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The concentrations of the neutral active species in the afterglow of a nitrogen and
helium atmospheric-pressure plasma have been determined by optical emission and
absorption spectroscopy and by numerical modeling. For operation with 10 Torr N,
and 750 Torr He, at 15.5 W/cem® rf power, 30.4 L/min flow rate, and a neutral
temperature of 50°C, the plasma produced 4.8 x 10” cm™ of ground state nitrogen
atoms, N(*S), 2.1x 10" em™ of Ny(A’%L,), 1.2x 107 cm™ of N(B 3l'[g), and
3.2x 10° em™ of N,(C’I1, ). The concentration of nitrogen atoms and metastable
state nitrogen molecules, N,(A), increased gradually with the rf power and the
nitrogen partial pressure. Both the model and experiments indicate that ground-
state nitrogen atoms are the dominant active species in the afterglow beyond 2.0 ms.
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1. INTRODUCTION

Thin films of nitride materials, such as silicon nitride and gallium
nitride, are essential components of many solid-state electronic devices."'
To avoid damaging the nanoscale features in these devices, it is necessary
to deposit these films at low temperatures, <500°C. In this case, radio fre-
quency (rf) or microwave plasmas are used to activate nitrogen or ammonia
molecules into species, which can drive the deposition reaction at the desired
temperature.®”

The plasma-enhanced chemical vapor deposition (PECVD) of nitride
films is normally carried out in reactors operating at pressures below
10 Torr.” Researchers investigating the deposition process have suggested
that a variety of different species may be involved in the reaction, including
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nitrogen atoms,"'” metastable or excited nitrogen molecules,""'* nitrogen
ions,"® and even helium metastables.'* On the other hand, studies of the
neutral afterglow chemistry of low-pressure nitrogen plasmas (primarily
microwave discharges) have focused on either measuring the densities of
ground-state nitrogen atoms,">'® or the densities of the three molecular
excited states, Ny(4 %), No(BT1,), and N,(C°I1,)."""® To our knowledge,
only one study by Diamy et al."” characterized all the active species in the
afterglow. In that work, at a pressure of ~20 Torr, the concentration of N
atoms was found to be several orders of magnitude higher than the metastable
nitrogen molecules, with N,(4°%,) being the most abundant of these.
However, there is still uncertainty regarding the production of active nitrogen
species in the afterglow region of gas discharges employed in nitride PECVD.

We are interested in atmospheric pressure plasmas for thin film depo-
sition, because they may offer certain advantages over low-pressure systems,
such as the potential for new reaction chemistry, and the ability to process
substrates of almost any size or shape since a vacuum chamber is not
required.®* > Most studies of atmospheric pressure nitrogen plasmas have
been performed with “torches”, where the temperature exceeds 500°C.**27
Few have investigated the chemistry in the non-equilibrium, low-tempera-
ture regime.**>” We have developed a noble gas-stabilized, atmospheric
pressure plasma source that operates at temperatures below 120°C.**?
Approximately 1.5% of nitrogen or oxygen can be added to the noble gas
feed to create the desired chemistry. The noble gas can be either helium
(vis=13.56 MHz) or argon (v,;=27.12 MHz). This homogeneous, capaci-
tive discharge produces a high flux of reactive species.*'”” High-quality
silicon nitride films have been deposited with this source at 1.0 atmosphere
and a substrate temperature of 400°C.“"

In this manuscript, we report on an investigation of the active neutral
species in the afterglow of a helium-stabilized, atmospheric-pressure plasma
source that is fed with 10 Torr of nitrogen. The concentrations of N(*S),
Na(4°%,), Ny(B°I1,), and N,(C°TI,) have been measured as functions of
time (and distance) in the afterglow by transient optical spectroscopy and
numerical modeling. The nitrogen atom concentrations have been recorded
using a new technique that we have described in a separate paper.”” These
results indicate that ground-state atomic nitrogen is by far the dominant
active intermediate in the downstream region of the discharge, and most
likely would dominate the reaction chemistry of the nitride PECVD process.

