
VOLUME 52, NUMBER 7 PHYSICAL REVIEW LETTERS 13 FEBRUARY 1984

Sensitive, Nonintrusive, In -Situ Measurement of Temporally
and Spatially Resolved Plasma Electric Fields

Cameron A. Moore, "Glenn P. Davis, ' ' and Richard A. Gottscho'
Bell I.aboratories, Murray Hill, Net Jersey 07974

{Received 7 October 1983)

A new technique is reported for in-situ, nonintrusive, and sensitive measurement of
plasma electric fields with high spatial resolution (»10 cm ). Fields as small as 40 V/
cm are measured by spectral resolution of laser-induced fluorescence from Stark-mixed
parity levels. The technique is demonstrated by excitation of the p 'lI-X 'p+ band system
of BCl, produced in an rf discharge through BC13. The absolute measurement of sheath
fields, which has been elusive, is now possible.

PACS numbers: 52.70.Ds

The fundamental understanding of plasma phe-
nomena necessarily includes detailed knowledge
of time- and space-dependent electric fields.
The ratio of electric field to pressure, E/P, gov-
erns the energy spectra, transport, and reactivity
of ions and electrons. To be sure, knowledge of
E/P will not permit complete characterization of
the plasma physics but it is fertile ground where-
upon theorist and experimentalist can meet. Char-
acterization of E/P and its relationship to oper
ating parameters is of practical as well as funda-
mental interest. For example, in the burgeoning
field of microelectronic plasma processing tech-
nology, E/P can be used to control the anisotropy
of ion sheath transport and thereby the profile of
an etched film. '

We report a new technique for in-situ, nonin-
trusive measurement of plasma electric fields
as small as —40 V/cm with temporal and spatial
resolution of 100 nsec and 10 ' cm', respectively.
These characteristics should be contrasted with
those for measurement of the current-voltage
characteristic of a Langmuir probe or the Stark-
induced broadening of an emission line. Lang-
muir probe measurements are notoriously fraught
with difficulties, particularly in reactive plasmas
used in etching and deposition of thin films where
probe contamination is a common and unavoidable
problem. Moreover, probe theories, required
to interpret the current-voltage characteristic,
are invalid in the sheaths where charge neutrality
no longer exists. Stark broadening generally suf-
fers from a lack of sensitivity, because of the
requirement for high spectral resolution, and
from interference, because of broadening by col-
lisions and the Doppler effect.'

We detect field-induced mixing between diatom-
ic rotational energy levels of opposite parity by
laser-induced fluorescence (LIF) spectroscopy.
This mixing manifests itself by the appearance
of fluorescent lines which are forbidden in the

absence of an external field. Consider the rota-
tional structure of a 'll-'&' band system (Fig.
1). In the absence of external fields, electric-
dipole allowed transitions change parity from +
to+ and the rotational quantum number by 0 or
+1. This implies that for R- and P-branch ex-
citations (&J =1 and -1, respectively) only e
levels are populated in the '~ excited state and
only R- and P-branch lines are seen in fluores-
cence; for Q-branch excitation (&J = 0), only
f levels are populated and only Q branches are
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FIG. 1. Schematic energy-level diagram for ~n- Z+
transition. Electric-dipole allowed transitions are de-
noted by solid lines, while forbidden transitions are
shown as dashed lines.
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seen in fluorescence. ' However, in the presence
of an external electric field the e and f levels
are mixed by the Stark operator, whose matrix
elements are given by

V(J,M) = (e,J,MI )(, FIM, J,f&
= pFM/J(J+ 1),
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FIG. 2. Calculated Q- to P-branch intensity ratios
Eqs. (2)l for R(2), R(8), and R(14) pump transitions as
a function of reduced electric field strength.

where M is the projection of J onto the electric
field F, and p is the molecular dipole moment 0 1 4 5x)08
operator. ' The result is a sharing of oscillator
strength between e snd f levels and the appear-
ance of "forbidden'* lines (Fig. 1). The extent of

mixing, and hence the forbidden-line intensity,
depends on not only the interaction strength [Eq.
(1)] but also the zero field e-f energy splitting
(A doubling), i), which is' usually quadratic in J:
& =qJ(J+1), where q is the A-doubling constant. The relative intensities of "forbidden" and «allowed"
tra, nsitions are a function also of polarization. After transformation to the rotating molecular frame
of reference, relative Q- and P-branch intensities as a function of electric field and fluorescence po-
larization are obtained for the case of z-polarized (laser polarized II plasma field), R-branch excita-
tion and A doubling smaller than the laser bandwidth:

M [(J+1)2-M2] 4s
(J+1)'(2J+))(2J+8) )+O' I'
[(J+ 1)'-M'][(J + 2)'-M']

(2J+ l)(2J+3)'(2J+ 5) 1+@2

[(J+1)'-M'][(J+1)(J+2) -M'] e2
2(J+1)'(2J+1)(2J+8) 1+(I)'

