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ABSTRACT

In-situ mass spectroscopy is used to analyze process conditions and chemistry of atom-
molecule kinetics in high density plasma enhanced chemical vapor deposition (PECVD) of
silicon nitride thin films. Process conditions are related to film quality by using a
guadropole mass spectrometer to monitor the amounts of atomic hydrogen, nitrogen, and
silicon radicalsin the gas phase. Results - from Hydrogen Forward Scattering (HFS),
Rutherford Back Scattering (RBS), and Fourier Transform InfraRed (FTIR) studies -
confirm reduced hydrogen incorporation in films, which is linked to the production of
atomic hydrogen in the plasma and the likely abstraction of hydrogen from the growing
film. Inaddition, a correlation is made between the silane dissociation pattern in the gas

phase and the mechanism for film growth on the substrate surface.



INTRODUCTION

Amorphous hydrogenated silicon nitride (SiNy:H) thin films have gained widespread
attention due to their technological potential to be used in thin film transistors and as
waveguide materials, where unique properties such as its mechanical and electronic
integrity at high temperatures are especialy desirable® % * in the fabrication of high
refractive index and optical band gap materials. A novel approach has been devel oped by
scientistd” at ORNL in which high density radio frequency (rf) inductively coupled
discharges are used to provide better deposition rates and reduced hydrogen in films at
much lower substrate temperatures (< 400°C). Various methods ® have been used in film
fabrication but mixtures of SiH, with either N, or NH, in plasma set-ups are the favored,

the former being the preferred gas since it introduces less hydrogen in films ! .

Previous work!” and our deposition results have shown that hydrogen plays a significant
role in altering silicon nitride properties. Asaresult, the importance of this study is
underscored since it uses in-situ mass spectroscopy to relate gas phase species, SiH, (x=1,
2, or 3) to observed film properties. In particular, the following are shown: increased
dissociation of hydrogen, nitrogen, and silane are shown to be the cause of the higher
deposition rates, and an increase in the atomic hydrogen flux causes reduced hydrogen in
films when hydrogen gas is introduced into the plasma chamber. These have been
confirmed from recent RBS and FTIR studies. In addition, our results for maximum
dissociation of the molecular gases correspond to conditions that yielded best quality films.
Also, acorrélation of atom-molecule reaction mechanism in film growth ismade to the

silane consumption pattern. Thisreport is a snapshot of work in progress.



EXPERIMENTAL DETAILS

The ORNL approach to plasma enhanced chemical vapor deposition (PECVD) involves use
of an inductively coupled plasma (1CP) source to produce the essentia reactive species
required for thin film growth. A schematic diagram of the ICP set-up is shown in figure 1.
Chamber specificsinclude adiameter of 30 cm. Gases are introduced into the chamber
using gasrings. The gasring for silaneis 10 cm lower than that used for hydrogen or
nitrogen which are injected near the plasma excitation region. Compared to capacitively
coupled plasma (CCP) discharges that have lower efficiency for atomic species (about 2%)
and poor reaction selectivity, |CP sources produce higher dissociation efficiency (20 to
30%) of diatomic species. This arises from the higher plasma densities achievable with
ICP reactors. In addition, other advantages of ICPs include increased deposition rates (ten
times), decreased substrate temperatures (<400°C compared to 800°C in CCPs), and their
adaptability for large area manufacturing (> 300 mm diameter). Inherently non-destructive,
in-situ mass spectroscopy allow analysis of key reactions such as atom-molecule kinetics

and intermediate species identity.

The plasma power is controlled by aradio frequency (rf) configuration coupled at 13.56
MHz.

A doubly-differentially pumped quadrupole mass spectrometer (QMS) with a standard
ionizer ingtalled in place of the substrate was used to monitor critical process conditions,

illustrated in figure 2. Unless stated otherwise, the ionizer energy was set at 70 eV.
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Figure 1: Diagram of inductively coupled plasma discharge used in our experiments
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Figure 2: Schematic of quadrupole mass spectrometer used for in-situ analysis
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Typica experiments were conducted such that 30 second or one minute plasma on-off
pulses were recorded as process parameters - power, pressure, gas flow rates, or ionizer
energy - were changed. For instance, in a given experiment to monitor the behavior of
hydrogen, the throttle valve pressure was fixed at 50 mTorr, while the power was changed
from 200 W to 1.5 kW. In cases where silane was used, its flow rate was fixed at 10

standard cubic centimeters per minute (sccm).

