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Our study is focused on Plasma Enhanced Chemical Vapor 
Deposition (PECVD) of silicon dioxide films at low temperatures 
(< 150 oC) using Inductively Coupled (IC) High-Density (HD) 
plasma source. We recently fabricated Thin Film Transistors 
(TFTs) with high-quality ICPECVD gate oxides, which exhibited a 
competitive performance. For better understanding of the influence 
of deposition parameters on both the deposition kinetics and oxide 
quality, we have modeled the Ar-SiH4-N2O plasma system with 
173 chemical reactions. We simulated concentrations of 43 
reactive species (such as e.g. SiHx radicals and SiHx

+ (x=0-3) ions, 
polysilanes, SiO, SiN, SiH3O, SiH2O, HSiO, etc., as well as atomic 
hydrogen, nitrogen and oxygen) in plasma. We further used our 
simulations to qualitatively explain (in terms of concentrations of 
the reactive species) the influence of SiH4/N2O gas-flow ratio and 
total gas pressure on film electrical properties and deposition rate. 
 

Introduction 
 
Deposition of high-quality silicon oxide in the temperature range 50-400 oC attracts much 
attention for enabling e.g. CMOS post-processing and 3D device integration (1-4). We 
recently demonstrated TFTs with competitive mobility values, good ring oscillator 
performance and low off-state currents (6). This competitive TFT performance was 
among others enabled by the high-quality plasma-deposited SiO2, which could be 
realized having sufficient understanding of the impact of plasma-deposition conditions on 
film (electrical) properties. Based on chemical modeling, this understanding led to 
optimization of process parameters.  
 

An accurate model requires exact knowledge of plasma conditions that strongly 
affect plasma chemical composition. The latter determines the film composition and its 
(electrical) properties. Modeling using “generally-accepted” plasma characteristics (e.g. 
Maxwell - Boltzmann (MB) Electron Energy Distribution Function - EEDF) without their 
practical verification for a given plasma reactor can lead to a significant discrepancy 
between the actual and modeled deposition conditions (7).  
 
 In this work, we present our latest results on chemical modeling of an ICPECVD 
reactor intended for low-temperature (<150 oC) deposition of silicon oxide films in Ar-
SiH4-N2O plasma. We have continued our earlier work (8) where we modeled chemical 
reactions in Ar-SiH4 plasma by considering a set of 16 electron impact- and 26 
secondary-homogeneous reactions. In the current work, we extended the model to Ar-
SiH4-N2O-(H2-N2-O2) plasma system with 173 reactions in total. This enabled chemical 
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modeling of silicon oxide and silicon nitride deposition processes in comparison with 
modeling of a-Si deposition in our earlier research.  
 
 The purpose of this work is neither to give an extended overview of the film 
properties nor to demonstrate the best optimized examples. The best-quality films were 
already briefly presented in (5). They exhibited very low leakage currents at the electric 
field strength of 6.5 MV/cm, comparable to the leakage currents of thermally grown 
oxides. A very low midgap interface state density of 3⋅1010 eV-1⋅cm-2 was obtained. These 
films were successfully applied in the fabrication of low-temperature TFTs with a 
competitive performance (6, 9). 
 
 The purpose of this work is to demonstrate that modeling of gas-phase reactions 
can contribute significantly to understand properties of films deposited at different 
deposition conditions. In this work, we show the influence of total gas pressures and 
initial silane fraction in plasma on deposition rate, optical and electrical thickness, 
leakage current and electrical charge of the films.  
 

Deposition set-up 
 
The experimental ICPECVD system, used for the oxide deposition, is described 
elsewhere (10, 11, 12). Argon (100 or 190 sccm) was used as a carrier gas, the process 
pressure ranged from 1 to 6 Pa, while the total flow was fixed at 244 sccm. A flow of 44 
sccm of nitrous oxide (N2O) was added to the carrier gas in the plasma zone, while 100 or 
10 sccm of Ar-SiH4 mixture (2% silane (SiH4) in argon) was added downstream of the 
plasma. This resulted in an N2O fraction of 18 volume % and in a SiH4 fraction of 0.8 or 
0.08 %, respectively.  
 

