

catalyzer.
11)

  The deposited films thus contain a considerable number of carbon 

atoms, which is confirmed in the XPS spectra shown in Fig. 6, and the 

densification of films is inhibited.  The number of incorporated carbon atoms, 

however, decreases by adding O2, as shown in Fig. 6.  This may be due to the 

extraction of carbon atoms by forming carbon-oxygen complexes during film 

deposition.  A similar tendency has also been confirmed in the case of 

plasma-enhanced CVD (PECVD) SiOxNy films using HMDS.
18)

  The decrease in 

carbon content leads to the formation of denser films and results in a better WVTR.  

We also hypothesize that the presence of a suitable amount of carbon atoms in the 

films might be the cause of compressive stress.  Figure 6 also shows that the 

addition of O2 also leads to a decrease in the number of N atoms in the films.  It 

should be mentioned that the N reduction probably does not contribute to the 

increase in film density, since the density of stoichiometric a-SiNx is generally 

much higher than that of stoichiometric a-SiOx. 
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4. Conclusions 

    Crack-free SiOxNy films can be formed by Cat-CVD using HMDS, which leads to 

a better WVTR particularly for thick films.  A WVTR of 4×10
-3

 gm
-2

day
-1

 can be 

realized by thickening a SiOxNy film on a PET substrate without any stacking structures 

at a substrate temperature of as low as 60 °C.  A clear relationship between WVTR and 

film density is confirmed, and a film density of >2.0 g/cm
3
 is necessary for an effective 

moisture barrier.  The addition of a suitable amount of O2 during film deposition leads 

to the formation of denser films, resulting in a better WVTR. 
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Figure captions 

 

Fig. 1.  Resistance variation of a graphite wire at a constant current under NH3 or H2 

flow.  Pressure, NH3 flow rate, H2 flow rate, and wire temperature were set to be 100 

Pa, 280 sccm, 400 sccm, and 1800 °C, respectively. 

 

Fig. 2.  WVTR of SiOxNy/PET structures as a function of SiOxNy film thickness.  The 

circles and solid line represent the experimental data and fitting result obtained using Eq. 

(4), respectively.  The SiOxNy films were deposited at a pressure of 100 Pa and at 

HMDS, H2, NH3, and He-diluted O2 flow rates of 3, 400, 280, and 200 sccm, 

respectively. 

 

Fig. 3.  Cross-sectional SEM image of SiOxNy/SiNx stacked films formed on Al films 

by Cat-CVD using HMDS gas. 

 

Fig. 4.  WVTR of SiNx/PET or SiOxNy/PET structures as a function of film density.  

The film thickness is approximately 100 nm.  The flow rates of HMDS, H2, NH3, and 

He-diluted O2 were widely changed in the ranges of 3-24, 0-1000, 0-280, and 0-400 

sccm, respectively. 

 

Fig. 5.  WVTR and film density of SiOxNy/PET structures as a function of He-diluted 

O2 flow rate.  The flow rates of HMDS, H2, and NH3 were 3, 100, and 280 sccm, 

respectively. 
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Fig. 6.  (Color online) XPS spectra of Cat-CVD SiNx and SiOxNy films formed using 

HMDS at various He-diluted O2 flow rates. 
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Figure 1  K. Ohdaira et al., 
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Figure 2  K. Ohdaira et al., 
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Figure 3  K. Ohdaira et al., 
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Figure 4  K. Ohdaira et al., 
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Figure 5  K. Ohdaira et al., 
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Figure 6  K. Ohdaira et al., 


