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Abstract

In plasma chemistry, commercially available systems of combined ion energy and mass analyzers are commonly used
plasma parameter controlin processes like plasma supported film deposition or surface modifications. The usual way to meas
ion distribution functions by those analyzersis to change the reference potential of the analyzer thereby scanning the distribut
function. For interpreting measured ion distribution functions we describe the principle of such a combined ion mass ar
energy analyzer and calculate the measured ion current and its relation to the ion distribution function. In this way, we show tf
the measured ion current versus the reference potential of the energy analyzer reprebagitg distribution function versus
energy. Furthermore, we discuss in how far it is possible to evaluate from this velocity distribution function the total ion curren
densities and the energy carried by the ions onto a surface exposed to plasma. (Int J Mass Spectrom 223-224 (2003) 679—
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction field analysis. Here an ion current is measured as
a function of a retarding potential. The distribution
Systems to measure ion distribution functions function is obtained from the derivative of this cur-
have found growing interest during the last years. rent with respect to the potential. The dimensions
The ion distribution function is considered to be and the ion path lengths inside the analyzer can be
an important parameter for plasma-induced surface made very small. Thus, no differential pumping is
modifications [1,2] and for plasma supported thin required. The whole analyzer can be mounted on a
film deposition[3-5]. Different systems are known moveable arm to scan large volume plasmas. This
for measuring ion distribution functions: time of technique can be even used in plasmas without ex-
flight spectrometerg[6,7], retarding field analyz- ternal potential referencd6,17] Its disadvantage is
ers[8,9], and combined energy and mass analyzers that there is no mass discrimination. The so-called
[1,2,10-15] The simplest technique is the retarding plasma monitor omits this shortcoming. Such sys-
tems were already around 1970 described by Coburn
"+ Corresponding author. [10] and are nowadays commercially available. They
E-mail: klaus.wiesemann@ruhr-uni-bochum.de consist of a combination of a transverse electric field
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energy analyzer and a mass spectrometer, mostly athis paper is to show what kind of ion distribution
quadrupole. function is measured with such a system. Examples
The ion current measured by a plasma monitor for calculating the total ion current and the average
is usually displayed versus energy and representsion energy from a measured distribution function are
a distribution function. There is some confusion in shown inSections 5.1.3 and 5.1.4espectively. It is
the literature on the question which kind of distri- shown that these quantities can be obtained only un-
bution function corresponds to this curve. Distribu- der very restricted conditions mostly not fulfilled in
tion functions are defined properly in kinetic theory usual measurements.
(see, e.g.[18]). The velocity distribution function
fu(r, v), for example, is the (particle) density in the
six-dimensional phase space (three velocity and three2. Plasma monitor
configuration space componentsgy. (1), while the
energy distribution functioffig (r, Exin) is the density The scheme of a plasma monitoring system is shown
in a four-dimensional space spanned by one kinetic in Fig. 1L The whole set is situated in a separately
energy and three configuration space componentspumped box. lons enter through a fine hole in the
(Egs. (23) and (24) The dependence on the vector  cap. An ion optic, an energy analyzer, a quadrupole
is important, when the potential energjo locally for mass selection, and a detector are the four main
varies like in the case considered here. parts. Typically the energy analyzer is a cylindrical
In many papers, the ion distribution functions mea- mirror energy analyzer and the detector a secondary
sured by plasma monitors are simply named energy electron multiplier detector or a Faraday cup. The ion
distributions [1,2,10-15] No further explanation is  optic forms an ion beam out of the ions entering the
given whether this is justified and how the measured hole in the cap. A part of this beam can pass the energy
curves relate to the distribution functions defined analyzer and the quadrupole and will finally reach the
in kinetic theory. This relation, however, must be detector. The formation of anion beam is accompanied
known, when comparing results of different measure- by ion acceleration and deceleration that is a change
ments or calculating ion densities and the ion fluxes of the ion potential energy along the ion path. An
from the measured distribution functions. The aim of essential part of this paper is devoted to a consideration
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Fig. 1. Scheme of a plasma monitor and typical axial potential course for measuring positiveVjagigctric potential;Vp, plasma
potential; Vse, potential at the sheath edgé;, potential of the capy,, central potential of the energy analyzer.
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of the influence of this variation of the potential energy and decelerations in homogenous electric fields with-
on the measurement of the ion distribution functions. out the influence of collisions. This in general holds

In general, the distribution function measured can true for the electric fields in the ion optical system in-
be attributed to that of the ion flux bombarding the side the plasma monitor box. It may be valid also in
cap, which in many cases is the only one of interest. the space charge sheath if that is free of collisions. In
If the plasma monitor is used to investigate the flux that case, our considerations also apply to the sheath.
of positive ions from a plasma, the cap is in general However, the conditions inside the sheath and at its
negatively biased with respect to the plasma and the boundary need special discussion. Those inside the
transition region in front of the cap consists of a space plasma monitor are well defined.
charge sheath and a preshefiB] (seeFig. 1 and As mentioned above, the ionic distribution function
Section 3 separating the analyzer from the bulk of the at the sheath edge can be evaluated from the mea-
plasma. In case of a collision-free sheath, the accord- surements, if the space charge sheath in front of the
ing distribution function at the sheath edge can be de- entrance of the plasma monitor is collision free. This
duced by considering also the ion acceleration in the distribution function can only be identified with that of
sheath. The modification of the distribution function the respective ions inside the bulk plasma (or part of
inside the presheath in most cases destroys any infor-it), if no presheath is established between the plasma
mation on the ion distribution function inside the bulk and the space charge sheath, i.e. only in rather rare
plasma. By using a plasma monitor, the bulk plasma cases.
distribution function can be obtained only under very  For positive ions there does not exist a presheath if
special conditions (see discussion below).

