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ABSTRACT 

Three applications of space-time resolved spectroscopy to  the study of plasma processes 
are reviewed briefly. Each application emphasizes a different aspect of plasma chemistry: 
heterogeneous reactions, homogeneous reactions, and charged-particle transport. Spatially- 
resolved concentration profiles of reactants near surfaces provide estimates for 
heterogeneous reaction rates. This is demonstrated using data for CFz molecules near Si 
and 0 atoms near Al, graphite, and kapton. Space-time resolved plasma-induced emission 
is used to distinguish between dissociative excitation mechanisms in BC13-Ar discharge 
mixtures, where superelastic collisions of cold electrons with Ar metastables are shown to  be 
important. Stark-mixed laser-induced fluorescence is used to measure the self-consistent 
electric fields that  are responsible for controlling charged particle transport t o  and from 
device surfaces. The low frequency fields breathe periodically as they extract ions from the 
sheath. 

I. INTRODUCTION 

Current methods for fabricating microelectronic devices use plasma exposure to  etch and 
deposit thin films for primarily two reasons: (1) electron-impact processes drive "high 
temperature" chemistry while avoiding the deleterious effects of high temperatures; and, (2) 
ion-impact processes lead to anisotropic heterogeneous reaction rates that  are necessary for 
achieving larger scale integration. Although there are many successful applications of 
plasma chemistry, most processes now in use were developed empirically because of the 
difficulty in describing the non-equilibrium, non-linear interactions that  occur in partially 
ionized gases. 

The development of reliable plasma models will certainly help improve processing control 
and provide a more rational basis for process design. With such models, new device 
structures and new materials may be fabricated without time-consuming empirical 
development. However, the generation of reliable plasma models requires a close liaison 
with experiment. Non-intrusive, In situ diagnostic methods are needed to both test the 
results of model calculations and provide input for semi-empirical simulations. 

In this talk, I will outline three sets of experiments where space-time resolved laser- 
induced fluorescence (LIF) and plasma-induced emission (PIE) spectroscopy have helped to 
elucidate important kinetic mechanisms in radio frequency glow discharges. The first 
experiments show how spatially-resolved, time-averaged LIF measurements of reactant 
densities near surfaces are used to obtain information on surface loss probabilities [1,2]. 
The second set of experiments illustrates the utility of space-time resolved diagnostics in 
determining the dominant mechanisms for formation of excited states in discharges through 
gas mixtures [3]. The last example shows how Stark-mixed LIF can be used to map out the 
space-time dependent fields in rf glow discharges [4,5]. The fields are of paramount 
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importance in controlling the transport of charged particles to device surfaces and 
enhancing (or sometimes diminishing) the rate of heterogeneous reactions. 

11. EQUATION OF CONTINUITY 

For each of the experiments, the results are analyzed using the one-dimensional equation 
of continuity that  expresses conservation of density: 

where n is the density pm-3), F(x,t) and L(x,t) are the space-time dependent formation and 
loss functions ( ~ m - ~ s -  ), respectively, and r is the particle flux (cm-,s-') along the x 
direction, which is taken to be perpendicular to  the electrode surfaces in a parallel plate 
reactor. Radial gradients are ignored because the high 3-dimensional resolution of LIF has 
been exploited in measuring concentrations and fields along only the x direction. 

III. REACTANT DEPLETION AT SURFACES 

Consider the time-averaged atomic or molecular density near a surface downstream from 
a discharge source. If both homogeneous formation and loss processes are negligible, the 
flux to  the surface is conserved and given by the rate of diffusion: 

where D is the diffusion coefficient. The .flux to the surface must be balanced by the net 
loss (or generation) rate a t  the surface [I]: 

dn 1 - 
lim D- = -wn(x) 

x-surf dk 4 

where cu is the loss probability a t  the surface and 7 is the thermal velocity. This boundary 
condition is used to  solve Eq. (2) and obtain an  expression for the density near the surface 
111: 

where ns is the density a t  the surface ( x d )  and A % D/37 is the mean free path. 

Using spatially-resolved LIF, the densities of reactants can be measured near surfaces 
and the net loss probability a can be estimated. This has been shown for the case of CF, 
molecules near a Si wafer downstream from a discharge through CF4 [I]. The data in Ref. 1 
show that  the CF, density varies linearly with distance near the surface in accord with the 
simple prediction of Eq. 4. The vibrational dependence of the loss rate is readily obtained 
by tuning the laser to  excite transitions from either the (0,0,0) or (0,1,0) levels of the ' A ~  
ground state. The loss rate for the excited vibrational level is found to be roughly twice 
that for the ground vibrational level [I]. This may result from a faster reaction rate with 
the surface (either etching or deposition) or could simply reflect the rate of vibrational 
relaxation. Further experiments are necessary to resolve this ambiguity. 