[(J+1)'-M'][(J+2)(J+8) +M'] 2 ~e'
2(2J+ 1)(2J+3)'(2J+5) 1 ~@2

where @=pFM/[(J+l)(J+2)]'. The summations
extend from -Jto +J, where J refers to the ini-
tial ground-state rotational level. I to I& ratios
for R(2), R(8), and R(14) excitation are plotted
as a function of the reduced field, pF/q, in Fig.
2. Several conclusions can be drawn: (i) Io/I~
becomes field independent at larger fields for
larger J' since 4'-J '; (ii) for unpolarized LIF,
the limiting value of Iq/Iz is approximately 2 be-
cause the Q branch borrctws from both R and P
branches; (iii) in the absence of collisions and
hyperfine interactions, the Q branch is polarized
differently from P to R so that e-f mixing should
be most prominent when x-polarized fluorescence
is detected; and (iv) for a dipole moment of 1 D
and a ~-doubling constant of 2.5 & 10 ' cm ', the
minimum detectable field strength is - 20 V/cm,
if we assume that a ratio of Io*/IJ," of 0.10 can
be measured when R (2) is excited.

We demonstrate this technique using a frequen-
cy-doubled, pulsed dye laser to induce fluores-
cence from BC1 radicals produced in a parallel-

(2a)

(2b)

(2c)

(2d)

plate rf discharge (50 kHz, 1.2 W/cm') through
BCI, [5 cm (at STP) min ', 0.15 Torr]. LIF is
detected with gated (100 ns width) electronics.
Most of the experimental details have been de-
scribed previously. ' "

Laser polarization was measured to be oriented
by better than 100:1 along &, perpendicular to the
electrode planes. Fluorescence polarization was
analyzed with a uv film polarizer. A monochro-
mator was used for both spectral (b.)), - 0.5 A)
and spatial (« - 0.2 mm) resolution; a scram-
bler wedge was placed before the entrance slit in
order to negate the grating polarization depen-
dence. " " LIF from excitation of R(2), R(8),
and R (12) showed no polarization dependence,
presumably because of hyperfine interactions
and long-range collisions of BCl* with ions and
electrons.

The laser was pulsed synchronously with the
applied potential' in order to measure the de-
pendence of loca, l field strength on applied rf
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FIG. 3. Spectrally resolved laser-induced fluores-
cence from excitation of R(8) in the (0, 0) band of the
&Cl A II-X p+ system. (a) 1 mm from powered elec-
trode at p' „(anode); (b) same as (a) except at p,.„
(cathode). The p-branch intensity contains a contribu-
tion from scattered laser light. 'The unassigned lines
are attributed to excitation of isotopic species.

voltage. Resolved fluorescence from J'=9 in the
(0, 0) band of the 4 'll -X'Z' system of BC1" is
shorn in Fig. 3. In the sheath, 1 mm from the
powered electrode, the P- and R-branch lines
are most intense when the voltage is a maximum
[Fig. 3(a)] (anode). At this time the powered elec-
trode is the most positive surface in contact with
the plasma and, therefore, draws the plasma
potential to it; consequently, the sheath field is
small. However, when the voltage is minimum
(cathode), the plasma potential is tied to the
grounded electrode and most of the voltage drop
occurs across the powered electrode sheath.
This is seen clearly in Fig. 3(b), where the Q
branch is comparable in intensity to the P- and
R -branch lines.

To determine the absolute field strength, the
ratio p/p must be known; unfortunately, for BC1,
it is not. However, an estimate of the absolute
field strength can be obtained by numerically
integrating the field across the electrode gap to
obtain the potential in reduced units and then
comparing this value to the measured potential
difference applied to the electrodes. This has
been done in Fig. 4 where the field and potential
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are plotted as a function of position between the
electrodes at V~«and V~;, . Excitation of &(3)
was used to obtain the Q(9) to P(10) intensity
ratio, which was converted to a reduced field
strength with the calibration curve for unpolar-
ized emission in Fig. 2. The Q-line background
intensity shown in Fig. 3(a) was subtracted be-
fore computing the Io/II ratio; this background
effectively limits the detection sensitivity for
this line to -200 V/cm. By excitation of the R(2)
line, the field in the plasma center and anodic
sheath were determined to be 40 V/cm. The un-
certainty in absolute field strength is within 20%.
Calibration of the reduced field permits deter-
mination of p/q = 4X10' D cm. An upper bound
on @~2.5&10 ' cm ' can be obtained from the
observation of neglible A doubling in A 'II at 4
=50." Thus, the A'll dipole moment is ~1D.

In conclusion, a new technique for in-situ, non-
intrusive measurement of plasma electric fields
has been demonstrated. It should be noted that
the temporal and spatial resolution quoted are
not fundamental limits. The ultimate spatial
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FIG. 4. Variation of electric field strength (left) and
potential (right) as a function of position in the electrode
gap 0a for two different times during the rf cycle: (a) &~~
=0.75 kV on left, powered, electrode; (b) &~;„=-0.75
kV. The hatched areas correspond to those regions of
the plasma where the g(9) to &(10) intensity ratio could
not be inverted meaningfully to obtain an electric field
measurement.
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resolution is comparable to the laser wavelength.
Temporal resolution is ultimately limited by the
laser pulse width. This method is particularly
well suited for characterization of sheath fields,
which had been inaccessible, and should greatly
enhance our fundamental understanding of plasma
phenomena.
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