For the standard measurement of an ion distribu- *
tion function, the reference potentials of the ion optic,
the cylindrical mirror analyzer, the quadrupole, and of
the detector are changed simultaneously. The relative
potentials of these components are kept constant dur-*
ing the measurements. The ion current is measured
as a function of the reference potential of the energy
analyzer and represents the ion distribution function.  For negative ions there is no presheath, if the space
By multiplying this potential with the charggof the charge sheath accelerates them or they constitute the
ions, one gets the energy axis of the distribution func- only negative charge carriers in the plasma.
tion. A plasma monitor in general is suitable to mea-  In all these cases, the distribution function at the
sure positive and also negative ions. To switch from sheath edge can be considered to be isotropic.
one kind of ions to the other, all potentials inside the  In the most abundant case of positive ions acceler-
plasma monitor and also the voltage across the sheathated to the entrance of the plasma monitor, the dis-
have to be inverted. The discussion given here appliestribution function at the sheath edge is established in

the space charge sheath decelerates the ions, i.e. if
the entrance diaphragm is more positive than the
plasma potential including the limiting case that it

is on plasma potential;

there are no electrons, only negative ions in the
plasma (this may happen in afterglows in elec-
tronegative gase$20].

for both kinds of ions if not otherwise stated. the presheath. This distribution function is in general
highly anisotropic. The ionic flow is a directional flow

3. Calculation of the ion current entering a from the plasma to the sheath edge. However, as the

plasma monitor presheath is in most cases collision dominated, there
is no way to evaluate from the distribution function

3.1. General at the sheath edge the distribution function inside the

bulk of the plasmd21] because the information on
We restrict ourselves to considering the transforma- the plasma distribution function is almost completely
tion of the ion distribution function due to acceleration destroyed in the presheath.
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If there are collisions (mostly charge exchange) the entire analyzer while the local distribution func-
in the space charge sheath, only the (in general tions, current densities, and the particle velocities,
anisotropic) distribution function at the entrance of respectively the kinetic energies may change accord-
the plasma monitor can be obtained from the mea- ing to the changes of the potential energy (even when
surements. However, this is the distribution function assuming no collisions to occur along the ion path).
of the ions bombarding a surface exposed to the For the sake of simplicity, we assume the ion flux
plasma and for the plasma processes mentioned in theto be homogeneous and the transmission probability
introduction this is mostly the only distribution func- to be constant across the ardgwhich we identify
tion of interest. (In case of a collision-free sheath, it with the entrance of the plasma monitor). Thus, the
is straightforward to obtain this distribution function integration ofEq. (4) across the ared& can be re-
from that at the sheath edge and vice versa by con- placed by a multiplication with its magnitud® and
sidering the acceleration in the sheath. This will be taking the scalar product of the surface normal vec-

discussed later on.) tor of A and dj. We choose our co-ordinate system
The density d of ions at a locationr having a in such a way tha# = 0 corresponds to the direction

velocity in the interval between the vectarandv + of the surface normal oA towards the plasma and

dv is given by the angley describes a rotation around this surface

normal Fig. 2). Without much loss of generality, we
can assume thaf, (r, v) does not depend oq, i.e.
Here dv is the volume element in the velocity space f,(r, v) = f»(r, v, 0). Thus, thep-integration yields
spanned by the three components of the vectoftie a factor 2r. Thef-integration has to be extended from
velocity distribution functionf, (r, v) isin general an  an anglefg(v) > 7/2 tor and we get

explicit function of the components of the velocity

This is symbolized by writing the vectar as the ar- dI = 27 A {/ﬂ d6 cos0 simv3 £y (r, v) b dv. ()
gument. We use as co-ordinates in velocity space the Oow)

spherical co-ordinates, ¢ andé. Herev is the abso-

lute value ofv, i.e. the speed of the iongandd are the A
Eulerian anglesig. 2). In these co-ordinates, we have %

d®v = v?sin6 do de dv (2)

dn = fo(r, v)dv. (1)

and f,(r,v) = fo(r,v,6,¢). The particle current y
density ¢ of ions having a velocity in the interval =
betweerw andv + dv is given by AN

dj =vdn =vf, d% = vv’f,sinddddpdv.  (3) )

v

If an infinitesimal surface element with the normal
vector dA is exposed to the ion flux, the ions with an dA
electric chargey hitting this surface carry an electric

current '

d(dr) = ¢ dj dA. (4) .