 For the experiments we used 100-mm (100)-oriented n-type Si wafers having a 
resistivity of 1-10 Ω⋅cm. The wafer cleaning consisted of a 10-min immersion into 100% 
fuming HNO3 and a 10-min immersion into boiling 69% HNO3, followed by a 30-s dip 
into 1% HF in order to remove the chemical oxide and passivate the surface. SiO2 layers 
in the thickness range between 40 and 55 nm were deposited at total gas pressures 1-6 Pa 
and a substrate temperature of 150 °C.  
 

Film properties 
 
To measure the electrical properties, MOS capacitors were realized by sputtering a 1−µm 
thick aluminum layer onto the deposited oxide, followed by lithography and etching 
processes to define 0.06, 0.1 and 0.2 mm2 capacitors. An aluminum layer of the same 
thickness was also sputtered on the backside of the Si wafer. All the properties were 
obtained for as-deposited films. The high frequency (10 kHz) capacitance-voltage (C-V) 
and current density-voltage (J-V) measurements were carried out using a Hewlett-
Packard 4275A and a Hewlett-Packard 4140B pA meter, respectively. 
 

The optical thickness and relative mass density of the deposited oxides were 
determined in-situ by a M2000 spectroscopic ellipsometer (SE, spectral range of 245–
1700 nm), manufactured by J.A. Woollam, Inc. The SE data were analyzed by a two-
layer optical model; from bottom to top: silicon, silicon oxide. The relative density was 
determined by a Bruggeman Effective Medium Approximation (EMA) by introducing 
voids.  
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Deposition Rate and Optical Film Thickness 
 

Silane fraction of 0.8 %. The SiO2 deposition rate unexpectedly decreased from 
4.7 nm/min at 2 Pa to 3.5 nm/min at 6 Pa (see Table I), whereas one could practically 
expect a higher deposition rate at 6 Pa due to the higher concentration of electrons and 
initial silane at this pressure. The SE measurements additionally indicated a lower 
relative material density at 1-2 Pa compared to 6 Pa. The lower density could be caused 
by building an inappropriate chemical network resulting in nano- or micro-voids. Namely, 
the measured at 632 nm refractive index (n) was 1.42 at total pressures of 1 and 2 Pa, 
whereas at 6 Pa n increased to its normal value of 1.46 for stoichiometric SiO2.  

 
TABLE I. Properties of as-deposited SiO2 Layers. 

Total 
Pressure, Pa 

SiH4 
Fraction, % 

Dep. Rate, 
nm/min 

Opt. thick., 
nm 

Rel. Density 
(Therm. Ox.) 

Elect. thick., 
nm 

Flatband 
Voltage, V 

1 0.8 4.4 50 0.97 26 -2.5 
2 0.8 4.7 54 0.97 24 -1.6 
6 0.8 3.5 42 0.99 40 -1.3 
1 0.08 0.58 47 1.00 48 -0.74 
2 0.08 0.63 50 1.00 53 0.21 
6 0.08 0.62 51 0.97 28 -0.62 

 
Silane fraction of 0.08 %. The SiO2 deposition rate remained approximately 0.6 

nm/min for the entire pressure range 1-6 Pa (see Table I). A small increase of the 
deposition rate at 2 and 6 Pa compared to 1 Pa still can bee seen. The measured n was in 
this case 1.46 at total pressures of 1 and 2 Pa, whereas at 6 Pa n decreased to 1.42. This 
indicated the stoichiometric Si/O ratio of the material and its appropriate density at 1-2 Pa, 
and a lower material density at an elevated pressure of 6 Pa, as shown in Table I. 
 
