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Abstract—The mechanism for the formation of the inverse electron distribution function is proposed and real -
ized experimentally in a nitrogen plasma of a hollow-cathode glow discharge. It is shown theoretically and
experimentally that, for a broad range of the parameters of an N, discharge, it is possible to form a significant
dip in the profile of the electron distribution function in the energy range € = 2—4 eV and, accordingly, to pro-
duce the inverse distribution with df(€)/de > 0. The formation of a dip is associated with both the vibrational
excitation of N, molecules and the characteristic features of a hollow-cathode glow discharge. In such a dis-
charge, the applied voltage drops preferentialy across a narrow cathode sheath. In the main discharge region,
the electric field E isweak (E < 0.1 V/cm at a pressure of about p ~ 0.1 torr) and does not heat the discharge
plasma. The gasis ionized and the ionization-produced electrons are heated by a beam of fast electrons (with
an energy of about 400 eV) emitted from the cathode. A high-energy electron beam plays an important role in
the formation of adip in the profile of the electron distribution function in the energy range in which the cross
section for the vibrational excitation of nitrogen molecules is maximum. A plasma with an inverted electron
distribution function can be used to create a popul ation inversion in which more impurity molecules and atoms

will exist in electronically excited states. © 2001 MAIK “ Nauka/Interperiodica” .

1. INTRODUCTION

In recent years, numerous technological applica-
tions of low-pressure gas discharges in nitrogen and
nitrogen-containing mixtures have stimulated active
experimental and theoretical investigations of the elec-
tron energy distribution function (EEDF) in order to
gain a better insight into the physics of the plasmo-
chemical processes occurring in various plasmadevices
(see, e.0., [1-8]).

First of al, we should note that the shape of the
EEDF ishighly sensitiveto thetype of dischargeand its
parameters even in experiments with the same gas mix-
tures. Thus, in [1-4], the EEDF in N, and N,—O, mix-
tures was studied under conditions such that the electric
field was stronger than the breakdown field and was the
only factor responsible for the heating of plasma elec-
trons. In those papers, the EEDF f(¢) was found to be
monotonic (df(€)/de < 0), but with different tempera-
tures in different energy ranges. Such a shape of the
EEDF is associated with the fact that, under those con-
ditions, the distribution of the plasma electrons rapidly
becomes Maxwellian under the action of the electric
field.

On the contrary, in [5-8], it was shown that, in a
weak electric field in the post-discharge plasmas of
repetitive discharges in N, and Ar-N, mixtures, an
important role in the formation of the EEDF is played
by superelastic collisions, because, during the period
between successive discharges, the el ectrons are heated

only by energy transfer from vibrationally and el ectron-
ically excited molecules to the plasma. As aresult, the
EEDF becomes peaked at energies that correlate with
the excitation energies of the vibronic (vibrational—
electronic) levels of molecules.

Our paper isdevoted to an experimental and theoret-
ical investigation of the EEDF in discharges that differ
radically from both those studied in [1-4] and those
studied in [5-8]. Specifically, we are interested in
steady hollow-cathode glow dischargesin nitrogen and
oxygen. In such discharges, which are widely used in
various technological applications, the applied voltage
drops preferentialy across a narrow cathode sheath.
According to our measurements, the electric field E in
the main discharge region was at most 0.1 V/cm (at a
pressure of about p ~ 0.1 torr), which is one order of
magnitude weaker than that in [1-4]. In our experi-
ments, the gas was ionized and the plasma electrons
were heated by abeam of fast electrons (with an energy
of about 400 eV) emitted from the cathode. We show
that, in such discharges in nitrogen, the formation of a
significant dip in the EEDF in the energy range 2—4 eV
and, accordingly, theinversion of the EEDF (df (€)/de > 0)
are attributed to the vibrational excitation of N, mole-
cules. In contrast, in discharges in oxygen, the EEDF is
monotonic because, on the one hand, it is cut off at low
threshold energiesfor the excitation of the lowest lying
electronically excited metastabl e states of O, molecules
and, on the other hand, the cross sections for the excita-
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tion of the vibrational levels of oxygen molecules are
small.