The double differential shall symbolize that t)ds

differential in configuration space as well as in veloc-

!ty space. In a.ls.tatlonary state, this differential current Fig. 2. Relation between cartesian and spherical co-ordinates and
is constant within the angle of acceptance throughout gefinition of ¢ = 0.
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The factor co# is due to the scalar product of &and
dA. The angleS(v) = m — 6p(v) is the angular accep-

tance of the plasma monitor defined by the entrance

and exit apertures of the entire ion optical system. No-
tice that most authors define the ang&1) as the
angle of acceptancé&igs. 4 and h

Usually the angle of acceptance of a plasma moni-
tor is very small (of the order of°lor less[22)]), i.e.
8(v) « 7. Therefore, in the evaluation &fq. (5) we
can replacefy (r, v, 0) by f,(r, v, 7). FurtherEq. (5)
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whose velocity vector points into the cone defined by
7 — 8’ <0 <z contribute to this current density.

For the integration oEq. (8) we have to consider
the role of the energy analyzer. Its probability of trans-
mission is given by a transmission functide, £,
peaking atc. Heree is the nominal kinetic energy to
which inside the monitor system the energy analyzer
is set. That is the energy the ions must have to pass
this analyzer. For example, ions entering the plasma
monitor with nearly zero kinetic energy must be ac-

becomes easier to handle if we switch to the angle celerated te, those entering the analyzer box with an

0’, the velocityv’, and the velocity distribution func-
tion inside the energy analyzer of the plasma monitor
(co-ordinate vector,), i.e. at the respective potential
V,, used for setting for a specific ion group the kinetic
energy toe, the energy, at which ions can pass the
energy analyzer. Thus, we obtain

g
dI = anA{ ” o)l@’cos@’sin@’v’3f,,(ra, v, n)}dv’.
o (v’

(6)
Herer, is atypical location inside the energy analyzer.

For 6 = 7, we have als®’ = = (acceleration in
forward direction). The ion current in general does not

energy larger than must be decelerated. The ion cur-
rentlp passing the analyzer system and reaching the
detector is given by the integral

/P(S, El/(ln)dl

The integration extends over all energies for which
P(e, E") # 0. We now get fronEgs. (8) and (9)

2 qA / / !
— <%> /52(Ekin)P(87 Ekin)

X Elzinfv(ra’ El/<in’ n)dEI/dn'

9)

Ip=

Ip=
(10)

Here we have substituted the spegdy the corre-
sponding kinetic energy;;, = mv'?/2. However, f,

change due to the acceleration or deceleration (as longjs still the velocity distribution function, but now it is
as the acceptance angle is not changed or some iongonsidered as a function of the kinetic energy. For the

are repelled). Thus, we do not need to writewdth

a prime inEq. (6) For small angles, the constancy

of the components of the momentum in the directions

perpendicular to that of the electric field leads to the

following relation between the anglésands’
v/

d(v) = 5’(1/);- (7)

The 6’-integration inEq. (6) can be performed and

yields for smalls’ the factor—8'%/2. Thus,
dl = —8%(W)mgAV3 o (ra, v/, m)dv' = gAdjs  (8)

is the current of ions through the entrance of the an-
alyzer (with8’ measured in radian). Herg dis the

further calculation ofl p, we have to distinguish the
cases of high and low energy resolution of the energy
analyzer.

3.2. High energy resolution

If the energy resolution of the analyzer is suf-
ficiently high for investigating the structure of the
distribution function, i.e. if the half-widt\E of the
transmission functio (e, Ey;,) is small as compared
to the half-width of the distribution function, one can
neglect the variation of the distribution function over
the integration interval and replace it under the integral
of Eqg. (10)by its value atk. This usually is the tacitly

current density of ions with speeds at the entrance of made assumption when considering a plasma monitor

the plasma monitor corresponding to those betwéen
andv’+dv’. The index A’ shall indicate that only ions

as a means for measuring distribution functions. The
same holds true for the angle of acceptasicand its
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square. Thus, these functions do not depend on thetotal energy (i.e. the sum of kinetic and potential en-

integration variable and we can replagg. (10)by ergy) and the momentum components perpendicular
9 to the direction of the electric field. For our conclu-
Ip—— <2:rqA52 (8)) folra 6, 77) sions, this is a very important property of the velocity
distribution functions. To make its implications more
% / Pe. Ef) Elir B (12) cl_ear wg conS|d<_ar the simplified ca_lse of an isotropic
distribution functionf, (r, v). Isotropic means thaf,
This means that the current at the detector of the IS a@n explicit function o only, not of¢ andg. Thus,
plasma monitor is proportional to therward part of in this case
the velocity distribution function (i.e. at0 = ) at the fo(r,v) = fo(r, v). (14)
energy defined by the potential settings of the energy
analyzer inside the plasma monitor. The ion potential energy is a unique functionrof