Electrical Film Thickness 
 

Silane fraction of 0.8 %. From the C-V measurements, we calculated the electrical 
oxide thickness by using the dielectric constant of stoichiometric SiO2 and compared that 
with the optical film thickness obtained by SE. The use of the dielectric constant of SiO2 
resulted in the electrical film thickness lower than the measured optical thickness for 
films deposited at 1 and 2 Pa. Both the electrical and optical methods measured quite 
similar thicknesses for films deposited at 6 Pa.  
 
 The lower electrical thickness at 1-2 Pa could be explained by the 
abovementioned lower material density caused by voids. The voids led to the 
incorporation (adsorption) of water in the films formed at 1-2 Pa, during their exposure to 
air. As the electrical thickness was ~46% lower (Table I), we calculated that this 
accounted for approx. 2% of water in the layers. Roughly approximating, εeffective = x · 
εH2O + (1-x)· εSiO2, where εeffective is the effective dielectric constant of the oxide, x is the 
volume fraction of water, and εSiO2 (3.9) and εH2O (80) are the dielectric constants of 
stoichiometric silicon dioxide and water, respectively.  
 

Silane fraction of 0.08 %. From the C-V measurements, we again noticed a strong 
influence of total pressure on the electrical oxide thickness. The effect of the pressure 
was, however, opposite compared to that at the higher silane fraction (see Table I). 
Namely, the use of the dielectric constant of SiO2 resulted in the electrical film thickness 
lower than the measured optical thickness for the film deposited at 6 Pa. In contrast to 
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this, both the electrical and optical methods revealed similar thicknesses of films 
deposited at 1 and 2 Pa. 
 
Leakage Current 
 

The leakage currents were extracted from the corresponding J-V curves. The 
actual voltages at the semiconductor interface were corrected for the flatband voltages 
(Vfb) of the corresponding C-V measurements. The oxide electric fields (E) were 
calculated from the actual voltages and for the given optical film thicknesses.  
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Figure 1. J-V characteristics of as-deposited ~50-nm thick SiO2 layers. The electric field 
(E) is calculated as (V-Vfb) divided by the optical thickness. Conditions: 0.8 volume % 
(left) and 0.08 volume % (right) of SiH4; total gas pressures 1-6 Pa.  
 

Silane fraction of 0.8 %. It appears that the layers deposited at a pressure of 1 Pa 
exhibit a relatively high leakage current (Fig. 1, left). The current density reaches its 
maximum at already a low electric field of 2 MV/cm, which indicates a high 
concentration of traps. The ledges between 2 and 8 MV/cm, are probably related to a 
conduction mechanism caused by such traps. The traps can be caused, for example, by 
extra silicon (15). However, the measured n of 1.42 (1-2 Pa) rather points to the lower-
density than silicon-rich films. According to (16), the concentration of extra silicon must 
exceed 0.7 volume % to increase n up to 1.47 (assuming appropriate density). In our case, 
the traps are more likely caused by building inappropriate chemical network (e.g., 
dangling Si bonds or Si-H bonds), as a result of the mentioned lower material density (see 
Table I). Remarkable, the leakage current decreases roughly by a factor of 100 with 
increasing the deposition pressure to 6 Pa (Fig. 1, left).  
 

Silane fraction of 0.08 %. Unlike the higher SiH4 fraction, the layers deposited at 
a pressure of 6 Pa exhibit a high leakage current (Fig. 1, right). The leakage current drops 
within approximately two orders of magnitude with decreasing the pressure to 2 Pa, and 
another 2 orders of magnitude when the pressure is further decreased to 1 Pa.  
 
Oxide Electric Charge 
 
 There are two general effects to be seen in Table I. First, the Vfb shifts from 
negative to less negative values (meaning the formation of a less positive or sometimes 
even negative charge (5) in the films) with increasing total pressure. This effect is more 
pronounced for the high SiH4 fraction. The second observation is that a higher SiH4 
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fraction of 0.8% results on average in more negative Vfb and thus more positive oxide 
charge compared to the 10-times lower SiH4 fraction.  
 