2. EXPERIMENTAL SETUP
AND MEASUREMENT RESULTS

The experiments were carried out with a hollow
cylindrical cathode 280 mm in diameter and 400 mmin
length. A 230-mm-diameter anode was placed near one
end of the cathode. The vacuum chamber was pre-evac-
uated by a forepump to a residual pressure of 5 x
1073 torr. Then, the chamber was filled with the work-
ing gas (nitrogen or oxygen) in the pressure range from
3 x102to 1 x 107! torr. The discharge current and
applied voltage were varied in theranges 0.5-0.9 A and
400600 V, respectively. The plasma density, electric
fields, and EEDF were measured by a pair of single
Langmuir probes[9] made of tungsten wires 100 umin
diameter, the receiving sections being from 10 to
15 mm in length. The probes were designed so as to
provide measurements along and across the symmetry
axis of the cathode. In order for the measured current—
voltage (I-V) characteristics of the probes to be
immune to probe-surface contamination, the probes
were cleaned after each measurement by heating them
to atemperature of about 800° C with adc source.

The EEDF was determined numerically by differen-
tiating the 1-V characteristics twice with (if necessary)
preinterpolation of the measured data. The measure-
ment accuracy was increased using the modified
method described in [2], which is based on a specialy
devised programmabl e diagnostic system controlled by
a personal computer. At each step of a measurement
cycle, the controlling computer code specified the
praobe current with an accuracy of 0.1 pA and provided
simultaneous measurements of the probe voltage rela-
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Fig. 1. Radia profiles of the electron density for different
nitrogen pressures: (1) p = 0.1 torr, 4= 0.63 A, and Uy =
470V; (2) p=0.06 torr, I4=0.73 A, and U4 = 580 V; and
(3) p=0.03torr, Iy=0.77A, and Uy = 615 V.
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tive to the anode, the anode voltage, and the discharge
current. The change in the probe current at each step
was calculated automatically during the measurements
with the help of a specially developed algorithm for
optimizing the signal-to-noise ratio over the entire
range of measured currents (a complete cycle of mea
surements of one |-V characteristic included from 1500
to 2000 steps). The measurements were carried out in
the stroboscopic regime at a rate of 100 Hz synchro-
nously with the oscillations of the supply voltage,
thereby making it possible to avoid the influence of
these oscillations on the experimental results. The gat-
ing time of the measured signals was 1 ps. The time
delay (7 ms) of the measurement with respect to the
beginning of the half-wave of the supply voltage was
chosen so as to optimize the signal-to-noise ratio. After
performing the measurements over the prescribed
range of probe current variations, the measured datain
the form of a dependence of the probe current on the
probe potential for a given discharge current and given
discharge voltage were stored as a computer file. With
fixed experimental parameters, the 1-V characteristic
was measured up to 30 times. Thereafter, the data
stored in the corresponding fileswere averaged over the
measurement cycles.

The plasma potential was assumed to be equal to the
probe potential at which the second derivative of the
probe current with respect to the probe voltage van-
ishes. The plasma density was computed from the elec-
tron saturation current to the probe.

Figure 1 showstheradial profiles of the plasmaden-
sity for different nitrogen pressures. We can see that the
shape of the profilesis highly sensitive to the working
gaspressure. For p=0.1torr, the plasmadensity ismin-
imum at the cathode axis and increases gradually in the
radial direction, reaching a maximum value at R =
11 cm. At lower pressures (p = 0.03, 0.06 torr), the sit-
uation is radically different: the plasma density n, is
maximum at the axis of the system and decreases
monotonically with radius. This dependenceis peculiar
to hollow-cathode discharges. At a pressure of 0.1 torr,
essentially al of the energy of the fast primary elec-
trons emitted from the cathode is expended on the exci-
tation and ionization of the working gas within a dis-
tance of several centimeters from the cathode; conse-
guently, the gas at the system axisisionized mainly by
the electrons that diffuse from the region where the
plasma has aready been produced. As a result, the
plasmadensity isthe highest not at the cathode axis but
in the region where the loss of fast electrons is maxi-
mum and, accordingly, the plasma production is most
intense. As the working gas pressure decreases, the
maximum of the plasma density profile shifts toward
smaller radii and, at p = 0.05 torr, it becomes bell-
shaped.