The exact shape of the transmission function and the kinetic energ¥in a unique function ofv.
does not influence the result. We, therefore, can re- Without loss of generality, we, therefore, can replace
place the integral over the two-parametric function f,(r,v) by afunctionf,,(Epot(r), Exin(v)). If f, can
P (¢, Ey,) by the product of two parameters, namely be written as a function of the total enerdsor =
the half-width AE, of the functionP (e, E,)) and a  Epot(r) + Exin(v), i.€. if
transmissiorP, defined by _ _
Sfo(Epot(r), Exin(v)) = fu(Epot(r) + Ekin(v) = Etot)
P.eAE, =: [ P (&, Eiin) Exin AEjin- (12) (15)

This means that we replace the integrandeqf (12) ~ this means,f, does no longer depend on In case
by a rectangle of heighe.s and widthAE, but with of non-isotropic distribution functions, the situation
the same area as the integrand. The indices indicate!S More complicated because the functional depen-

that both parameters may dependsorFor instance, dencg off, on 6 andy must be con;idered. We only
cylindrical mirror energy analyzers in general have a mention here that for accelerated ions the case of an

constant energy resolutiafl = &/ AE, [23]. Using I" isotropic distribution function does not simply apply
instead ofAE,, we obtain (seeSection 3.
For the following, it is important to considef, as
Ip = — (Z,TqA,g/Z(g)£> &2 fo(ra, &, 7). (13) a function of the total energy. Thus
mI’
fv(ravg,n)zfv(g‘i‘qvavﬂ)' (16)

To get the distribution functions of the ions at the
sheath edge or at the entrance of the plasma moni- (Eq. (16)must be read as an equation of fhiectional
tor, we have to replace the distribution function inside valueof f,!). HereV, is the electric potential at which
the energy analyzer by that valid outside the plasma the kinetic energy is equal towhen the total energy
monitor. Now f, can be expressed as a solution of the is equal to £ + qV,). The potentiaV, may have pos-
collision-free Vlasov-equation as long as collisions are itive or negative values. Besides, fér= =, Eq. (14)
absent. It can be shown by very general considerationsholds for all energies and angles, respectivelyy’
that any solution of this equation can be expressed asand?, respectivelyg’ for which f, is defined ak, as
a sole function of the constants of motif2a]. In case well as atr [25]. It is the basic equation for all con-
of acceleration or deceleration by an electric field de- siderations to follow. There exists no similar equation
pending only on the space co-ordinate in forward or for the energy distribution function or the distribution
backward direction (which we assume here) constants function of the absolute values of the velocities (speed
of motion are, e.g. the total number of particles, the distribution function)!
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By introducingEg. (16)into Eqg. (13) we see that
the current p at the detector is a function efas well
as of the potentiaV/,:

2 PE
Ip(e, Vo) =—| 270AS (S)W

X szf,,(8+an,7r). a7

A discussion ofEq. (17)is given inSection 4
3.3. Low energy resolution

If the half-width of the distribution function is
small compared to the half-width of the transmission
function, we can in reverse neglect the variation of
the transmission functio® (e, E;;,) over the energy
range wheref, differs from zero, i.e. we can replace
P (e, Ey,) by its value at + gV, and the integral in
Eqg. (10)reduces to

Ip(e, V) =— (2716]%) P(e, e+ V)
% [ £t B m06%0) iy B
(18)
Upon integration, we obtain
Ip(e, Vo) = jaGAP(e, & + Vy) 19)

wherej4 is the (particle-)current density of ions with
velocities pointing into the cone defined by— § <
@ < m at the entrance of the plasma monitor. Here
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4. Interpretation of the measured ion
distribution functions

4.1. General consideration

When replacingv,, by an arbitrary potentiaV/(r),
Eq. (16)can be used to evaluate at any potenti@al),
i.e. at any locationr in the ion path the velocity dis-
tribution function as a function of the kinetic energy
by calculating the kinetic energy from the total energy
at that potential (as far as collisions are absent) if the
minimum kinetic energy of the ions is &tlarger or
equal to zero. Negative kinetic energies are not de-
fined, fy(r, Ey,. 6) = 0 for Ey,, < 0. Into regions of
potential energy, higher than their total energy, ions
cannot enter. Thus, from an inspection of the shape
of the measured distribution function it is possible to
identify the potential at which the distribution func-
tion is finally established. It is the potential whefg
becomes zero. The uttermost place for which this can
be done is at the sheath edge when the sheath is col-
lision free (see discussion above).

If the sheath edge potential is known, say from
probe measurements, by this simple criterion the ef-
fect of collisions in the space charge sheath can be
estimated: The amount of ions having undergone a
collision inside the sheath is given by that part of the
distribution function with total energies below that
corresponding to the sheath edge potential.