To clarify the origin of the charge, one has to consider irregularities of the 
chemical network (i.e. traps) in the oxide. At least two types of traps are identified for 
thermally grown oxide (17). The first type is attributed to trivalent silicon (i.e. ≡Si⋅, also 
called a silicon atom with a dangling bond) and appears to be neutral before releasing an 
electron (or capturing a hole). These traps become positively charged after the electron 
release. The second type is attributed to non-bridging oxygen, i.e. ≡Si-O⋅. Such a non-
bridging oxygen atom requires an extra electron to complete its outer electron orbital, or 
an extra chemical bond to become a bridging atom. It is likely that these traps can capture 
electrons and thus become negatively charged.  
 

It is known that atomic hydrogen passivates the traps when e.g. an aluminum gate 
is present (18). In this light any ambient, containing H atoms, can provide the required 
passivation of the traps by forming the relatively stable ≡Si-H and ≡Si-OH bonds. 
However, an exposure to H-containing plasma can also have the opposite effect if the so-
called atomic hydrogen abstraction dominates (19, 20). The latter means an interaction of 
the adsorbed (chemically bonded) H atom with a free H atom impinging on the surface, 
which results in the H2 desorption and thus leaving an unsaturated bond i.e. a trap. A high 
H-density in plasma can therefore have a negative effect on the trap passivation and 
increase the amount of ≡Si⋅ dangling bonds and, thus, the positive charge in the oxide.  
 

Clarifying film properties by modeling 
 
Our approach on modeling, used for the result clarification, is described in (7). Briefly, 
we used EEDFs, experimentally measured by a Langmuir probe (LP) for non-depositing 
Ar- and Ar-N2O plasmas with an N2O fraction of up to 18 volume %, at total gas 
pressures 1-6 Pa (10). These conditions resembled the actual deposition conditions. We 
further performed Optical Emission Spectroscopy (OES) measurements to examine the 
impact of small additions of SiH4 on relative intensities of given emission lines of Ar and, 
thus, on the EEDF itself (11). We observed no significant impact of the additions of N2O 
and SiH4 to Ar plasma on the EEDF shape at the conditions studied. Contrary, the 
electron density (ne) was significantly (1-2 orders of magnitude) decreased by adding 
N2O (Fig. 2A). The latter was in agreement with the direct measurements of ne by LP (7). 
Small additions of SiH4 slightly increased the ne.  
 

To calculate the reaction rate constants for the selected electron-impact reactions 
in Ar-SiH4-N2O-(H2-N2-O2) plasma system at 1-6 Pa, we used the reaction cross-sections 
from literature (see (7) for the reactions and references) and the EEDFs obtained by LP 
for pure-Ar plasmas at corresponding pressures. The corresponding ne was corrected 
accordingly to the initial plasma composition and the pressure (see Fig. 2A). Combining 
the calculated (electron-impact reactions) and obtained from the literature (homogeneous 
reactions) reaction rate constants (see (7) for details), we simulated concentrations of 43 
reactive species in plasma such as SiHx radicals and SiHx

+ (x=0-3) ions, polysilanes, SiO, 
SiN, SiH3O, SiH2O, HSiO, etc., as well as atomic hydrogen, nitrogen and oxygen. 
 

Summarizing, the following effects are aimed to be explained by our modeling. 
First, for a SiH4 fraction of 0.8%, we observed 1) lower SiO2 density and more traps in 
the films deposited at the lowest pressure (1 Pa): this resulted in the higher leakage 
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current; 2) close-to-normal SiO2 density and less traps in the films deposited at the 
highest pressure (6 Pa): this led to the lower leakage current; 3) contrary to the 
expectations, a 20 % decrease of the deposition rate at 6 Pa compared to 1 Pa; and 4) 
higher positive charge in the oxide compared to that for the lower SiH4 fraction. Second, 
for a 10-times lower SiH4 fraction of 0.08%, the effects were opposite with regard to the 
pressure. We namely obtained 1) close-to-normal SiO2 density and less traps in the films 
deposited at the lowest pressure: this led to the lower leakage current; 2) lower SiO2 
density and more traps in the films deposited at the highest pressure: this resulted in the 
higher leakage current; 3) deposition rate hardly affected by the pressure, and 4) lower 
positive charge in the oxide compared to that for the higher SiH4 fraction. 
 