Recall that, in gas discharges, a very important role
is played by the electric field, which heats the plasma
electrons and thus can substantially influence the shape
PLASMA PHYSICS REPORTS  Vol. 27
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Fig. 2. Radial profilesof theradia electricfield for different
nitrogen pressures: (1) p = 0.1 torr, 14 = 0.63 A, and Uy =
470V; (2) p=0.06 torr, 14 =0.73 A, and U4 = 580 V; and
(3)p=0.03torr, |§=0.77 A, and Uy = 615 V.

of the EEDF. Figure 2 displaysthe experimentally mea-
sured radial profilesof theradial electricfield E, for dif-
ferent nitrogen pressures. The radia behavior of E, is
seen to be analogous to that of the plasma density. At
low nitrogen pressures, the radial electric field is posi-
tive and increases monotonically with the radius. For
p = 0.1 torr, the component E; is negative in the axial
region (where the plasma density is the lowest); at
larger radii, it passes through zero and starts increasing
monotonically. The maximum value of E, does not
exceed 0.1 V/cm. The longitudinal electric field E, was
found to be even weaker: the measurements showed
that E,= 1-2 x 102 V/cm for p = 0.1 torr, E,= 0.5-1 x

fo(®), eV

Fig. 3. EEDFs measured in nitrogen at a pressure of p =
0.03 torr at different radial positions R.
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102 V/cm for p = 0.06 torr, and E, < 102 V/cm for p=
0.03 torr. Below, we will show that such longitudinal
and radial electric fields are too weak to significantly
affect the shape of the EEDF.

The EEDF was measured at different points inside
the vacuum chamber at different pressures of the work-
ing gas. Figures 3 and 4 show typical EEDFs measured
at nitrogen pressures of 0.1 and 0.03 torr. We can see
that the EEDF is strongly non-Maxwellian: it hasapro-
nounced dip in the energy range 24 eV. Moreover, at a
lower pressure (Fig. 3), there are two dipsin the EEDF
in this energy range.

We also established that, at |ow pressures, the EEDF
is essentially independent of the radius, while, at p =
0.1 torr, the EEDF experiences fairly strong variations
in the radial direction. Moreover, at the chamber axis
(i.e., in the region where the reduced electric field E/N
is minimum), the dip in the EEDF is the smallest. This
radial behavior of the EEDF is not associated with the
presence of an electric field, because the action of the
electric field should result in the formation of an EEDF
that depends on the radius in the opposite manner—the
dip in the EEDF would be smallest at the discharge
periphery, where the field is maximum. The observed
reduction in the dip in the EEDF near the axis of a hol-
low cathode at high pressures (Fig. 4) may be attributed
to the decrease in the number of high-energy electrons
(which serve as the major energy source in the plasma)
and, accordingly, to an increasingly important role of
the processes that force the EEDF to evolveinto aMax-
wellian function. Aswas mentioned above (Fig. 1), itis
precisely this pressure range in which the plasma den-
sity n, is minimum at the chamber axis.

fo(®), eV

Fig. 4. EEDFs measured in nitrogen at a pressure of p =
0.1 torr at different radial positions R.
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Fig. 5. EEDF measured in oxygen at a pressure of p =
0.06 torr at R=(1) 0O and (2) 9 cm.

The EEDF in an oxygen plasma is illustrated in
Fig. 5, which shows that it is qualitatively different
from the EEDF in N,, athough measurements were
carried out in discharges with the same parameters. To
agood accuracy, the EEDF in O, can be described by a
Maxwellian function, but with different temperaturesin
the energy rangese = 0-2.5€V and e > 2.5 eV.

The physical reasons for such a large discrepancy
between the EEDFs in N, and O, will be discussed in
the next section.