At comparatively high pressure, one may measure
sometimes distribution functions going to zero at a

¢ defines the special setting of the energy analyzer total energy smaller than the potential energy cor-

while ¢ + qV, defines the (total) energy of the ions.
As mentioned befor¥®, is varied to scan the ion dis-
tribution function. It follows fromEq. (19)that it is

responding to the electric potential of the entrance
diaphragm of the analyzer system. This indicates colli-
sions or charge exchange reactions in the unavoidable

possible to measure the transmission function of the gas stream entering the analyzer box from the plasma
analyzer by using an ion beam with a narrow distribu- side through the entrance hole. In this case, even
tion function and varying/, and the energy of the ion  the distribution functions of the ions bombarding the
beam. This may be important in case of an ion flux plasma-exposed surface of the analyzer entrance can
where bothP and f, have a half-width of the same be evaluated only with some error because the distri-
order of magnitude. Using an almost mono-energetic bution functions obtain their final form inside the an-
ion beamP can be measured and used to deconvolute alyzer box. The magnitude of the according error one
Ip for fy(ra, Ey,, 7). This, however, will not be fur-  can estimate from the part of the measured distribution
ther discussed here. function at total energies smaller than the potential
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energy corresponding to the potential of the entrance EE
cap. ’
FromEq. (17) we can see the trouble we get in by
trying to measure distribution functions by varying the
transmission energy of the energy analyzer inside
the plasma monitor. The angular acceptance and the
transmission will change and both have to be known
as a function of the transmission energy to evaluate
the distribution function from the measured current. 0
The usual mode of operation of a plasma monitor is
to keepe constant and to vary the reference potential
V, of the analyzer. Then, according Ex. (17) the
measured current is proportional to theocity dis-
tribution function in forward direction. This kind of
measurement is illustrated Fig. 3a and bThe ions
pass the detector always with the same kinetic energy
¢. By changingV,, the potential of the analyzer, the
transmission energy is not changed. What changes is

e+gl’,

0

Ve
the kinetic energy of the whole ensemble of ions at the e
analyzer entrance. Thus, for each analyzer potential, )
the ion current due to a different part of the ion distri-
bution functionf, (r, E,;,, 7) is measured. li¥ig. 33 Fig. 3. lllustration of the standard measurement of positive ions
the case of ions with an initial energy lower thais il- with a plasma monitor set to a constant transmission energy

. . total energy, respectively, kinetic energy at zero potential energy;
lustrated. The potentlal energy at the analml n the shaded area represents the interval of energies defined by

this case is negative in order to accelerate the ions. Inthe transmission functior (¢, Ej;,) at which ions can pass the
Fig. 3b we show the case of ions having an initial en- analyzer,e + qva, mean total energies of those ions; 0, zero
erqy hgher han. Here the analyzer potentialenergy %44 SEOIE, 7. e 0 kel ool bn e e
gVq2 is positive and decelerates the ions. The values of (see potential curves iffig. 1); (b) ions are decelerated to pass
the measured ion distribution functigh(r,, E,, 7) the energy analyzer.
representf,(r, E(dn, 7). However, there is a caveat:
we assume in our consideration the transmission of ily chosen anisotropic distribution function 1 and its
the ion optical system to be always the same. Strictly shape 2 after acceleration by a voltagare shown in
speaking, this transition may depend on the kinetic en- a three-dimensional plot. We consider the accelerated
ergy of the ions at the entrance of the plasma monitor function 2 to bef, (r., E,. ') the one, we would get
and must be taken into accoJge]. atr,, if the acceptance angle of the monitor wer2,

For calculating quantities like the totalion currentor i.e. if all accelerated ions could pass the entire moni-
the energy transferred to a plasma-exposed surface, theor system. However, only that part §(r., Ey,. 6")

distribution functionf, (r, E, 6")over the entire ve-  lying in the cone defined by — §' < 0" < = reaches
locity space is needed—not only in forward direction the final detector. No information on the shape of the
that is not only for® = 7. We will call f,(r, E;,.0") distribution function outside this region is contained

the free space distribution function. It can be evaluated in the measured curves. Such information, however,
from the measured curve only with some additional is necessary if quantities like the energy deposited by
knowledge on the type of the distribution function. The ions on a plasma-exposed surface or the distribution
problemis visualized ifrigs. 4 and SHere an arbitrar- ~ function at the sheath-edge shall be deducted from the
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Fig. 4. Three-dimensional plot of an anisotropic velocity distribu-
tion function 1 before and 2 after acceleration by a voltsigerer

the half-planeg = 0 andy = . Two-dimensional plots obtained
by parallel projections are shown on the backside and front walls
of the co-ordinate system. At the bottom, a contour plot is given.

measured distribution function. This information can
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two-dimensional parallel projection of the distribution
function to the back wall: in velocity space the accel-
erated distribution function is much narrower than the
original one. This effect is very well known and used
for the reduction of the Doppler-width of spectral lines
in optical spectroscop§27,28fnd for beam cooling
by accelerated electrons in accelerator physics.

5. Evaluation of free space distribution
functions

5.1. Isotropic free space distribution functions

5.1.1. Some general remarks

Up to now, we have developed an expression for
the ion current measured by a plasma monitor. The
current is proportional to that part of the velocity dis-
tribution function that passes the monitor and reaches
the detector. As the acceptance angle is very small,
one measures only the velocity distribution function

be only obtained by a more or less educated guess orin forward direction. However, what is needed is the

by carefully analysing the fate of the ions inside the
presheath and the sheath.