 To explain the summarized observations, we refer to a given plasma composition. 
This determines in our model the deposition rate by means of considering relative 
plasma-densities of Si-containing radicals and their sticking probabilities. The 
composition will also determine the film stoichiometry and mass density, and the 
concentration of charge-trapping centers in the form of e.g. ≡Si⋅ dangling bonds.  
 

The film mass density can be influenced by sticking probabilities of dominating 
Si-containing radicals. It is known that SiH3 radicals have the longest lifetime before they 
react at the surface. They have a smaller sticking probability (0.28 below 400 °C 
according to (21)) and can therefore experience several adsorption sites before reacting 
(22, 23). This leads to a conformal coverage and appropriate film density. In contrast, the 
sticking probability of Si radicals is close to unity (on an a-Si:H surface) even at room 
temperature (24, 25). As they can react on contact, they are not able to migrate over the 
film; their dominant flux to the surface will lead to the formation of films with less 
appropriate chemical network, resulting in a lower mass density (voids).  
 

The oxide leakage current is strongly influenced by the material density and the 
concentration of charge-trapping centers. A lower density at the same physical thickness 
is caused by nano- or micro-voids and will result in a higher leakage current. This current 
can also be enhanced by traps. The fixed positive oxide charge is related to the 
concentration of charge-trapping centers. The latter can appear after ionizing for example 
≡Si⋅ dangling bonds and forming ≡Si+ ions.  
 

The role of N2O in forming SiO2 is mainly to provide atomic oxygen to the 
plasma. Depending on the conditions, the calculated concentration of O varies between 
1013 and 1015 atoms/cm-3, i.e. is approximately 1-2 orders of magnitude higher than that 
of SiHx (x=0-3) radicals. The fluxes of O and SiHx species to the surface result in the 
heterogeneous formation of SiO2 films. Atomic N, also produced as a result of N2O 
dissociation, is however less reactive compared to O. Homogeneous reactions between 
OHy (y=0-1), NHz (z=0-2) and SiHx species cause the appearance of SiO, HSiO, SiH2O, 
SiH3O, H2SiNH2, H3SiNH, and SiN products in gas phase (26-32). These species can 
additionally participate in the film formation process. 
 
 Figure 2A shows the electron densities, corrected by OES for Ar-N2O-SiH4 
plasma compared to pure-Ar plasma, used for the calculations. As mentioned, the EEDFs 
are less affected by the plasma composition at the conditions studied. Therefore, EEDFs 
of pure-Ar plasma at the corresponding pressures are considered. Figs. 2B and 3 depict 
the simulations results carried out for both the SiH4 fractions in plasma. Table II 
summarizes the densities of important species in plasma. 
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Figure 2. A – electron densities versus total pressure, experimentally measured by LP for 
pure-Ar plasma and corrected by OES for Ar-N2O(18%), Ar-N2O(18%)-SiH4(0.08%) and 
Ar-N2O(18%)-SiH4(0.8%) plasmas. B - radical densities versus reaction time, calculated 
for Ar flow of 100 sccm, N2O flow of 44 sccm, and Ar/SiH4-mixture flow of 100 sccm 
(2 % of SiH4 in Ar gives 0.8 volume % of SiH4) at 6 Pa. See also Fig. 3.  
 
