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Abstract

A synchronous electron beam diagnostic is proposed here to make local

measurements on the plasma potential and the neutral density for plasma etch

ing processes. The diagnostic utilizes an intensity-modulated monoenergetic

electron beam which excites local neutral line radiation. A system consisting of

lenses, optical fibers, and a photon detector is proposed to detect the amplitude

and the phase of the photon signal. Frequency synchronism is used to filter out

the unwanted background noise. The local neutral density is obtained from the

amplitude information. The local phase information gives the plasma potential.

Numerical estimates are presented for a hypothetical system with typical

plasma and neutral parameters. Various potential difficulties and a calibration

method are also discussed.

Research sponsored by National Science Foundation Grant ECS-8104561.
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A. Introduction

Local measurements of electric field and neutral species density are always

desirable in discharge monitoring for plasma etching, especially if uniformity is

important. However diagnostics for accurate local measurements have not been

realized. In this report we describe an electron beam time-of-flight measure

ment of plasma potential in the Berkeley Multiple Mirror Experiment (MMX), and

we examine the feasibility of using the technique to measure local plasma poten

tial and neutral density in plasma etching machines.

The measurement is performed by propagating a series of electron beam

pulses from one side of the discharge chamber to the other (see Fig. l). The

beam electrons slow down or speed up as they move into regions of negative or

positive plasma potential, respectively. By observing the time-of-flight of the

beam pulses between two nearby detecting stations, the beam velocity, and thus

the corresponding plasma potential, can be determined.

The amplitude of the light signal of a selected wavelength is proportional to

the density of a particular neutral species, the excitation cross section, the

beam intensity, and the solid angle of the detector. Thus the neutral density

can be determined if the other factors are known.

For the actual measurements on the MMX that we report here (see Sec. B),

a negative barrier potential is created in one mirror cell of the MMX by short

pulse, electron cyclotron resonance heating (ECRH). This barrier is subse

quently destroyed on the timescale for passing ions to become trapped in the

heated celL The timescale is 30-50 yusec for 7J = Te « 12 eV, Th » 1 keV, n w

5 X 1011cm"3 typical in the MMX. The time-of-flight measurement we have

developed has been used to make detailed measurements of barrier potential

for a single MMX discharge on timescales as short as 5 fJL sec with a potential

resolution as small as ± 5 volts. The measurements are corroborated by a
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number of additional diagnostics.

In the MMX, the time-of-flight is measured by means of a collector probe

physically inserted into the plasma so as to intercept the beam current. The

signal on plasma etching machines can be remotely sensed, so that the pertur

bation on the plasma is minute. In Section C, we examine a remote sensing

technique which is illustrated in Fig. 1: the beam excites neutrals, yielding opti

cal line radiation. For this technique, sources of noise exist, and signal averag

ing methods must be used to increase the signal-to-noise ratio. For a given time

resolution, the extraction of the signal from the noise sets a limit on the use of

the time-of-flight measurement. In Section C we also examine the noise sources

and the required signal averaging methods. We estimate the rms uncertainty on

the measured potential and neutral density due to the noise, and give the scal

ing of this uncertainty with the plasma and beam parameters. We give numeri

cal estimates of plasma and beam parameters to illustrate the feasibility of the

remote sensing technique. In Section D, we also examine some potential

difficulties and consider their importance to the measurement techniques.

Our results are as follows: the optical line radiation technique appears

feasible in most plasma etching machines. Good accuracy can be obtained on a

system using a 5 kV electron beam, 0.1 torr total pressure and 0.01 torr partial

pressure of active species atoms.

Of potential difficulties, beam attenuation is important when the total pres

sure exceeds 0.1 torr. However, a spectrum normalization using argon, some

times called actinography, can serve as a calibration of all the uncertainties.

Also differential pumping is necessary to operate a typical electron gun.



B. Potential Barrier Measurements in the MMX

A negative electrostatic potential barrier has been created in one mirror

cell of a multiple magnetic mirror plasma experiment (MMX) by means of elec

tron cyclotron resonance heating (ECRH). The potential during the formation

and destruction of the barrier has been measured using an electron beam time-

of-flight diagnostic, with a resolution of ± 5 volts on a 5 microsecond timescale.

The measurements are performed in the system (MMX) shown in Fig. 2. The

magnetic field is pulsed, with a rise time 200 jll sec and a decay time of 2 msec.

Plasma injected from a Marshall gun source flows along a 225 cm, 0.18 T, axial

magnetic field and through a mirror-quadrupole field at Tq into three cells mth

midplanes at M$Qt Mqj, and M7& Each cell has length I = 75 cm and midplane

field at Tq and Ty having mirror ratio R = 2.8 and fan eilipticity Q » 20.