2. EXPERIMENTAL METHODS
2.1. Apparatus

The gas discharge system employed in these experiments has been
described previously in more detail.*® It consisted of two parallel plate
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electrodes separated by a uniform gap of 1.6 mm. The upper half of the
plasma source consisted of a powered aluminum electrode measuring
10.2 cm in width and 7.9 cm in length. To maintain the uniform gap down-
stream of the plasma, a Teflon block, 10.2cm wide and 1.3 cm long, was
mounted just downstream of the upper electrode followed by an aluminum
block, 10.2 cm wide and 10.2 cm long. The lower half of the plasma source
consisted of a water-cooled stainless steel electrode, 10.2cm wide and
20.4 cm long, which was grounded. The sides of the device were sealed with
quartz windows so that spectroscopic measurements of the plasma and
afterglow could be made. The volume of the plasma generated in this con-
figuration was 12.9 cm® (10.2 cm wide by 7.9 cm long by 1.6 mm high). The
neutral gas temperature in the plasma and afterglow was measured by calcu-
lating the rotational temperature of the (3, 0) band of the N, first positive
emission spectrum from a Boltzmann plot.®? In the afterglow, the neutral
temperature was also checked with an ungrounded thermocouple, 0.8 mm
in diameter. The two methods agreed to within 20 K.

The standard conditions for operation of the plasma were 200 W or
155W/cm® of 13.56 MHz rf power, a total flow rate of 30.4 L/min,
750 Torr of helium, and 10 Torr of nitrogen. These flow rates produced a
linear velocity of 3.7 m/s, corresponding to a Reynolds number of 50, which
was within the laminar-flow regime. The helium and nitrogen were both of
ultra-high purity (99.999%), while the nitric oxide used for titration was of
commercial purity (99%). To further reduce oxygen and water impurities,
the helium and nitrogen were passed through an oxygen absorbing purifier
(Matheson Gas Products, 6413).

As shown in Fig. 1, the spectroscopic measurements were performed
using two configurations of the apparatus. In the first configuration, the
discharge was operated in a continuous mode, while sampling the light per-
pendicular to the flow direction. The light was collected through a 1.2 mm
wide slit and onto the entrance slit of the monochromator (Instruments
S.A., Triax 320). The monochromator was equipped with a 1200 groove/
mm grating, a liquid nitrogen cooled CCD (Instruments S.A., CCD-3000)
and a thermoelectrically cooled photo-multiplier tube (PMT) (Hamamatsu,
R928P). With the CCD, the monochromator entrance slit was set to
0.05 mm, resulting in a spectral resolution of 0.16 nm. The plasma source
was mounted on a linear slide so that profiles of light emission or absorption
could be collected by translating it in front of the detection system, resulting
in a spatial resolution of 2 mm.

In the second configuration, the discharge was operated in a pulsed
mode, and the light emission was sampled parallel to the gas flow direction.
Sampling perpendicular to the gas flow direction was avoided since the
transit time of the gas was on the order of the sampling time in these experi-
ments. Here, the rf generator (RF Power Products, RF10S) delivered power
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Fig. 1. Schematic of the experimental apparatus used to probe the plasma during (a) con-
tinuous and (b) pulsed operation.

in 50 ms pulses with a 20% duty cycle. The decay of the emission from the
active species was monitored as a function of time with the PMT, resulting
in a resolution of 2.6 us. The decay time was mapped onto position in the
afterglow by using a standard and equivalent method of multiplying the
time by the linear velocity of the gas, 3.7m/s. A time resolution of 2.6 us
corresponded to a spatial resolution of 10 um. This is a 200-fold improve-
ment over the measurements made during continuous operation.

2.2. Ny(B°I1,)

The concentration of N,(B) inside the plasma was obtained with the
configuration shown in Fig. la. The Ny(B) concentration was calculated
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from its emission intensity as discussed in a previous report.®® The optical
emission was calibrated with a tungsten standard lamp (Oriel, 63976) and
the Einstein coefficients were taken from the work of Gilmore et al.®* The
total N,(B) concentration was estimated from the sum of the populations
of each vibrational state from v’ =0 to 12.