Methods used to evaluate the films after depositions included Fourier Transform Infra-Red
spectrometry (FTIR) to determine stretching modes, Hydrogen Forward Scattering (HFS)
and Rutherford Back Scattering (RBS) measurements for determination of atomic

concentrationsin the films, and ellipsometry to determine the film thickness and the optical

properties such as refractive index and band gap.



RESULTS

Data collected were analyzed using MS Excel® and Kaleldograph® spreadsheets. Analysis
involved calculating dissociation for the molecular species and quantifying the SiH,
fragments from silane break-up. Illustrative of raw data collected, figure 3 showsthe
plasma on-off cyclesfor the H, (mass 2) signal as operating parameters were changed; in
this case, corresponding to afixed hydrogen flow rate (150 sccm) and pressure (50
mTorr) as power was changed. Estimation for alower dissociation limit is made from the

changes in the plasma on-off levels asindicated.

Figures 4 and 5 are dissociation fractions for a hydrogen plasma, with aflow rate of 150
sccm. The former represents collected data at a pressure of 50 mTorr and changing power;

the latter iskept at 1250 W as afunction of pressure.

Figures 6 and 7 show dissociation for a nitrogen plasma maintained at aflow rate of 50

scém.

For a nitrogen-silane system in the absence and presence of hydrogen, the consumption of
silaneis shown in figures8 and 9. The dissociation was calculated from changesin the

m/e 30 signal. For these, theionizer was maintained at 70 eV.

Figures 10 shows the sensitivity of the SIH" fragments as a function of ionizer potential.
The mass signals were first normalized by the electron current at a given energy, then
expressed as a percentage of the maximum value. Included in the plots are data from
previous work®? | calculated by normalizing the ionization cross sections at different

energies by the maximum cross section (50 and 45 eV respectively).
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Figure 4: Dissociation of H, asafunction of power at fixed pressure
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Figure 5: Dissociation of H, versus pressure at 1250 W
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Figure 6: Dissociation of N, asafunction of power
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Figure 7: Nitrogen dissociation as function of pressure
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Figure 8: Higher silane consumption in absence of H, gas
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Figure 9: Slightly lower silane consumption with H, gas addition
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Figure 10: Normalized SiH" w.r.t. its max value
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Figure 13: Changein SiH, signal at 20 eV in silane-hydrogen plasma
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Figure 14: Changein SiH, signal at 70 eV in silane-hydrogen plasma
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DISCUSSION/RESULTSANALYSIS

Hydrogen dissociation is related to the production of atomic hydrogen by the equation,

1) H,® H+H 452 eV

Shown in figures 4 and 5, hydrogen dissociation increases with power and peaks at 50
mTorr, consistent with most deposition being centered around 50 mTorr for best film
quality. Recycling and recombination at the chamber surfaces has the effect of increasing

the hydrogen signa when the plasmais on, that is, the surfaces also act as a source of H,.

A peak at 656.1 nm corresponding to H-alpha (H,) has been observed from the OES

spectra. Similarly, the nitrogen dissociation shown in (2) increases with power and again

attains a maximum around 50 mTorr.

) N,® N+N 9.81 eV

By comparing figures 4 to 7, it is seen that nitrogen dissociation is less than hydrogen.
This can be explained on the basis of nitrogen having a higher bond energy, 9.81 eV as

opposed to 4.52 eV for hydrogen.

Silane consumption is high for our processing conditions. The high density plasma breaks
up the silane in both absence and presence of hydrogen, figures8 and 9. Again, this
explains the higher flux of atomic speciesthat are responsible for higher deposition rates
compared to other conventional deposition techniques using CCP discharges in which
silane consumption is between 30 and 60%. This leads to another drawback of

conventional methods. Since the energy of the impinging ions are tied to the plasma
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power, higher plasma densities usually imply higher ion energies which are not desirable
due to their ability to penetrate and destroy substrate surface. Conversely, in ICP
discharges, ion energies and plasma power are decoupled, implying high densities can be

attained with relatively low ion energies.