In a similar set of experiments, Selwyn [2] used two-photon laser-induced fluorescence to 
measure the concentrations of 0 atoms near graphite, aluminum, and kapton surfaces. 
Because these experiments were performed in situ, neither F(x,t) nor L(x,t) can be neglected. 
However, the diffusive term near the surface will often dominate the homogeneous formation 
and loss terms and, a t  least qualitatively, relative reactivities can be determined from the 
spatial concentration profiles. The data in Ref. 2 clearly show depletion of 0 atoms above 
the graphite-covered half of an aluminum electrode in an oxygen plasma: 0 atoms passivate 
aluminum but etch graphite. The effects of dc bias voltage on kapton etch rates in an 
oxygen plasma are also clear from the data in Ref. 2. Increasing the dc bias voltage results 
in increased 0-atom depletion near kapton surfaces. This is consistent with ion-enhanced 
etching of kapton. 

IV. EXCITATION KINETICS IN DISCHARGES THROUGH GAS MIXTURES 

Although the reason a particular recipe works is often obscure, discharges through gas 
mixtures are used in many plasma applications. One difficulty in trying to unravel the 
chemistry 6f discharges through gas mixtures is the multitude of possible excitation and 
dissociation pathways. For example, in discharges containing rare gases, dissociation and 
excitation of molecules may occur by electron-impact, ion-impact, or metastable energy 
transfer. However, by making time-resolved density measurements, these mechanisms can 
be distinguished [3,6]. 

For example, consider dissociative excitation of BC13 to form short-lived BCI (A 'II) by 
hot electrons in the center of a low frequency discharge: 

BC13 + e- -+ BCI(A'IT) -t- 2C1 + e- (5) 

In this case, the formation function is approximately in phase with the applied voltage and 
modulated a t  twice the fundamental frequency [3,6]: 

F(x=O,t)  sin^&, (6) 

where LO is the frequency of the applied voltage used to  drive the discharge and Fo is the 
formation rate amplitude in the discharge center. For radiative decay, the loss rate is given 
by: 

where T = 19ns is the BCl ( ~ ' n )  lifetime. For 1/r >> D / A ~ ,  where A is the characteristic 
diffusion length, the solution to Eq. 1 is simply [3,6] 

The short-lived state density is in phase with the applied voltage and modulated at  twice 
the fundamental frequency. Fig. 1 shows that emission from BC1 (A 'II) in a 50 kHz 
discharge through neat BC13 approximately exhibits the time dependence expressed by Eq. 
8. 

When Ar is added to a low frequency discharge through BCI,, the BCI A'II emission 
intensity in the plasma center increases by more than an order of magnitude over a narrow 
concentration range (Fig. 2). Is this change a result of an increase in the hot electron- 
impact dissociative excitation rate (Eq. 5) or of some new process associated with Ar 
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metastables, Ar,? Two metastable processes can be considered. The first is direct 
dissociative energy transfer: 

Arm + BC13 -+ Ar + BcI(A'~) + 2C1 (9) 

Tin. funits o f  oil  

Fig. 1: Time-resolved BCl (A'H) 
emission from the center of discharges 
containing BC13. The "*" points were 
obtained from a neat BC13 plasma and 
the "0" points from 0.9% BC13 in Ar. 
(From Ref. 3) Time in units of refers to 
the phase of the applied voltage. 

BC13 M D ~ D  Fraction 

Fig. 2: Time-averaged BCl (A1n) 
emission from the plasma center vs. 
BC13 mole fraction. The points were 
obtained experimentally and the solid 
curve is a fit to  a model that  includes the 
effects of superelastic electron collisions 
with Ar metastables. (From Ref. 3) 
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Fig. 3: Space-time resolved electric fields 
for first quarter of cathodic half-cycle of 
30W, 50 kHz discharge through 5% BC13 

1.0 in Ar. (From Ref. 5) Only the sheath 
fields are shown; the plasma center is a t  
8mm from the electrode a t  Omm. 

The second is indirect dissociative excitation by hot electrons created by superelastic 
collisions of cold electrons with Arm [3]: 



where e-(6) denotes a low energy electron. The rates for both Eq. 9 and 10 will be weakly 
modulated for frequencies above 50 kHz because neither the Arm nor the e-(E) densities are 
modulated on this time scale 131. Therefore, if these mechanisms are important, the 
formation function will be approximately constant, 

where So represents the net formation rate by the slow processes in Eqs. 9 and 10. 
Substituting Eq. 11 into Eq. 1 and neglecting diffusion, the BCl (A'H) density is found to be 
approximately constant, 

As Fig. 1 shows, the BC1 (A'H) density is weakly modulated, in accord with Eq. 12, 
under the same conditions that  cause the overall increase in emission intensity (Fig. 2). The 
two slow mechanisms in Eqs. 9 and 10 can be distinguished by examining spatially-resolved 
PIE and LIF profiles as well as the functional form for the emission enhancement shown in 
Fig. 2. The details of this analysis can be found in Ref. 3, where the superelastic 
mechanism (Eq. 10) is found to  be most important. The solid curve in Fig. 2 is a fit of the 
data to a model includ'ig superelastic effects. 