An interesting feature of accelerated distribution
functions in velocity space can be seeffrig. 4on the

D —P

- (ZqV/m)VZ—r

Fig. 5. Contour plot of an isotropic velocity distribution function
1 before and 2 after acceleration Wy The thin straight lines limit

entire free space distribution function of those ions
that bombard the entrance diaphragm or more gener-
ally a plasma-exposed surface. To construct it from
the measured part of the distribution function, we need
additional information. The simplest case would be if
we know that the free space distribution function is
isotropic where the acceleration starts. At the entrance
of the plasma monitor, an almost isotropic distribution
function can never exist if the entrance diaphragm is
biased. However, at the sheath edge such a distribution
function may exist if there is no presheath (see discus-
sion inSection 3. This situation can be analysed sim-
ply only if the sheath is collision free. This case can
be identified from the conditions of the plasma and
the shape of the measured distribution function. That
should consist of a single very sharp peak that has a
half-width small as compared to the electron temper-
ature (which of course must be known). This rather

that part of the distribution function that can enter an acceptance rare case we will take as a model case because we

angles of 100mrad. The full lines are for the case that for the
accelerated particles the acceptance angle is independent of the
velocity; dotted lines are for the case thzfore acceleration the
acceptance angle is independent of velocity.

can give an unambiguous reconstruction recipe for the
free space distribution function—not only at the sheath
edge but also at the entrance of the monitor. This shall
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serve as a model case for the more difficult (and more  According to the energy principle, there is after ac-
significant) general case of an unknown anisotropic celeration no ion with a velocity’ having in the di-
ion distribution function in the ion flux bombarding rectiond’ = = a component smaller thand2/m)*/2.

the entrance diaphragm. If 8" is the angle of acceptance of the analyzer system
only that part of the accelerated distribution function

5.1.2. Reconstruction of the free space within a cone with the anglé’ is finally measured.

distribution function The cross section of this cone in the half-plapes 0

We consider ions accelerated from an isotropic free andg = x of the velocity space is shown Fig. 5for
space distribution function at zero potential energy by the case’ = 100 mrad. We have chosen this compar-
a dc-potentiaV, across the sheath and/or inside the atively large angel of acceptance to make clearer all
analyzer box towards the energy analyzer. The situa- phenomena occurring. In usual commercial systems,
tion before and after acceleration is shown as a contour §’ is of the order of 10 mrad or less and the approxi-
plot in Fig. 5. Only half of the free space distribution mations used in the previous section apply.
function 1 is accelerated, i.e. that part of it that is con- A more rigorous treatment has to integrate the dis-
stituted by ions having a non-zero velocity component tribution function over the anglé’ from = — §' to
in the direction¥ = x. This corresponds to the angu- 5 to obtain the measured distribution function. This
lar rangerr/2 < 6 < . Accelerated ions never obey yields a factor (- cosd’) if £, is isotropic over this
an isotropic distribution function—even before accel- range. However, for velocities' having an absolute
eration. The contour plot of the distribution function value smaller than (/m)~/2/coss’ the lower limit
of the accelerated ions like that of the free space distri- of integration has to be replaced by — 6/, where
bution function consists of spheres concentric around coseg/, = (2qV/mv'?)Y/2. This is due to the fact that
the pointv = 0. The distribution function of the ac-  the distribution function of the accelerated ions is lim-
celerated ions can again be considered as part of anjted to the ranger — 9; < 0 < 7 (see[25] for
isotropic distribution function. This can be understood details). Thus, the integration yields over the veloc-
as follows: before acceleration in velocity space, the ity range (2qV/m)¥2 < |v/| < (2qV/m)Y2/coss’,
points representing ions with the same kinetic energy the velocity and acceleration voltage dependent factor
Exin1 are all situated on a spherical half shell defined {1 — (2qV/mv'?)1/2} forcing the measured function to
by v = (2Ekini/m)Y/?, & > 6 > 7/2. After accel-  go to zero amv'2/2 = qV. If §' is sufficiently small
eration by a voltag®/,, all these ions again have the thjs effects only a slight smoothing of the low energy
same kinetic energy nameBkin1 + qV,. The points  shoulder of the measured distribution function, which
representing them again are situated on part of acan be neglected because the smoothing by the finite
spherical shell defined by = (2[Ein1 +qV,]/m)/?, energy resolution of the energy analyzer is in gen-
m > 6 > arcco§—[Ein1 + qQV,]"Y?). This is eral much more effective. Even in the case shown in
shown inFig. 5. The anisotropy of the accelerated Fig. 5, with 8 = 100 mrad, the influence of this ef-
distribution function comes only from the fact that fect on the measured distribution function is negligi-
a well-defined part of the velocity space is empty. bly small as ¥cog100 mrad = 1.005. (If, however,
The shape of thevelocity distribution function ver-  the angular acceptance of the system becomes of the
sus total energy,f,, does not change when it is order ofx/2 this effect has to be taken into account.)
accelerated Eg. (16). This was demonstrated in |n the case considered here, the measured distribution
Fig. 3 distribution functions at different locations  function represents in good approximation the veloc-
with different potential energy differ only by the zero ity distribution function in forward direction which for
points of the energy scales. Thug, can be recon-  an isotropic distribution function in free space repre-
structed at any potential if only its value for= r is sents the velocity distribution function over the entire
known. velocity space (as far as it is occupied).
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5.1.3. Total ion current