The temporal decay profile of N,(B) in the afterglow was recorded with
the experimental configuration shown in Fig. 1b. A power sampler (Bird,
4273-025) was used to monitor the pulsed voltage signal to the plasma and
trigger the oscilloscope (Tektronix, TDS 224). The output of the PMT was
fed directly to the oscilloscope, which computed a moving average of 128
decay profiles. To obtain the absolute N,(B) concentration, the sum of the
PMT signals for v/ =1 to 12 states at zero time was normalized to the
CCD measurements taken at the edge of the discharge during continuous
operation at the same conditions. The decay profile for v’ =0 was not col-
lected since it was outside the detection range of the PMT. The accuracy of
the N(B) concentrations reported in this study was estimated to be + 20%.

2.3. Nx(C’I1,)

The concentration profile of the N,(C) species was determined in the
same fashion as the N,(B) species described above, using Einstein coef-
ficients from Gilmore et al.*” The population of the N,(C) vibrational
states 0 through 4 were summed to obtain the total concentration. The
accuracy of the N,(C) concentrations was estimated to be +20%.

2.4. Ny(43%)

The N,(A4) concentration was measured in the plasma and the afterglow
by absorption at 886 nm with the experimental configuration shown in Fig.
la. The light source was a second helium and nitrogen atmospheric-pressure
plasma with a neutral temperature near 500 K. With this source, the N,(A4)
concentration could be determined from an absorption coefficient obtained
at the same discharge temperature.®> The light from the second source was
passed through an optical chopper. The absorption at 886 nm was moni-
tored with the PMT detector through a 650 nm high-pass filter. The signals
from the PMT and the chopper were fed directly to a lock-in amplifier
(Stanford Research, SR830), and the output from the amplifier was moni-
tored with the oscilloscope. These measurements were made with and with-
out nitrogen in the feed to the main plasma source, in order to obtain 7 and
I, for calculating the concentration from the Beer—Lambert Law.



260 Babayan et al.

During pulsed plasma operation, the N,(A4) concentration was calcu-
lated from the N,(C) concentration (see Section 2.4, above). In the after-
glow, a detectable amount of N,(C) was produced by energy pooling
between two N,(A4) molecules, N,(A) + Ny(A4)—N,(C) + N,(X). The N,(C)
was consumed by radiation and by collisional quenching with helium and
nitrogen (Table I). The change in the N,(C) concentration is given by,

% = FpooNa(A) — [No( O krna + kil Hel + ko Na) (1)
where Kpoot = 3.0% 107" cm’/s, (Ref. 36), kraa = 3.0 x 10" s (Ref. 34), k,pe =
1.0 x 1072 cm’/s (Ref. 28), and k,n,= 1.0x107%cm’/s (Ref. 28). Because
[No(C)]«<[Ny(A)], the pseudo-steady-state approximation may be applied
(d[N4(C)]/dt=0) and by solving for [N,(A4)], one obtains:

[Na(A)]= \/[Nz(c)](krad + kzﬂc [He] + &, no[N2])

The largest value of the derivative in Eq. (1), d[N,(C)]/dt, occurred immedi-
ately after turning off the rf power (¢ = 0's). Including this derivative in the
calculation resulted in a small change in the N,(A) concentration, ~0.01%.
Thus, the pseudo-steady-state approximation was valid. The accuracy of the
N,(A4) concentrations obtained from the absorption measurements and from
the N,(C) concentrations [i.e., Eq. (2)] was estimated to be within a factor
of 2 of the real value.

2

2.5. N(*S)

The N,(B) concentration in the late afterglow (where [Na(A4)]<[N])
depends on its rate of production by nitrogen atom recombination relative
to its rate of consumption by collisional quenching (Table 1).°”** There-
fore, the nitrogen atom concentration was calculated from the N,(B) con-
centration as follows:

[N] ~ IN Z(B,V')kquench(v,, He)
kinslA(V,; V”)krecomb(v,, He) ’

Equation (3) was derived in a previous paper.®” The intensity of the
N.(B, 7) emission as a function of axial position in the late afterglow was
monitored at 652nm with the CCD as shown in Fig. la. The Einstein
coefficient, A4(7,4)=9.61x10*s™", the quenching rate constant,
Kquencn(7, He) =k quencn(7, Ar) = 3.0 X 10" cm?/s, and also the rate constant
for N-atom recombination, kiecomp(7, He) =3.5x 107> cm®/s, were taken
from literature.****%

3)
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Table I. Reaction Mechanism for the Afterglow of the Nitrogen and
Helium Atmospheric-Pressure Plasma