V. SPACETIME RESOLVED ELECTRIC FIELDS AND ION TRANSPORT 

Recently, a number of techniques have been used to  measure sheath electric fields in 
glow discharges [4,5,7-91. These measurements are crucially important in developing models 
for plasma processes because the self-consistent fields control ion and electron transport to 
and from device surfaces. 

Consider the equation of continuity for ions in the electrode sheath. The flux now 
includes a convective as well as a diffusive component: 

where np is the positive ion density, p is the ion mobility, which may be field-dependent, 
and E is the sheath electric field. When the field is large, the convective term, nppE wiII 
dominate both the diffusive loss term and the homogeneous loss terms in Eq. 1. 

Of course, the electric field is determined by the net charge density according to  
Poisson's equation: 

dE e - = -(np - n,) 
ax €0 

where e is the electronic charge, c0 is the permittivity of vacuum, and n, is the negative 
charge density. Thus, Eqs. 13 and 14 need to  be solved self-consistently (along with similar 
equations for electrons and negative ions) to obtain both the charge densities and the 
electric fields [10,11]. 

Experimentally, sheath fields can be measured non-intrusively by using a laser to  excite 
parity-mixed rotational levels of polar diatomic molecules [4,5,9]. From the spectrally- 
resolved laser-induced fluorescence, relative intensities of nominally forbidden and allowed 
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transitions are used to determine the magnitude of the electric field with spatial resolution 
of 100-200 pm and temporal resolution of 10-20ns. 

The data in Fig. 3 show how the fields vary in space and time during the first quarter of 
the cathodic half-cycle in a 50 kHz discharge through 95%Ar and 5%BC13. The BCl 
A'II-x'C+ transition was used to determined the magnitudes of the field. Notice how the 
position of the plasma-sheath boundary expands as the applied voltage grows increasingly 
negative. The extraction of positive ions toward the electrode and the repulsion of electrons 
and negative ions toward the plasma results in charge depletion that  permits the field to 
penetrate further into the plasma. This is apparent from the zero slope of the field near the 
electrode (see Eq. 14). 

The extraction of ions by the low frequency field can also be seen by using LIF to 
measure ion densities [6]. During the positive part of the cycle, the ion density builds in the 
sheath because of electron-impact ionization. After the applied voltage reaches a maximum 
and becomes increasingly more negative, the ions are swept from the sheath. But, the time 
a t  which the ions are extracted depends on the distance from the electrode because of the 
finite time required for the sheath to expand (Fig. 3). 

The periodic build-up and extraction of ions from the sheath distinguishes the low 
frequency discharge from both dc discharges and high frequency discharges. In the dc 
discharge, the cathodic field is time-independent and the ion density does not have a chance 
to build-up as in the anodic part of the low frequency cycle. In the high frequency sheath, 
ions cannot respond to the instantaneous field. Therefore, their density and energy are 
determined by the time-averaged component of the rf field, which is considerably smaller 
than the peak fields found in low frequency discharges. This is one reason ion-enhanced 
etching rates are lower in higher frequency plasmas 1121. 

VI. CONCLUSION 

Three applications of space-time resolved spectroscopy to the study of plasma processes 
have been described. 

Using time-averaged, spatially-resolved laser-induced fluorescence the concentrations of 
reactants near surfaces can be measured and the relative rates of reactions a t  those 
surfaces determined. Evidence was found for an enhanced loss rate for vibrationally hot 
CF2 molecules a t  a Si surface and for ion-accelerated 0 atom etching of kapton in rf oxygen 
discharges. 

From time-resolved measurements of emission intensities, slow and fast dissociative 
excitation mechanisms were distinguished in discharges containing Ar and BC13. 
Superelastic collisions of electrons with Ar metastables was found to  be an  important 
mechanism by which BCl excited states are formed. An order of magnitude enhancement in 
the BCl A'II emission intensity results from this process when BC13 is diluted with Ar. 

From space-time resolved electric field and ion density measurements, the mechanism for 
ion transport in a low frequency sheath was elucidated. As the voltage on the electrode 
grows increasingly negative, the sheath expands and extracts the ions toward the electrode. 
In this fashion, pulses of high energy ions impact surfaces and enhance the rates of 
heterogeneous reactions. 
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