The 10 cm diameter metal chamber wall of the central cell, together with

mesh-covered endplates at 7*6 and T7 having openings shaped to fit the elliptical

flux surfaces, form a cavity for ECRH that does not obstruct the plasma flow. A 3

/it, sec, 250 kW, 9.0 GHz, rf heating pulse is injected into the plasma-filled cavity

at Mq7. This creates a magnetically confined, hot electron density n^ in the

center cell due to ECRH at the two resonance zones, each 6 cm from the mirror

throats.

The sudden appearance of the hot-electron population-, and the correspond

ing reduction of the cold-electron population, initiates formation of a negative

potential barrier near throats Tq and T7 as follows: the potential V? of midplane

Mqj with respect to midplane M7q is related to the cold (non-magnetically

confined) electron densities 71q7 and ti^q by the Boltzmann relation. If

Tig? < 7L78, a negative potential barrier forms near T7:

V7 = - Tc In (n7a/n67), (1)



where Tc is the cold-electron temperature. Asimilar expression determines V5.

These expressions are invalid in the limit 7X67->0, where the ion flow dynamics

must be considered. For this case, the potentials can be estimated by equating

the total ion flux to the total electron flux entering the center cell. We obtain

VT=TC
7X79 2 2 7T77X (2)

where 77X$ and m are the ion and electron masses. A similar expression holds

for Vq. For hydrogen ions with 7X5S = 7x75, we find

V7=76w-3.871c. (3)

The potential barrier is destroyed on the timescale for ions to enter into

and become trapped in the center cell. By quasi-neutrality, cold electrons

accompany the trapped ions, and therefore 7X67 increases on the ion trapping

timescale. The final state in this idealized model ( 7X55 = 71^ = 7x73 = const and

Tc = const, initially) is 7X67 = nh and VQ = V7 = 0. The total electron density

(hot + cold) rises to twice its initial value after barrier destruction. Non-ideal

effects important in the experiment include: initial axial density variations,

non-zero ion transit time, heating of cold electrons by hot electrons, and plasma

loss processes during barrier formation and decay.

The electron beam probe system, illustrated in Fig. 3, consists of an elec

tron gun located at MfQ and a beam collector I/55. The electron gun generates

an electron beam having current Ib™ 100 juA and voltage Vb = 150 - 200 V that

propagates along the magnetic axis to the collector. The gun consists of a

tungsten filament and grid located inside a 0.32 cm diameter, stainless steel

tube. A 0.32 cm diameter, mesh-covered hole in the side of the tube serves as

the gun anode. The beam collector is identical in construction, with the filament

replaced by a collector plate.
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To determine beam time-of-flight, the beam current is modulated at / =10

MHz, and the phase delay of the signal received at the collector is measured. To

provide high signal-to-noise ratio, a digital, phase-locked loop is used. The beam

modulation is synchronized to a 100 MHz transient digitizer, and the received

current, after passing through a tuned amplifier {vout = 4 XlO4^, / = 10 MHz,

A/ w 1.3 MHz), is digitized. The 32 k samples are processed subsequently as fol

lows: A sine wave is fitted to each group of twenty consecutive samples, and its

amplitude Aj and phase (pj are determined by a least square error criterion.

Tens of consecutive values of sin (pj (and cos (pj ) so determined are then aver

aged to obtain the mean phase (p and its standard deviation s over the five or

•ten microsecond sampling interval. It is easily seen that the standard deviation

for a set of phases (pj chosen randomly from the interval (0,2 7r) is 7T/V3. Thus

measured phases must have s « 7T/ ^3 to be considered significant; in prac

tice, we require s ^ 0.8.

The phase (p (x) due to an axial potential distribution V(z), with respect to

the beam cathode at x = 0, is given by

,z dx

where

<p(x) =ut(x) =of -r-r-
•/o v\x)

v(x) = ZeV(x)
m

1/2

(4)

is the beam velocity. If we assume a simple square well model for the potential

(see Fig. 4), then the phase change A^ at x = Zl due to the creation of a nega

tive barrier of magnitude $6ar and length I is

^-1/2

(5)A?=^
vb

1 -
* bar

- 1

For $bar«Vb, we find
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9 Z vb Vb <8'

Fig. 5 shows the behavior of the phase delay L(p versus time after the data

reduction to increase the signal-to-noise ratio. The phase is constant before

ECRH, and abruptly increases by about 1.2 radians after heating. Using (5), this

increase corresponds to a barrier $&orw 65 V. The standard deviations s of the

reduced data are small except during the first 10-20 /lisec after ECRH, when the

noise from the pulsed magnetron power supply and/or the sudden plasma heat

ing dominates. After the initial phase delay, the phase change returns toward

its initial value on a 50 jUsec time scale. The comparison between experimental

results and numerical model is given in Ref. 1.