Reaction Rate constant (345K) (Ref))
R,  N+N+He—NyB)+He 22x 10 em®/s 32
R, N+N+N,-»NyB)+N, 42x 107 cm®/s 19
Ry Ny(A)+Ny(A)—Ny(B) +N, 1.1x 107 em®/s 42
R, Ny(A4)+Ny(4)—Ny(C)+N, 3.0x10"em’/s 36
Rs  Ny(A)+N,—Ny(X)+N, 40x 107" cm’/s 43
Ry  Ny(A)+N-oNy(X)+N 9.6x 107" ecm?/s 43
R,  Ny(B)—NyA)+hv 1.5x10%s 34
Ry  Ny(B)+N,—»Ny(#B)+N, 3.0x 10 em’/s 44
Ry Ny(B)+He—Ny(#B)+He 8.0x 107" cm’/s 45
Ry Ny(C)=Ny(B)+hv 3.0x107s 34
Ry Ny(C)+N,—Ny(2C)+N, 1.0x 10" cm?/s 33
Ri>  Ny(C)+He—Ny(#C)+He 1.0x 102 cm’/s 28

The Ny(B) absolute emission technique is not valid in the early after-
glow since the N,(B) can be produced by a variety of reactions (e.g., R,
R, and R,).®? Therefore, a newly developed N,(B) temporal decay method
was employed to extrapolate the N-atom concentration to the edge of the
discharge. In this method, the nitrogen atom concentration was calculated
from the following relationship®?

—d ln IN Z(B,v')(t)/dl
Acrecomn(V', He)[He]

[N()] = 4)

The emission intensity, In,z.7)(#), was recorded at 652 nm with the PMT at

times greater than 2 ms after extinguishing the discharge. To extrapolate to
zero time, the following relationship was used,

1 3 1 1

[dIn Inyzvny(D]/dt - dkiecomp(V’, He)[He][N(z,)] 2

©)

A plot of 1/[dIn(Inyz.H(2)]/dt) vs. t yielded a straight line with a slope of
0.5, and the initial concentration of nitrogen atoms, [N(z,)] can be extracted
from the Y-intercept. The accuracy of these measurements was estimated to
be +40%.

3. NUMERICAL MODEL

The afterglow chemistry and fluid mechanics encountered in the two-
dimensional channel were modeled with FEMLAB, a partial differential
equation solver utilizing the finite element method.“” The inlet of the chan-
nel corresponded to the downstream edge of the rf powered electrode. The



262 Babayan et al.

model predictions were fitted to the experimental results by specifying the
inlet conditions to the afterglow, including the gas velocity and the initial
concentrations of He, N,, N(*S), Ny(A’Z,), Ny(B°Tl,), and N,(C’II,).
Charged species were not included in the model, since their concentrations
quickly drop from about 10" cm™ to <10’ cm™ in a few microseconds."”*?
Furthermore, we did not include vibrationally excited ground-state N,,
based upon the high pressure and low temperature of the discharge.“"

No plug-flow assumptions were applied in the channel, so that the
model included all mixing and viscous effects. It was assumed that the den-
sity and viscosity of the gas equaled that of pure helium, while diffusion
coefficients were calculated for a helium and nitrogen mixture. The steady-
state Navier-Stokes equation,

p(V - V)V==Vp+pg+u(Vu+V3), (6)
and the species material balances,
V-VC=D(VC)+R, @)

were solved simultaneously. The species material balances were not applied
to He or N,, because their concentrations were at least 100 times larger
than the active species in the channel.

Presented in Table I is the reaction mechanism for the afterglow of the
nitrogen and helium plasma. The generation and consumption terms, R;, in
Eq. (7) were compiled from the twelve reactions listed in this table.