In the case of an isotropic free space distribution
function, it is easy to calculate from the measured dis-
tribution function the total ion current and the average
and total ion energy at the surface behind which the
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corresponding to the plasma potentigy. If the po-
tential energy at the surface is more positive than the
plasma potential energyVy, the sheath retards ions
and the calculation is not valid any more because it
does not consider slow ion reflection at regions of

measurements are performed because we can simplypositive potential energy.

make a transformation of the distribution function
back to the starting place where it is isotropic, i.e.
integrate overf, (r, v)instead of overf,(r,, v').

For calculating the total ion (particle) current den-
sity j of ions with the massn onto a surface at the
potentialV. we have to integratejdbver one-half of
the velocity space, which means that thimtegration
extends over the range/2 < 6 < z with the limits of
the other integrations unchanged. Thimtegration is
very simple becausg, does not depend of. Thus,
the absolute value of the current dengiig given by

T
dj =27 | docososingvf,(r, v) dv.
/2

(20)

Substituting by the kinetic energym?/2 and replac-
ing f,» by f, and integrating ove# andV, (¢ is con-

stant) yields:
21 qV,=00 _

j=— (¢ + Vo) fo (e + QVa)d(QVa).
m an:—S

(21)

With Eq. (17)now
qV, =00
/(;V,,:E

Here the zero oV, is defined in such a way that
the original isotropic free space distribution function
occurs at a space potential equaHe/q. That means
the potential at which the free space isotropic distri-
bution function occurs is defined as the zero of the
potential energy. (If one wants to define the zero po-
tential energy in a different way, e.g. by the potential
of a grounded electrode, an according linear trans-
formation of the energy scale is necessaBg) (22)

is suitable to calculate the ion current onto a surface
having a potential energy equal to or lower than that

r

= W (e +qQV)Ip(e, V,)d(QV,).
&

(22)

J

5.1.4. Mean and total ion energy
The mean kinetic energyE) of ions arriving at a
surface at a potentidl. can be expressed by

j(E= .
oy Exin(Vo)dj

- J(E=00) 4.
JiE=0 di

(E)

(23)

HereEyin(V,) is the ion kinetic energy at the potential
V.. It is given by

Exin(Ve) = e+ q(Vy — Vo).
Thus, according tdegs. (18)—(20)the mean kinetic
energy(E) is given by

Vo0 (e + OV — QVe) (e + GVL)

Ip(e, Va)d(QVa)

qq\XIn::fi (8 + an)[D (87 Va)d(an) .

(E) = (24)

Itis sometimes claimed that the center of gravity of the
area below the measured curve gives the mean energy.
From Eq. (24) it is obvious that this is not correct.
An example is given irFig. 6. Whereas the center of
gravity is at 16.5 eV the mean energy(i8) = 20eV

at zero potential energy. For strongly accelerated ions,
this difference may be small if the common energy is
small as compared to the energy spread described by
the distribution function. The total energy flux due to
the ion current to a surface at a potentalis given

by the kinetic energy times the total ion current and
therefore proportional to the numeratorkiu. (24)