C. Optical line Remote Sensing Technique

1. Basic Principle and Systems

The emission rate of a particular photon wavelength due to a monoener-

getic electron beam interacting with neutrals is given by

R(x) =7ia(x)nbabvb . (7)

where 7X0(a:) is the density of the neutral species that emits the photons at loca

tion x, nb is the beam electron density, vb is the cross section of the reaction

and is a function of vb, and vb is the velocity of the beam. Knowing 7X5, crb, and

vb% we can, in principle, obtain 7Xtt(x) with determination of E(x) by optical

emission spectroscopy. However, accurate electron-neutral cross sections are

often not available. That, plus the uncertainties in optics effectiveness, detector

efficiency, and various losses make the accuracy of the determination no better

than one order of magnitude. It is possible to use an inert gas as an actinome-

2 3ter ' to reduce all the uncertainties except the cross sections. In this case, an

accuracy better than a factor of two is not unreasonable. Local relative

-8-



densities can be obtained with very good accuracy.

One major problem of the electron beam diagnostic scheme is that the

background emission due to interactions between the neutrals and plasma elec

trons is often much stronger than the beam-induced emission. In order to

discriminate against the background emission, a synchronous detection tech

nique must be used. The Synchronous Electron Beam Diagnostic (SEBD),

described in this section, can distinguish the desired signal from background

noise as well as provide the amplitude and phase information of the signal. The

phase information, as described in Section B, can be used to determine the

average plasma potential.

Figure 6 is an illustration of the basic system of an SEBD used on a parallel

plate reactive ion etching (RIE) machine. The electrons are emitted, current-

modulated, and accelerated in an electron gun outside the etching chamber.

The beam is then injected into the chamber through an accessory port on the

chamber wall. As the beam traverses the plasma, an optical signal is emitted

along its path. This signal is also modulated due to the modulation of the beam.

An array of fiber optical assemblies (Fig. 7) located on the ground electrode,

serve as detectors of the modulated signal.

Detection assemblies can either the inserted into the plasma, as shown in

Fig. 6, or they can be flush, or even countersunk into the ground electrode.

Each option has its merits as well as its drawbacks, as we will discuss in Section

C.3. In order to increase the strength of the detected signal, each assembly has

a focussing lens attached to the end of each fiber.

Since almost all plasma etching processes are operated nearly steady state,

fast time resolution is not necessary. A switching mechanism is proposed here

to utilize only one photon detector for all detection assemblies. For a fixed

period of time, the signal from only one fiber is sent to the detector, and subse-



quently analyzed. The data from the digitizer is first averaged. Since the signal

modulation is synchronous with the sampling rate the averaging will not affect

the true signal, but will smooth out the background fluctuations. A least square

method can then be used to fit the averaged data and obtain its amplitude and

phase. The amplitude can be used to calculate neutral density near the detec

tor.

As described in Section B, the phase information can be used to determine

the plasma potential between two detectors. With the distance between the

beam and the powered electrode known, local electric fields, which are very

important to uniformity in RIE, can be estimated.

An alternative data reduction system is shown in Fig. 8. The filtered signal

is sent to a power detection diode and a phase locked detector. The output of

the diode is proportional to the square of the signal amplitude, and the phase

detector gives the phase shift relative to a reference signal. Good signal-to-

noise ratio can be obtained by an analog averager which integrates over a

number of modulation cycles. The above system does not use a digitizer and

subsequent digital data processing, but provides similar signal-to-noise ratio

improvement. Note that both systems can be adapted to use a background sub

traction scheme; namely, we turn off the beam, and observe A and lp which are

due to background fluctuations alone. Then we can subtract the average noise

signal from the data taken with the electron beam on. In the digital system (Fig.

6), a computer program can do the subtraction. In the analog system (Fig. 8),

we can adjust the dc offset of the recorder such that it reads zero when the elec

tron beam is off.

More information can be obtained if we use a scanned beam. As shown in

Fig. 9, the beam is deflected before entering the etcher by an external electric

field. We can put detection assemblies over the scanned area and make local
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measurements. The basic technique of an electron beam scan is well esta

blished from the design of cathode ray tubes. The application here should be

straightforward.

It is apparent that there are two ways to implement SEBD. One way is by

computer control. A computer controls the beam scan, photon signal switching

mechanism, data acquisition, and data analysis. The whole system is automatic.