4. RESULTS AND DISCUSSION

The optical emission spectra for the Av=1, 2, 3, and 4 transitions of
N,(B) are shown in Fig. 2. These spectra were taken with the CCD
collecting light from inside the plasma with a spectral resolution of 0.16 nm.
In these figures, the intensity is corrected for the detector sensitivity as a
function of wavelength. A weak helium atomic line can be seen at 706.5 nm.
As can be seen, nitrogen atomic lines are not observed in these spectra.
Even the atomic lines near 575.2 nm and the seven-line multiplet in the range
of 818.5-824.2 nm, where the first positive emission is weak, cannot be
detected.*” For the vibrational sequence Av =4, the maximum intensity
occurs at v’ =7. Although the Lewis—Rayleigh afterglow exhibits a maxi-
mum intensity at v’ = 11, the presence of helium can shift this point to lower
vibrational states.“”**

In Fig. 3, the species concentrations and the neutral temperature are
plotted as functions of axial position and decay time in the afterglow. The
open symbols correspond to measurements made along the length of the
plasma during continuous operation, while the filled symbols represent
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Fig. 2. Optical emission spectra of (a) the Av=3 and 4 transitions and (b) the Av=1 and 2
transitions for the first positive emission of nitrogen for operation with 10 Torr N,, 750 Torr
He and 15.5 W/cm® showing the absence of N atomic lines.
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measurements obtained by pulsing the plasma. Axial positions below 0 cm
are inside the discharge. In the afterglow, time has been mapped onto the
position axis by multiplying the time elapsed after turning off the plasma
by the linear velocity of the gas. The N,(B) species reaches its highest con-
centration, 1.2 x 10">cm™, within 0.5cm of entering the discharge. In the
afterglow, the N,(B) concentration drops quickly within the first 2 ms and
then falls more slowly with time. The N,(B) decay profile measured by puls-
ing the plasma agrees to within 8% of the spatial profile recorded during
continuous operation (not shown).

The N,(C) species attains a maximum value of 3.2x 10°cm™ about
2 cm after entering the discharge. This trend is similar to that observed for
the rotational temperature inside the plasma, which is about 375 K. Upon
exiting the discharge, the N,(C) species decays extremely fast to ~10°cm™
within only 2 ms. The N,(A4) concentration has been measured for only a few
positions near the exit of the atmospheric pressure discharge via ultraviolet
absorption at 886 nm ([J symbols in Fig. 3). Here, the concentration equals
3.0x 10" cm™. Upon entering the afterglow, the density of N,(4) falls to
2x 10" cm™ in about 5 ms. Values obtained from Eq. (2) and the temporal
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Fig. 3. The dependences of the N(*S), N,(4 °%, ), No(B°I1,), and N,(C °I1,) concentrations and
the neutral temperature on axial position in the plasma and afterglow decay time. See text for
symbols.
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decay of N,(C) (M symbols in Fig. 3) are more accurate than those obtained
from the absorption method. Nevertheless, the two techniques are in good
agreement after ~4 ms.

The density of nitrogen atoms has been determined in the afterglow
using Eqgs. (3) and (4) (open and filled triangles, respectively). From 2 to
12 ms, these two methods provide the same results to within the experimen-
tal error of the measurement, <10%. At the edge of the discharge, the N-
atom concentration equals 4.8 x 10"> cm™, which is 100 times larger than
the next most abundant species, N,(4). The nitrogen atoms decay more
slowly than the other species, falling by only a factor of 5in Sms, or 1.8 cm
downstream. At this point, the density of the N atoms is approximately
10,000 times greater than that of the N,(A4) molecules.

In Fig. 4, the results of the numerical simulations are compared to the
experimental data collected by pulsing the plasma. The “best fit” is obtained
by using the initial concentrations of 2.3x10"”cm™ He, 3.0x 10" cm™
N,,4.8x107cm™ of N(*S), 2.1x10"ecm™ Ny4°%,), 1.2x10%cm™
N,(BI1,), and 3.2 x 10° cm™ N,(C °I1,,). The decay profiles predicted by the
model are in excellent agreement with the spectroscopic data. In the after-
glow, nitrogen atoms are slowly consumed by the recombination reaction,
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Fig. 4. Comparison of the concentration profiles of N(*S), Ni(4°%,), Ny(B’Il,), and
N,(C’I1,) obtained from the experiments (symbols) and predicted by the numerical model
(lines).
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R, in Table I. The high concentration of nitrogen atoms causes a rapid
decay of metastable nitrogen, N,(A4), by Rs. Some N,(A4) can be lost by the
energy pooling reaction, R,, but this is insignificant after about 5 ms in the
afterglow. Note that the quenching of N,(A4) by helium was not included in
the model, since the rate constants could not be found, and this reaction is
several orders of magnitude slower than R¢.“*”