A number of experiments’® ® 1* 12 haye been performed to determine the sensitivity of
the SiH" and SiH," ions at different ionizer potentials. Jasinski™” and others have done
experiments at lower ionizer potentials (20 eV or less) to reduce the sensitivity of SIH" and
improve that of SIH,". To ensure accuracy of our results, we repeated a series of
experiments in which the production of SiH, radicals was monitored as the ionizer energy
was lowered from 70 to 18.75 eV, the lower value being an instrument limitation. Also,
we monitored changes in the argon m/e ratios at 36, 38, and 40 as a function of ionizer
potential. Our results from both experiments show a similar trend to those previousy
obtained ® * % put are consistently offset by about 5 eV, possibly due to any of a number
of unoptimized parameters including ion optics, bias grids and stretching the operating
conditions of the mass spectrometer. See figure 15 for argon data, compared to that
obtained by Rapp*®. Justification for carrying experiments stems from arealization that
by 20 eV, the sensitivity of the SIH* fragment is very low - amost negligible. At asimilar
energy, the SiH," responseis still about 60%. Also, due to the low sensitivity of SIH" at
20 eV, thereislessinterference of the silicon-29 isotope as Si*’H on the mass 30 (Si**H,")
signal. The ubiquitous and dominant SiH," fragment is aresult of energetics; it takes least

energy for its generation from silane, equation 3.

© SiH,® SiH,+2H (f=0.83) 2.2eV
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Compared to Jasinski™ whose measurements indicated a substantial amount of SiH,*
production, our results show an inverse relation - low amounts of SiH, and higher amounts
of SiH in the gas phase. Normalized by the m/e 30 signals with and without plasmas,
figure 16 shows alarger increase at m/e ratio 29 than at m/e 31. Even though the curves
were corrected for background effects, alarge peak is still observed at m/e 28, hindering

any chance of estimating the intensity dueto Si*.

Providing information about the species present in the gas phase due to plasma excitation
and corroborating the mass spectra, a peak at 414 nm corresponding to SIH* radical was
always present in the optical emission spectraregardless of silane flow rate during
hydrogen plasmadischarges. This observation suggests that recycling off thewallsisa
significant process and must be taken into account. To check this hypothesis, tests were
donein which the plasma was kept on without silane into the system. Significant amounts

at m/e 29, 30, 31 were observed.

Regarding the mechanism of film growth, reports™” have been made that attribute the
deposition process to SiH, insertion in the disilane species, Si,H, and other silane species.

Our gas phase results do not reflect the presence of higher order silane species.

As mentioned earlier, the presence of atomic hydrogen has profound effect on the film
properties. Figure 17, aplot of the refractive index against the nitrogen-silicon ratio (gas
phase) exemplifies the effect of hydrogen. Without hydrogen addition, the refractive index
does not change much as afunction of gasflow. The introduction of hydrogen in the

ioni zation region increases the processing window and makes possible the fabrication of
materials with refractive index greater than 2. In figures 18 and 19, the amount of SiH
(mass 29) normalized with respect to SiH, is plotted with and without H,, versustimein

which nitrogen flow is changed. With increased nitrogen flow (0 to 20 sccm), the SiH
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amount is correspondingly seen to increase. Both trends with and without hydrogen are
similar, with higher SiH amounts in the absence of hydrogen. The following deduction
can be made from figures 17 and 18: increasing the N/Si ratio correlates with increased
SiH, which a so reflects decreasing refractive index. One explanation for this could be that
higher SIH amounts lead to more nitrogen incorporation in films, hence nitrogen-rich films
- which generally have lower refractive indices than their silicon-rich counterparts.  For
the case of hydrogen in figure 17, theinitia high refractive index (corresponding to being
silicon-rich) decreases as the amounts of SiH increase favoring more nitrogen in films.
Another reason for the differencein figure 17 can be attributed to the production of atomic
hydrogen. Thiswill be discussed later. Also, thelack of change in the refractive index

with the no-hydrogen data may be due to oxygen contamination in the films.