Another way is to take advantage of the fact that fast time response is not

needed, and control the system manually. It is also clear that by changing opti

cal filters or adjusting a monochrometer, the system can be used to monitor

densities of more than one neutral species. Again this option can be selected

manually or automatically.

Measurement Technique

In this section we present quantitatively the measurement technique and

obtain expressions for the mean electrostatic potential V and mean amplitude

s0 as well as their root mean square deviation. We consider the process of elec

tron beam excitation of optical line radiation from neutral gas atoms. We let

na = neutral atom density (cm"3)

nb = electron beam density (cm"3)

7xe = electron beam density (cm"3)

< cru >b = beam-atom excitation rate (cm3/sec)

< cfv >e = plasma electron-atom excitation rate(cm3/ sec)

Ab = beam-neutral interaction volume(cm3)

Ae = plasma electron-neutral interaction volume(cm3)
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Roughly, we estimate (see Fig. 7) that

Ad = nrb2l ,

and

Ae = 2rb de I ,

where rb and dg are respectively the beam radius and the plate separation, and

I is the interaction length. Then the photon generation rates for the beam and

for the plasma electrons are, respectively,

Rb = 7xa7xb <jbvb Ab|(photons /sec) (8)

i?e = 7xa?xg<cr7;>eAg((ph.otons/sec) (9)

Now we let

/ = beam density modulation frequency (Hz),

Q = solid angle seen by the optics (steradians),

J = number of sample intervals per modulation period,

M = number of modulation cycles.

The observation time interval; i.e., the time resolution of the measurement, is

T = M/f.

We have divided each modulation period T = 1// into / equal subintervals

A£ = t/ J. There are thus three time scales: A£ ,r and T.

During a period T, we observe within each subinterval A£

^6 =vRb ;p-A* (photons) (10)

Ne =77i?e ^A* (photons) (11)

where 77 <1 is the detector efficiency. We consider Nb to oscillate at frequency

/, while Ne will be steady (dc), with fluctuations due to photon counting
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statistics. The fluctuations in Ne must be considered because Nb is very small

compared to Ne. (Note that nb «7xe and Ab <Ae>) We must use averaging tech

niques to increase the signal-to-noise ratio of the measurement. Since iVg has a

large dc component, we use a band-pass filter to subtract that from the signal.

In this manner, the photon baseline for the noise is subtracted, leaving only its

fluctuation level.

Taking M samples for each subinterval j (one sample during each modula

tion period as shown in Fig. 10), we obtain the rms fluctuation level (noise)

F™ = (^iVe)1/2(photons) (12)

The signal is present for half the samples, yielding

Sj = ±-MNb(tj) (photons), (13)

where tj (modulo t) is the subinterval time. Since Nb « Ns ,the fluctuations in

Sj are not important. The signal-to-noise ratio is defined as

and increases as the square root of the number of samples taken. The output

signal from the detector, after averaging, is the set of J values

Pj = Sj + Fj (photons), (15)

where Fj is the number of noise photons in the jth subinterval.

We now determine the phase (p from the values of Pj, and estimate the rms

phase uncertainty (Ai^)rms. For simplicity we assume that the signal, uncor-

rupted by noise, has the form

S(t) = S0sx7x(cj£ +<Pq), (16)

where cj = 2nf, and Sq and (pQ are the amplitude and phase to be determined.

(It is easy to add a constant term to S if required).
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To determine the "best fit" values of Sq and (pQ, we minimize the mean

squared error

« = 2 (S(tj)-Pj)*At . (17)

Setting de / dcp$ and de / 6Sq = 0, we obtain the two equations

^Pjcosiutj+y) =0 /18)
3

S = 7-2^80(0^+9). (19)
O j

Equation (18) determines the "best fit" phase !p, and (19) yields the "best

fit" amplitude S.

The uncertainty in lp can be found by inserting (16) into (18):

2 S0sin(«fy +9) + 2 FjCos(vtj + p) + 2 FjCos(utj + p) = 0 /20\

We assume that $5 is close to (pQ and that the Fj's are small. We thus put Tp —(pQ

in the second term in (20), and put

Jp = (pQ + A<p; A<p « 27T

in the first term. We than obtain the relation

S0£-bp =2 FjCOs(utj +cpQ). (21)

Recall that the Fj are Gaussian-distributed random variables, having Fj = 0 and
|»2 _ p2
••j "" rrms'

Averaging over this distribution, we obtain 2^ = 0 and

{W=(A*™,)»=f%-. (22)