The Ny(B) and N,(C) species are mainly consumed by quenching with
helium, Ry and R;, in Table I, respectively. Quenching with nitrogen, Rg
and R,;, is not as important because the rate constants are an order of
magnitude lower, and the concentration of helium is 75 times higher than
that of nitrogen. Early in the afterglow, a small amount of N,(B) can be
generated from the N,(A4) pooling reaction, R;. However, after 2 ms, the
concentration of Ny(B) is maintained by the recombination of nitrogen
atoms. Based on the foregoing analysis, the mechanism may be simplified
to five elementary reactions and still correctly predict the decay rates of the
active species. These reactions are R, Ry, Rs, Ry, and Ry5.

Shown in Fig. 5 are the dependences of the N and N,(A4) concentrations
at the plasma/afterglow boundary on the N, partial pressure. Both species
densities increase gradually with the nitrogen pressure. The slopes of the
trend lines from 0.7 to 12.0 Torr indicate that the nitrogen-atom concen-

tration is proportional to PY.', while the N,(4) concentration is pro-

portional to PY%>*. Above 12 Torr of N,, the concentrations of both species
decline. One possible explanation for this behavior can be obtained from
Petov et al.,”” who has modeled the effect of the nitrogen partial pressure
on the electron density in helium and nitrogen atmospheric pressure
plasmas. Their model indicates a maximum in the electron density near 0.1%
nitrogen. Beyond this maximum, the concentration of the excited nitrogen
species may decrease with the electron density. Instabilities in the plasma
also could have caused the decrease in the N,(4) and N concentrations
above 12 Torr. Increasing the nitrogen partial pressure above ~20 Torr in
the present work, resulted in the appearance of obvious bright spots in the
discharge region.

The effect of the rf power density on the N and N,(A4) concentrations
as well as the neutral temperature are shown in Fig. 6. The 15-degree rise
in temperature does not appreciably effect the concentration of either spec-
ies, since a separate experiment showed no change in concentration for
either species upon changing the neutral temperature by 60 K with external
cooling. From the slopes of the trend lines, the nitrogen atom density is
proportional to P%’', while the N,(A4) density is proportional to P%*. At
the highest power density, 30.1 W/cm®, the atmospheric pressure plasma
generates 1.0 x 10'®cm™ of N atoms. Beyond this power level, arcing occurs
in the discharge region.
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According to the literature, non-thermal nitrogen plasmas produce N-
atom concentrations ranging from 10" to 10'°cm™.(1>1619-27:2938:50 Thege
gas discharges are produced in microwave sources operating at 2.45 GHz in
either pure nitrogen below 10 Torr, or in argon—nitrogen mixtures at atmos-
pheric pressure. In the latter case, a surface wave discharge is produced by
launching the wave electromagnetic field down a long glass tube 4 mm in
diameter."*>*"* The different methods of ionizing the gases in these systems
makes it difficult to compare their results to those presented herein. Never-
theless, it appears that the atmospheric pressure plasma examined in this
study generates a relatively high concentration of nitrogen atoms,
~10"cm™, at a low neutral gas temperature, 375 K.

Metastable-state molecular nitrogen is a relatively abundant species in
nitrogen discharges. The concentration of N,(4) can range from 10° to
10" em™.1%339 At high pressures, this species is deactivated by collision
with nitrogen atoms, Rs. With regard to N,(B) and N,(C), the concen-
trations of these species decrease with increasing pressure from 10 to
760 Torr.""”*® This effect can be explained by the faster decay rates at high
pressures due to collisional quenching with the background gas.

5. CONCLUSIONS

The concentration profiles of N(*S), Ny(4°%,), Ny(B’Il,), and
N,(C°I1,) have been determined in the afterglow of a helium and nitrogen
plasma operated at atmospheric pressure. Nitrogen atoms are the dominant
species in the afterglow with a maximum concentration of 1.0 x 10'°cm™,
After only 2 ms, the N,(A4) concentration, the next most abundant species,
is 1000 times smaller than that of the ground-state nitrogen atoms. The
three-body recombination rate of N atoms is much slower than the colli-
sional quenching rate of metastable N, molecules. These results can be
applied to understanding the reaction pathways that occur in the atmos-
phere pressure PECVD of nitride materials.®*>*
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