3. THEORY

We calculated the EEDF by solving the Boltzmann
equation in the two-term approximation [10]:

1 om¥2 120(nefo) 1EF 0 e 0f
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where f(€) is the symmetric part of the EEDF; T isthe
gas temperature (ineV); e=1.602 x 102 erg/eV; M is
the mass of a molecule; N is the gas density; Qy isthe
transport cross section; misthe mass of an electron; n,

Tablel
; Threshold

No. Reaction energy e, eV

1| Ny+e—Nyv)+e v=1.8 15

2| Ny+te—=NyA3S) ) +e 6.7

3| Ny+e—= Ny@lMy) +e 8.55

4| Ny+e—= NyBMy) +e 115

5| N,+e— N, +e+e 15.6

6| N,bte— N+N+e 9.76
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is the electron density; Sy is the integral of electron—
neutral inelastic callisions; S, is the integral of elec-
tron—electron collisions; and A(€) istheionization term,
which includes the source of primary electrons. The
expressions for the terms Sy, S, and A(g) were taken
from [11].

The EEDF f,(¢) was normalized to satisfy the con-
dition

Iaﬂzfo(s)ds = 1. )
0

The electron processes that were taken into account
when solving the Boltzmann equation for dischargesin
nitrogen and oxygen are listed in Tables 1 and 2. The
superelastic scattering of electrons by vibrationally
excited molecules was neglected, because, for the dis-
charges under investigation, the specific input power
and, accordingly, the vibrational temperature T, were
both much lower than those in the experiments of [4-8].

The cross sectionsfor elastic and inelastic scattering
of electrons by N, and O, molecules were taken from
[12].

The calculations were carried out with the values of
the electric field and electron density that were mea-
sured experimentaly at different regions of the dis-
charge chamber. The energy ¢,, of the beam of primary
electrons was assumed to be on the order of the poten-
tial drop across the cathode sheath, €, = 400 €V.

Equation (1) was solved using the same methods as
in[10].

Figure 6 showsthe EEDFs obtained theoretically for
ahollow-cathode dischargein nitrogen. The EEDF was
calculated for the parameter range (n,, E) correspond-
ing to the intervals of variation of n, and E in the radial
direction in the discharge chamber. For all values of the
discharge parameters, there are two pronounced dipsin
the EEDF in the energy range € = 24 eV. Thedips are
associated with the sharp peaksin the cross section for
thevibrational excitation of N, moleculesin thisenergy
range. The EEDF cal culated without allowance for the
vibrational excitation of N, molecules is monotonic.
Another factor that causes the dipsin the EEDF to van-
ishisan artificial increase in E/N by an order of magni-
tude, up to the values that correspond to the experi-
ments of [1-4] and are large enough for the EEDF to
become Maxwellian.

Figure 7 shows the EEDFs cal culated for an oxygen
plasma. An important property in which oxygen differs
from nitrogen is the presence of the metastable excited

states of O, molecules, 0,('A) and O,(b'Z, ), with low
threshold energies (0.95 and 1.64 eV, respectively). The
EEDF caculated with allowance for the excitation of
these states is cut off at energies of about 1-2 eV; this
effect is especially pronounced for weak electric fields
(Fig. 7). Asfor the processes of the vibrational excita-
PLASMA PHYSICS REPORTS  Vol. 27
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Fig. 6. EEDFsin nitrogen calculated for the parameter val-
ues (1) p = 0.03 torr, ng = 10'° cm3, and E = 0.01 V/cm;
(2) p=0.03torr, ng= 10" cm=, and E= 0.1 V/em; (3) p=
0.1torr, ng = 10'° cm™, and E = 0.01 V/cm; and (4) p =
0.1torr, ng=2 x 10' cm3, and E = 0.06 V/cm.
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tion of O, molecules, they have essentially no influence
on the EEDF because the vibrational excitation cross
section for O, molecules is much smaller than that for
N, molecules: up to the threshold energies for the exci-
tation of electronic levels, the EEDF in an oxygen
plasma can be described with good accuracy by aMax-
wellian function with one or two (depending on the
electric field magnitude) temperatures in different
energy ranges.