Using (8)-(l3), we obtain
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(km >2_ 8 ™t < <rv >e Ag
NT nbmax ubvb A6

where

NT =V•£^nbmax uhvbt*T (24)

is the total number of beam photons that would be detected during a time inter

val T if the beam density was nbmax during the entire interval. As expected, we

note that A^rm5 depends only on the averaging time T, and not on T or Ai. If we

insert (16) into (19), make the same assumptions as in (20), and put

S = So + AS; AS « S0

in left hand side of (19), we then obtain

AS =4"2 Fjsm(utj +<p0). (25)
J J

If we define the relative amplitude variance by

(AS^f ={AS™)Z . (28)

then follow the same procedure as from (21) to (22) to obtain

AS =0,

•2

(AS£„)» =\ %-= (A?™)2 (27)

The fluctuation in neutral density Lt^ due to the fiuctuation AStt^ of the ampli

tude is easily obtained:

UK-rms = —Z

AtW = AS^ = A(prms (28)
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We now relate the mean potential V and its rms deviation AV^^ to the

mean phase lp and its rms deviation Aip,^. The phase is given in terms of the

potential by the equation

*(*) =ut(*) ="(fr-)"2/* d*'[*V)]-,/3.

-16-

2B' -/ -.-x-/, • (29)

where V(x) is the potential with respect to the electron beam cathode. Solving

for V, we obtain

V{x) =2|HL{,/(s)]-2 , (SO)
where

tp' = dtp/dx.

We use the values of (p obtained at two axial locations (see Fig. 1) to determine

where AL is the axial separation. We note that (p' has the mean

<p - —— (32)

and the rms deviation

A*» =^%=- • (33)
Thus V has the mean

2e(?)2

and the rms deviation

2

A^tths = "^L top'rma • (35)



Inserting (33) and (34) into (35), we obtain

Ap7
L

(36)
TWS CO 77X' LL

y3/2

JbL= A> -nrr^rms

where

Ay = 2.7xl05m/V1/2-sec.

For design of the electron beam probe diagnostic system, we should there

fore choose / ,77,CJ,£,AZ/,and T as large as possible, and choose Vb as small as

possible (we assume here that <Jbvb is roughly independent of vb).

3. Practical Considerations and Numerical Estimates

To achieve smaller values of A^rms, a low electron beam velocity vb is desir

able. However, the mean free path for elastic scattering of a 300 eV electron

beam is shorter than that of a 10 keV electron. The lower energy beam suffers

more attenuation and divergence. Furthermore, the lower energy beam is more

efficient at ionizing neutrals, and the resulting energy loss is significant. Typi

cally for 300 eV electrons, the ionization cross section is 0"i^l0~16cm ' and the

energy loss is AEj w 30 eV/ionization. If the neutral pressure p is 0.1 torr, the

beam energy loss is 10 eV/cm which is too high for a system typically 30 cm

long. However, for low pressures (p « 0.1 torr), a 300 eV beam seems feasible

and may be a better choice than a higher energy beam.

The upper bound on the modulation frequency / is set by the transition

time for the line radiation. Typically, the transition rate is on the order of 60

MHz for atoms like hydrogen. A lower bound for / is determined by Ai^v^. For

a phase difference measurement to be considered good, we must have
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9*-<P\> A<Prms (37)

Since

<Pz-(Pi™2-nf ~L,
vb

the lower bound is given by

'>2l^- <39)
Another restriction on the modulation frequency is that the phase shift

difference has to be greater than the phase error L(ps due to the digitizing error

and the modulation error (not a perfect sinusoid). Typically, this type of phase

error is on the order of 0.01 rad. on the diagnostic system used on MMX. For a

different system, a test should be made to determine A^s. In order to obtain an

accurate phase difference,

f >!*_ ^_ (39)

The spatial resolution of the measurement is directly related to AL. For a

good spatial resolution, AX has to be small. However, for a fixed /, (39) sets a

low bound on LL. Furthermore, a decrease of AZ» results in an increase in the

total number of optical detectors which results in more expense and complica

tions in the switching mechanism. A compromise is necessary.

In order to achieve good spatial resolution and adequate signal-to-noise

ratio, a highly focussed beam is desirable. That is, the current intensity

jb(A/cm2) should be high, and rb should be small. However, even without the

broadening effect due to collisions with neutrals, the focussing is limited by the

space charge effects within the beam. From Poisson's equation

E±. nbe
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where E± is the transverse electric field, e is the electron charge, and €q *s the

vacuum permittivity. Since

4
7lbe = 5 t

7TTgVb

we obtain

EL - . (40)
7TeQvbrb

The field Ej_ tends to expand the beam radius. A rough estimation can be made

eEj_
by approximating the transverse acceleration as a_|_ ~ . Then the max-

77X

imum beam radius increase, after travelling a distance L, is

1 «£±f ll* i eIbLz
tC 77X ^6 2 T\£QTnvbzrb

Note that (41) is valid only when 6«rb. In reality, a better estimation is

6 wtSrnfvg/ 3- Furthermore, (41) is not applicable to a neutralized electron beam.