 

TABLE II. Calculated Densities of Important Species in Ar-N2O(18%)-SiH4 plasma (×1012 cm-3). 
Total 

Pressure, 
Pa 

SiH4 
Fraction,

 % 

 
O 

 
H 

 
H2 

 
Si 

 
SiH 

 
SiH2 

 
SiH3 

1 0.8 41 7.4 0.8 2.2 0.003 0.002 0.0003 
6 0.8 32 0.44 14.3 3.2 1.7 2.9 0.5 
1 0.08 47 0.85 0.02 0.2 0.00004 0.00002 0.00006 
6 0.08 251 4.9 0.00001 1.2 - - - 
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Figure 3. Radical densities, calculated based on experimental EEDFs for pure-Ar plasmas 
and using the ne corrected for Ar-N2O-SiH4 plasmas (see Fig. 2A). Conditions - A: Ar-
N2O(18%)-SiH4(0.08%) plasma; B: Ar-N2O(18%)-SiH4(0.8%) plasma. 
 

Silane fraction of 0.8 %. Atomic silicon (sticking probability near unity) strongly 
dominates at 1-2 Pa (Fig. 3B). Due to the changing plasma conditions, the Si density 
slightly decreases at 6 Pa compared to 2 Pa. At 6 Pa, however, densities of the other SiHx 
radicals increase dramatically and approach the initial level of atomic Si (see also Table 
II). A combination of both effects can lead to comparable deposition rates at 6 and 2 Pa.  
 

Furthermore, because of the lower relative density of atomic Si in plasma at 6 Pa, 
the formation of electrically-better films is expected. This is due to a better surface 
migration of the other dominating SiHx species and a lower flux of atomic Si towards the 
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film surface (see Table II), as discussed above. The result is that the films grow denser 
and therefore have lower leakage currents. The calculated density of atomic hydrogen at 
6 Pa (4.4⋅1011 cm-3) is significantly lower than that at 1 Pa (7.4⋅1012 cm-3, see Fig. 3B and 
Table II). This can explain the decreased concentration of traps at 6 Pa (i.e., smaller 
ledges in Fig. 1, left) and less charge in the oxide (Table I). The latter effects can be 
caused by the diminished hydrogen abstraction at such a high pressure and therefore the 
inhibited formation of dangling bonds. In addition, energy of the H atoms arriving at the 
surface is higher at 1 Pa. This can further enhance the abstraction of hydrogen.  
 

Silane fraction of 0.08 %. Atomic silicon dominates in plasma for the entire 
pressure range (see Fig. 3A and Table II). At 1-2 Pa, the other SiHx species can still be 
noticed; however they disappear at 6 Pa. Deposition in the entire pressure range is in this 
case mainly determined by the flux of atomic Si impinging on the film. This flux 
gradually increases with the pressure, meaning deteriorating the film properties (see Fig. 
1, right, and Table I). Still the lowest pressure of 1 Pa results in a better film quality due 
to the presence of small portions of the other SiHx radicals. The calculated plasma-
density of atomic hydrogen is in this case lower at 1 Pa (8.5⋅1011 cm-3) compared to the 
density at 6 Pa (4.9⋅1012 cm-3, see Fig. 3A). However, energy of the surface bombardment 
by H atoms is higher at 1 Pa, which can to some extent enhance the efficiency of 
hydrogen abstraction at this pressure. Nevertheless, the concentration of traps remains 
lower at 1 Pa (please compare the ledges in Fig. 1, right). Densities of atomic Si and H in 
plasma both increase with the pressure. We speculate that H suppresses the deposition 
rate at higher pressure.  
 

Conclusions 
 
We carried out experiments on ICPECVD of silicon dioxide films at a low temperature of 
150 oC. For better understanding of the influence of SiH4/N2O gas-flow ratio and total 
gas pressure on film (electrical) properties and deposition rate, we performed chemical 
modeling of Ar-SiH4-N2O-(H2-N2-O2) plasma system described by 173 chemical 
reactions. To explain the experimental observations, we referred to a given plasma 
composition and considered relative plasma-densities of Si-containing radicals and 
atomic hydrogen. We further explained their influence on deposition rate and mass 
density of the oxide, and on concentration of charge-trapping centers in the material, to 
clarify the measured electrical and physical film properties. 
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