5.2. Anisotropic free space distribution functions

A typical example of an anisotropic distribution
function is that of the positive ions at the edge of a
space charge sheath. These ions’ distribution function
has been changed in the presheath and is in general
highly anisotropic. It may have some similarity to that
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sion free, experiments and computer simulations have
shown that this energy cannot be negled230] It
— comes from scattering of the ion momentum in elastic
and charge transfer collisions. The sometimes-heard
opinion that charge exchange reactions occur without
- momentum transfer between the colliding particles is
<E> not exactly trug[31,32] Jane and Huth for instance
: [22] found angular ion distributions having for dis-
| ] L: l ] tinct energies in the range of 100-300 eV, a minimum
0 5 10 15 20 25 in forward direction and peaking arounrgll®. In an
E/fey —» inductively coupled plasma, Woodworth et &R3]
Fig. 6. Typical shape of ion distribution functions measured at fgund pehlnd a CO.HISIOn-free sheath angular distribu-
a negatively biased wa[8,9,26] Indicated in the figure are the tions with a half-width between 6 and 7.be., about
center of gravity at 16.5eV and the mean energy of the {&@st six times broader than the acceptance angle of a typi-
20 e\( calculated by assuming an isotropic free space distribution cg| plasma monitor. Modelling the effects of collisions
function. and charge exchange reactions inside the sheath on the
ion angular distributions Kushner found for the case of
of a drifting ion swarn{29]. The anisotropy increases a capacitively coupled discharge angular distributions
further in the space charge sheath. with half-width of the order of 5-8 The half-width
The distribution function measured is the velocity increased with increasing pressure; however, the an-
distribution function in forward direction as in the gular distributions peaked at°(34]. Several other
case of isotropic distribution functions. If there are authors found similar resulf85-37] The effect of
no collisions in the space charge sheath, it is possible elastic collisions turned out to be a reduction of the
by using f, to trace back from the measured function number of ions arriving at normal incidence. These
to the distribution function in forward direction at the examples show that the ion angular distributions
sheath edge if the potential at this location is known though very anisotropic and peaking in forward direc-
as described in the previous section. In any other case,tion are much broader than the acceptance angle of a
only the distribution function at the entrance of the plasma monitor.
plasma monitor system, i.e. the distribution function =~ Thus, an unambiguous evaluation of the energy dis-
of the ions bombarding the entrance diaphragm and tribution function of the ions is not possible except
any surface having the same potential can be obtainedone measures the angular variation of the distribution
from the measured distribution function. However, as function by a tiltable analyzer as Janes and Huth did
long as there is no additional information on the type of [22]. The same holds true also for calculating mean
anisotropy of the distribution function, it is impossible values like the average energy transport from a plasma
to reconstruct the entire free space distribution func- to a wall. In case of only few collisions in the space
tion from the measured curves. Thus, it is in general charge sheath, one may much more reliably estimate
not possible to calculate quantities like the total ion the energy transport by simply taking the product of
current (which may be used for calculating the plasma the total electric current to the wall and the sheath
density) or the average ion energy. Even the energy voltage (if that is known). This estimate takes into ac-
distribution function cannot exactly be obtained from count both the energy transport by ions and that by fast
the measurements because information on the energyneutrals produced in charge exchange reactions. For
content of the degrees of freedom for movement in a determination of the energy transport to a substrate
the directions perpendicular to the directién= = measured by the temperature change at the substrate
are missing. If the space charge sheath is not colli- in a magnetron-sputtering device 4&8].

FB) centre of gravity
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6. Conclusions

Compared to a measurement by varyinmeasur-
ing ion distribution functions with a plasma monitor
by varyingV, has the advantage that the transmission
function of the analyzer is independent of the ion
energy in the original distribution. The transmission
of the ion optical system may change when changing
V,; however, these changes can be made small if the
optical system is constructed according to the state of
the art[39,40]

Following our calculation, the ion velocity distri-
bution in forward direction and not the energy distri-
bution function is measured by varying. The same
kind of distribution functions is measured with a re-
tarding field analyzef8,9]. For different discharges
[1,2,10-15] the velocity and not the energy distribu-
tion function have been published. The relation be-
tween energy distribution functiofiz (r, E) and ve-
locity distribution function f, (r, [2 Exin/m]Y2, ¢, 6)

2Ekin
3

is:
1/2 27 T
SE(r, Ekin) = ( ) / d(p/ do sin(®)
m 0 0

X fy <r, \/ 2Ekin,¢),9> .
m

Here Eyijn is the kinetic energy at zero potential en-
ergy. In case of an isotropic distribution function, i.e.
if fu(r,v) = fy(r,v), the integration over the an-
gles can be performed and yields a factar. &hus,

Eq. (25)reduces to
1/2 1/2
e 2,

(26)

As an example inFig. 7, the energy distribution
function corresponding to the velocity distribution
function of Fig. 6is shown assuming that the original
velocity distribution function is isotropic in velocity
space. Notice that the shapeid. 6) and the abso-
lute values Eq. (26) are different for both types of
distribution functions.

(25)

2E\in
m3

2Exin
m

Sfe(r, Exin) = 4 <
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Ju(E)

10 15 20 25
E/eN ———p

Fig. 7. Energy distribution function corresponding to the curve
shown inFig. 6 assuming an initially isotropic free space distri-
bution function Eq. (26).

In conclusion, plasma monitors described in this
paper do not measure the ion energy distribution
function directly. Due to their small acceptance an-
gle, practically the velocity distribution function in
forward direction is measured. In case of isotropic
distribution functions, the relation between velocity
and energy distribution functions looks comparatively
simple. This relation would be similarly simple for
anisotropic distribution functions if the integral over
a solid angle of 2 could be directly measured. This
would be the case if the acceptance angle of the mon-
itor were$§ = n/2 and the energy analyzer sensitive
to the entire kinetic energy of an ion, not only to the
kinetic energy due to only one velocity component
(as in the case of a retarding field analyzer). However,
even in these cases the reliability of calculating the
energy distribution function depends on the error in
determining the zero of the kinetic energy.

Due to the influence of a presheath on the ion dis-
tribution functions, the case of an isotropic free space
distribution function is very rare. We are not aware
of any general recipe for determining from the for-
ward part of an anisotropic distribution function the
complete free space distribution function—even at the
surface of a plasma-exposed wall. Obviously, there is
a need for an at least two-dimensional kinetic theory
of the ion velocity distribution function in a presheath
and in a collision dominated space charge sheath.

Our considerations are based on a formulation
of the velocity distribution function in spherical
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co-ordinates. This comparatively easily leads to
Eqg. (16) which makes a transformation of the dis-
tribution function from one place to the other very
simple. The same does not hold true if the distribution
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