In the discharge region, the plasma could provide enough background ions to

neutralize the electron beam, in which case, the electron beam radius does not

expand. As long as the beam electron density is much lower than the plasma

electron density, the neutralization would not affect the plasma potential either

locally or globally.

In order not to disturb the discharge characteristics, the total area of the

optics should be small compared to the ground electrode. This can be written

as

NqAq « AG (42)

where Nq is the number of detectors and Aq is the area of a detector. A typical

optical fiber has a radius of 102yum. In order to increase photon collection, a

lens can be placed in front of the fiber. If we keep the lens size on the order of a

-19-
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millimeter, (42) should be satisfied with tens of optical detectors without prob

lem. The detection assemblies that are inserted into the system can be very

close to the beam. Therefore, they inherently have better signal-to-noise ratio.

It remains to be seen whether this type of assemblies will disturb the discharge.

However, it is highly probable chemical reactions will take place on the surface

of an inserted assembly due to the abundance of reactive species in the system.

Extra efforts may have to be made to prevent corrosion. Assemblies that are

flush or countersunk into the electrode are less vulnerable to corrosion, but

they collect less signal emitted by beam-neutral excitations due to a smaller

solid angle. For high pressure processes (p £ 0.1 Torr) flush assemblies are

probably preferable due to the high concentration of chemically reactive

species. But for low pressure processes (p « 0.1 Torr), inserted, assemblies

may be necessary because of the low emission intensity.

As an example for overall consideration, we consider a system with

chamber diameter L = 30 cm, electrode radius R = 12 cm, electrode separation

o^ = 2 cm, overall neutral pressure p = 0.1 Torr., and partial pressure of hydro

gen atoms 0.01 Torr. Hydrogen is chosen here to represent a general radical

species, e.g., fluorine atoms, due to lack of cross section information for other

species. The synchronous electron beam is 0.5 cm above the electrode where the

etching takes place. Five fiber optical assemblies with 0.5 cm diameter size are

located on the other electrode. Thus,

AL = #£-= 6 cm .
5-1

Because the pressure is 0.1 Torr. a 5 keV electron beam is used. If we assume

&ps is 0.01 radians, then from (39), we obtain

/ > 1MHz .

we choose / w 40 MHz. The solid angle of an optical assembly is
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Q = 0.087 steradians

We choose an averaging time T = 1msec. Since there is no limit on time resolu

tion, T is limited by the capability of the data acquisition system. A beam with

Ib = 0.1 A and rb = 0.2 cm is chosen. From (41), the beam self space charge

gives, when it reaches the edge of the plasma,

6w0.5mm.

The beam radius expands about 25% which is acceptable. The density of beam

electrons is

tx6 =~4 =1.6xl09cm-3.
-nrbavb

From p = 0.01 Torr, we can calculate the hydrogen density

na = 3.3xl014cm"3.

The background electron density is roughly 10~*4 to 10~6 of the total neutral

density. Taking a median value of 10~5, we obtain the background electron den

sity

7xe w3.3xi010cm~3.

Letting I = AL, we calculate the signal and noise volumes.

A*, = 0.75 cm3

Ae =4.8 cm3

The Balmer a line cross section has a threshold of 12 eV. If we assume a typi

cal plasma electron temperature of 5 eV, and the electron distribution is a

maxwellian (an overestimation at the high energy tail), we can calculate

< av >e « 1.3xl0"10cm3/sec.

For 5 keV electrons, the Balmer a line cross section is
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ub w 5xl0~19cm2.

From that, we obtain

abvb w 2.4xl0"9cm3/sec.

From (8) and (9),

Rb = 7.1xl014photon/sec

Re =6.8xl015photon/sec

Since T = 10~3sec and/ * 40 MHz, then

if = 4xl04(number of cycles averaged)

The photon loss in an optical fiber is typically 50 dB/km. The losses in the inter

face are about 0.2 dB/interface. Other losses may be about 1-2 dB. For a detec

tion assembly 1 m long, it is reasonable to assume that about 60% of the photons

collected by the lens actually enter the photo-multiplier tube. For / = 40 MHz,

J = 4, using (10) and (11), we find that

Nbmax = S.SxlC^photons,

Ne = S^xlO^hotons.

Using (12) and (13), we obtain

Funs = 9.8xl04(noise photons/subinterval)

Sjmax = 5.2xi08(signal photons/subinterval)

Using (22) and (27), we obtain

AS7^ = A«prms = 1.0xl0-4 .