4. DISCUSSION OF THE RESULTS

A comparison between the EEDFs measured exper-
imentally in anitrogen plasmaat low pressures (Fig. 3)
and the related EEDFs calculated theoretically (Fig. 6)
shows that the experimental data agree well with theo-
retical predictions both qualitatively and quantitatively.
In the energy range 2—4 eV, the positions of the mea-
sured and calculated dips in the EEDF coincide within
an accuracy of 10-20%. In the measured EEDF, the dip
that is closer to the right peak coincides with the rele-
vant calculated dip within the limits of experimental
error.

It should be noted that our experimental technique
does not provide correct measurements of the EEDF in
the energy range below 1 eV. Presumably, this is the
reason why, in therange € < 1 eV, the measured EEDF
f(€) decreases to a lesser extent than the calculated
EEDF. However, a comparison between the calculated
and measured extents to which the EEDF decreasesrel-
aive to its value at an energy of 1 eV also shows good
agreement between theory and experiment.

At higher pressures, the agreement between the cal-
culated and measured EEDFs is somewhat worse
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Fig. 7. EEDFs in oxygen calculated for p = 0.06 torr, ng =
10" cm3, and E = (1) 0.01 and (2) 0.1 V/cm.

(Fig. 4), because, as was noted above, theradial energy
distribution of the beam of fast electrons emitted by the
cathode is highly nonuniform. In turn, the radial non-
uniformity of the beam may be responsible for the non-
local character of the EEDF, thereby giving rise to the
loss of high-energy electrons at the axis of the dis-
charge chamber. However, our calculations were car-
ried out under the assumption that all of the parameters
governing the EEDF are spatially uniform.

Towithin experimental error, the EEDF measured in
an oxygen plasma (Fig. 5) also agrees well with the
EEDF calculated for the electric field E = 0.01 V/cm
with allowance for the above scattering cross sections
(Fig. 7). Note that, in discharges in oxygen, the electric
field was measured to be weaker than 0.02 V/cm. To a
first approximation, the experimental EEDF can be
described by two Maxwellian functions with different

Table2
: Threshold
No. Reaction energy g, &V
1[{0+e—=0,Vv)+e v=1.10 1.95
2 |Ote— 018y +e 0.98
3|0, te—Oyb'z;) +e 1.64
4|0,+e— O)(A3L)) +e 45
5|0,te— Oy(*)+e 6.0
6 |O,+e— O,(**) +e 8.0
7 02+84>02(***)+e 97
8|0,+e—> O, +te+e 12.2
9/0,+e—0+0O+e 6.0
10 [O,+e— 0O +0 3.6
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temperatures. Up to an energy of about 7 eV, the EEDF
calculated theoretically for E = 0.1 V/cm is a one-tem-
perature Maxwellian function; however, in our experi-
ments with discharges in oxygen, such strong electric
fields were not observed.

5. CONCLUSION

Hence, we have investigated the EEDF in hollow-
cathode glow discharges in which the plasmais prefer-
entially heated by fast electrons that are emitted from
the cathode and are accelerated by the space charge
electric field in the cathode sheath. We have revealed
the following features of the EEDF:

(1) Indischargesin nitrogen, thereisasignificant dip
in the EEDF in the energy rangee =24 eV. Thedipis
associated with the vibrational excitation of N, mole-
cules.

(i) In dischargesin oxygen, the monotonic nature of
the EEDF stems from the following two factors: first,
the cross section for the vibrational excitation of oxy-
gen molecules is smaller than that for nitrogen mole-
cules and, second, the threshold energies for the excita-
tion of the lowest lying metastable states of oxygen
molecules are [ow.

The results of theoretical calculations agree well
with the experimental data.

The measured and cal culated EEDFs can be used to
model the plasma kinetics and, accordingly, to deter-
mine the densities of all plasma components, thereby
providing a good way to optimize the technologies
based on hollow-cathode glow discharges. In addition,
since the electric fields in such discharges are low, the
EEDF adequately reflects inelastic electron processes
and thus may give both qualitative and quantitative
information about the cross sections for the corre-

BAZHENOV et al.

sponding processes in more complicated plasma-form-
ing media.
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