The band gap decreases with hydrogen gas addition, shown in figure 20. With hydrogen
addition, the goal of filmswith band gaps greater than 4 eV and refractive indices greater
than 2 can till be achieved. The striking difference between the curves can be attributed to
the production of atomic hydrogen and the subsequent abstraction of hydrogen in the films.
An earlier study™ simulating the role of hydrogen in silicon nitride films, shows the band
gap as being related to the amount of hydrogen incorporation. Dangling bonds are under-
coordinated silicon or nitrogen atoms which create localized electronic levelsin the band
gap. Hydrogen incorporation can passivate the dangling bonds, which would lead to
removal of the electronic levelsin the band gap, and higher band gaps. This we observe
from figure 20, that the band gap valuesin the absence of H, gas - more hydrogen in films
- are higher than those made with hydrogen. The dip in the band gap for the no-hydrogen

case could bereal or could be due to impurities such as oxygen.

As mentioned earlier, one of the goals for this study isto relate gas phase speciesto film

properties. In figure 21, aplot of the percentage change in the SiH," normalized by SiH,*
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response shows atrend similar to the band gap values with hydrogen addition as a function
of nitrogen-silicon ratio (figure 20). Initialy, both curvesincrease rapidly, then level off as
nitrogen-silicon ratio increases. Tentatively, we observe some correlation between film
properties and gas phase species. Similar trendswill be investigated for other properties

and gas phase species.

Figure 22 shows the effect of atomic hydrogen on the deposition rate of the films.
Compared to the case without hydrogen, the presence of atomic hydrogen from the added
H, gasisresponsible for the lower deposition rates. The higher flux of atomic hydrogen
etches the film and reduces the deposition rate. With nitrogen addition, the rate (for the H,

gas addition case) increases and approaches 40 nm/min.
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The no-hydrogen gas films are silicon-rich but addition of hydrogen also alowsthe Si;N,
stoichiometry (N/Si=1.3) to be achieved, confirmed from RBS studies. Hydrogen flow
can a so reduce other impurities in the films, such as oxygen. This has also been
confirmed from RBS, figure 23, thus suggesting that oxygen contamination inhibits the

incorporation of nitrogen in the films.
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Figure 23: Nitrogen-silicon ratio in film (RBS) versus amount in gas phase; Power=1 kW,

Silane flow=10 sccm, Substrate temperature=380°C

As mentioned earlier, the hydrogen content in the filmsis reduced when H, is added to the
plasma. Thisis consistent with previous work by Parsond™ showing that presence of
atomic hydrogen results in hydrogen abstraction from the silicon-hydrogen surface,
ultimately resulting in net reduction of the hydrogen in the films. FTIR results, figures 24
and 25, reveal the N-H stretch islower with hydrogen flow. The fact that the intensity of

the N-H stretch line decreases means that there is less hydrogen in the film. Shownin
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SUMMARY

The differences in the species observed using an | CP discharge as opposed to conventional
methods might be aresult of being in anew processing regime. We observed higher
amounts of SiH" instead of the SiH,* reported elsewherd™. From our results, we did not
observe any disilanes or higher order silane species, leading us to conclude they are either

below our detection limitsor SiH," is not the primary precursor in our experiments.

Since significant amounts of SiH in the optical emission spectrawere observed regardless
of the silane flow, we are led to believe that there are more factors other than gas phase
reactions at work. These should include either gas phase-wall reactions or the chamber
acting as a pump, releasing radicals when heated. Another explanation for the high
amounts of SiH observed could be aresult of dissociation kinetics. After SiH, has been

produced, it takes very little energy to further break it down into SiH and H..

Addition of hydrogen gas, and the subsequent production of atomic hydrogen, to the
plasma increases the processing window and makes the goal of films with refractive indices
greater than 2 and band gaps greater than 4 realizable. Also, our deposition rates (20 - 45
nm/min) are due to the higher dissociation of the diatomics, ultimately leading to a higher

flux of atomic species and higher utilization of silane.

Tentatively, we have found a correlation between the change in SiH,*/SiH," production and
the band gaps obtained with hydrogen addition. However, it must be pointed out that this
work isin progress, interpretation may be subject to change pending review and analysis of

results.
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