Finally using (36), we obtain the rms potential uncertainty
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AK™ = 4.0voltsrms

Note that phase shift between two adjacent optical detectors is

(pz—tp^Zirf = 0.38radians .
vb

which satisfies both (38) and (39). From (28), we know

Atx* = AS^ = 1.0X10"4.

Since we can expect to see relative local density variations on the order of 10"1,

an uncertainty of l.OxlO-4 is negligible. Since, the plasma potential ranges

from 20 V to 600 V typically, a AI^^ of 4.0 V may be marginal at the low end.

However, at low pressure (p < O.lTorr), we can use a lower energy beam

without the problem of beam divergence and attenuation. If we use a 2 keV

beam in the above analysis, we obtain

LV^ = 0.9V

(pz~9\ = 0.6 radians

These values are very reasonable for making an accurate measurement of the

local potential.

D. Possible Difficulties

In this section we examine the possible difficulties which include (l) beam-

plasma interaction; (2) beam attenuation due to collision with neutrals; (3)

beam deflection due to rf and dc electric fields; and (4) pumping problems. We

also use Section D.5 to discuss the calibration of the diagnostic.

1. Electron Beam-plasma Instabilities

Collective motions (waves, instabilities) are a feature of plasmas without

relatively strong collisions which tend to randomize any collective effect and dis-
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sipate the wave energy. For all remote detection techniques, beam-plasma

instabilities may lead to dispersion in beam parallel velocity and a reduction in

measured signal strength. In addition, beam phase shift may no longer be

related simply to variations in plasma potential; i.e., the electron beam may

slow down due to beam-plasma interactions. As a rule of thumb, if uc ~ fP,

then collective effects are not expected to be important. Here, vc is the

electron-neutral collision rate, and fp is electron plasma frequency. In plasma

etching processes, especially at high pressure (p > 0.1 torr), charged particle

motion is strongly affected by collisions with neutrals. An example: Given a sys

tem with p =0.1 torr, we have tx0 = 3.4xl015cm~3, and 7Xe ~ 3.4xl010cm~3

(7xe/7Xa w 10 ). Choosing an electron temperature of 5eV, then

ac ~ lxl0~15cm~3, and ve ~ 2xl08cm/sec. Using the above parameters, we

obtain

'*= aiSr *1-5x1°9HZi
and

vc2*naacve w lxl09Hz.

Since fp ~ uCt beam-plasma instability is heavily damped. Note that, at lower

pressure, ti^/tt^ is generally lower. If we choose p ~ O.Oltorr and

7Xe / na "* 10 , we again obtain fp ~ vc.

2. Beam Attenuation and Divergence

Strong collisionality gives rise to beam attenuation and divergence. We

note first that the electron mean free path is

Xmfp =^t (42)
For a 5 keV beam, the elastic cross section is about 5 Xl0""17cm""3. Letting
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7X0 = 3.3xl015cnT3 (p = 0.1 torr), we obtain

Wp = 5 cm

Compared to a path length of 25 cm, Xmfp is small, and the beam broaden-

ing effect could be significant. However, looking into the literature, we find
experimental evidence that there is little broadening of a high energy electron

beam (20 keV, 0.1mm diameter) for p < 0.1 torr. Furthermore, a usable beam

spot (1mm diameter) was obtained for pressures up to between 1and 5torr. in a

10 cm diameter tube.

If the broadening of the beam is small compared to the distance between

the optical detectors and the beam, it only has a minor effect on the signal col

lection. However, attenuation directly affects the accuracy of the neutral den

sity measurement. The attenuation is due to large angle scattering and ioniza

tion. It is difficult to estimate the extent of the attenuation along the path of

the beam. However, the attenuation problem can be alleviated by a calibration

employing an actinometer technique using, say argon. Abrief discussion of

actinography will be presented in Section D.5.

3. Electric Field Effects

The electron beam, when it feels an electric field perpendicular to its path,

will be deflected. In plasma etching, the perpendicular electric field #1 can be

written as

El = E±dB-rErf .

Since the typical rf frequency is 13.6 MHz, the period Trf « 70nsec. However

for a 10 kV beam travelling L = 30 cm, the transit time is 5 nsec. « Trf.

Therefore, it is safe to assume that a constant electric field is seen by an elec

tron when it travels through the plasma. Hence
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We can calculate AZ, the deflection due to Eq as follows:

77X d

Let £o = »then
vb

A typical case might be Eq w 18 V/cm, L = 20 cm and T'J, = 5 kV. Then from

(45), AZ = 0.25 cm. The deflection of the beam will not affect the alignment

between the beam and the optics, but it will slightly change the solid angle of

detection (Fig. 10). Typically, Z ~ 2 cm,^ = Z+AZ = 2.25 cm such that

Q Z'z 5 '

Thus a 20% error is introduced, if we use the solid angle assuming no deflection.

Note that by using averaging, the effect of ETf can be eliminated. The effect of

.EXdc can n°t De averaged away, but a calibration with an actinometer can also

help to eliminate the effect.

4. Pumping

The neutral pressure in a plasma etcher ranges from 10"3 torr to a few

torr. An electron emitter, such as a hot filament, performs poorly at high

ambient pressure. Also, to ensure proper modulation and acceleration of the

beam, the electron mean free path in an electron gun should be longer than the

length of the gun. For a typical gun length of 10 cm, a pressure <10~3 torr in

the gun is necessary.

For lowpressure reactive ion etching processes, p ~ 10~^.orr, extra effort

may not be needed for pumping. However, for high pressure processes, such as
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high pressure plasma etching, differential pumping is probably needed to

achieve lower pressure in the gun. We can estimate the pumping speed and the

through-put needed as follows:

A typical speed for pumping through a tube of length I and diameter d is

where d(cm), i(cm), S(iiter/sec), T(°K), and if(amu) is molecular weight of

the gas. Typically, T = 400 °K, and M = 68 for a gas like CFA. The through-put

Q can be expressed as

^(liters—torr/sec) = ApS.

For a gun 10 cm in length and 1 cm in diameter, the through-put needed for

differential pumping of Ap = 1 torr is

Q = 0.9 liter—torr/sec

which is a reasonable value.

5. Calibration with Actinometer

It is clear that, as described in Sec. D.1-D.4, uncertainty due to various

non-ideal effects can be significant. Furthermore, the transmission loss of the

optical signal, the interface coupling loss, and the response of the photon detec

tor can give rise to more uncertainties. A calibration with a known light emitter

can partially reduce the uncertainty of the data acquisition system. However,

actinography^* is probably needed to eliminate the uncertainty due to the

non-ideal effects.

The general practice of actinometer calibration, so called actinography, is

to put a noble gas into the system and detect the optical emission due to

interactions between electrons and the gas atoms. Since the gas is chemically

inert, its density should be constant in time. Therefore, the emission can serve
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as a reference to optical emissions by other neutral species. A reliable determi

nation of the relative density of a desired neutral species can be obtained by

simply taking the ratio between the emission intensity of the species and the

reference. An absolute determination is not available, because the plasma elec

tron distribution and the detailed cross section information are generally not

known. The uncertainty in the distribution can be removed by SEBD, by virtue

of using a monoenergetic electron beam. Therefore, SEBD can make an accu

rate local measurement of the absolute density of a desired species, provided

that the cross section corresponding to the electron beam energy is available.

The calibration can be done on SEBD by adjusting the monochrometer or

changing the optical filter. In order to ensure the accuracy, the calibration

should be done repeatedly during the course of an etching process. The repeti

tion rate is, of course, determined by the length of the process and the desirable

time resolution.

Note that a calibration per se can provide us the phase information. Since

the density of an actinometer gas is stable and can be controlled external!}'', it is

probably best to use the calibration gas to obtain local plasma potential along

with the amplitude calibration factor for the active neutral species.
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Figure Captions

Fig. 1. Remote sensing for electron beam measurements to determine the

electrostatic potential V(x) and the neutral densities na(x) in a

plasma etcher.

Fig. 2. Electron beam time-of-flight measurement of thermal barrier potential

on the Multiple Mirror Experiment (MMX).

Fig. 3. Electron beam diagnostic setup on the MMX.

Fig. 4. Square well model for thermal barrier formation and destruction.

Fig. 5. A typical time-of-flight measurement for one experimental discharge

shot; (a) raw data vout(t) vs t, digitized at 100 MHz sampling rate,

with every other sample shown; (b) reduced data; showing beam phase

delay Atp(t) vs t, with averaging over 100 rf cycles, yielding 10 fzsec

time resolution. The rms deviation is shown as the vertical line. The

circles are points whose rms deviations exceed 0.8 radians.

Fig. 6. Synchronous Electron Beam Diagnostic (SEBD) with digital data

acquisition system for an RIE etcher.

Fig. 7. Fiber optical assembly and definitions of beam and plasma interaction

volumes.

Fig. 8. SEBD with an analog data processing system.

Fig. 9. Electron beam scan and scanned area.

Fig. 10. Electron beam deflection AZ due to an electric field in the discharge.
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