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The effect of driving frequency13.56—-50 MHz on the electrical characteristics and the optical
properties of hydrogen discharges has been studied, under constant power conditions. The
determination of the discharge power and impedance was based on current and voltage wave form
measurements, while at the same time spatially resdi/g@mission profiles were recorded. As
frequency is increased, the rf voltage required for maintaining a constant power level is reduced,
while the discharge current increases and the impedance decreases. Concurrently thédgverall
emission intensity decreases and its spatial distribution becomes more uniform. Further analysis of
these measurements through a theoretical model reveals that frequency influences the motion of
charged species as well as the electron energy and the electric field, resulting in a modification of
their spatial distribution. Moreover, the loss rate of charged species is reduced, leading to an
increase of the plasma density and to a decrease of the electric field. Under these conditions, the
total power spend for electron acceleration increases with frequency, but combined to the higher
electron density, leads to a drop of the average energy gained per electron, a drop of the mean
electron energy, and an enhancement of the low-energy electron-molecule collision processes
against high energy ones. @001 American Institute of Physicg§DOI: 10.1063/1.1337597

I. INTRODUCTION Concerning experimental studies, the most important
difficulty in performing a true only frequency dependent ex-
Capacitively coupled rf glow discharges, operating at theperiment, is to ensure the proper discharge and external cir-
industrial frequency of 13.56 MHz, are widely used ascyit conditions. Moisaret al® in a review article concerning
sources of reactive species for plasma deposition, etching, @{rface-wave dischargéSWDs have proposed that in order
surface treatment. Alternatively, the use of very high fre-tg compare different frequency plasmas, one has to maintain
quency has been proposed by some authors as leading 4&onstant electron density. As this condition is difficult to be
higher deposition and etching rafesAs a result, a growing  achieved experimentally, constant power dissipation that in
number of experimental and theoretical studies concerninghe case of SWDs corresponds to constant total electron
the issue have appeared in literature during the last feWower has been alternatively proposed in an attempt to iso-

years. From the theoretical point of view: A particle in cell/ |ate frequency effects from the influence of other discharge

charges has been u_sed to reveal changes in the discharge Following this method in capacitively coupled dis-
structure at frequencies between 30 and 120 MHz. The resharges;, the effects of frequency on silane plasmas and more
sults show that the plasma density and the rf current scale 3tecisely on the deposition rate afSi:H, as well as on the

the square of the applied frequency while the plasma poteryissociation and dissociative excitation rates of silane, have
tial is not affected and the sheath length varies almost inggen reported® These studies have shown that the deposi-
versely with frequency for a given rf voltage. A verification tjon rate and the gas phase processes are both enhanced by
of these frequency-scaling laws combined with a more preg,q increase of frequency in the range from 13.56 to 70 MHz.
cise analysis of the uniformity and directionality of the ion gjji5ne discharges have also been studied by another group
flux towards the surfaces has been performed using & Wqg frequencies varying between 40 and 250 MHz again un-
dimensional(2D) PIC/MC simulation at conditions of con- e constant power conditioRsTheir results show a slight
stant applied voltagé Moreover, self—gonsstent fluid equa- jncrease of the silane dissociation and an almost constant
tions have been used by Colganal to study structural yisgociative excitation rate, while the observed increase of
features of argon discharges at frequencies ranging frofhe genosition rate is attributed to an enhanced surface reac-
13.56 to 54.4 MHz. The effect of frequency on plasma deny;iv, of the film precursor. In addition, Kitajimaet al°

sity, sheath lengths, power consumption, and plasma poteiiaye reported 2D time-resolved profiles of Ar excitation rate
tial at conditions of fixed voltage and fixed rf current hav_eand reported a more efficient production of excited species
been reported and have been compared to the earlief,q 4 higher plasma density at 100 MHz compared to 13.56

mentioned PIC/MC simulations. MHz

Although, through these studies, a significant progress in
dElectronic mail: dim@chemeng.upatras.gr the understanding of frequency effects on discharge proper-
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ties has been achieved, the results concerning the enhandesed on the solution of the time-dependent Boltzmann
ment of high-energy processes with frequency appear to bequation for hydrogen dischardé$®is also performed.
controversial. The discrepancies found in literature are be-
lieved to be mainly due to the following reasons. First, the-
oretical studies have been mainly focused on the simulatioH- EXPERIMENT
of noble gas discharges in constant voltage conditions, thus 5 capacitively coupled UHV parallel plate system, hav-
no information is available on the effect of frequency ONing a base vacuum of 18 Torr has been used in this work.
plasma structure and density under constant power dissipghe 120 mm in diameter rf electrode is fixed to the chamber
tion. Second, the proper discharge conditions that lead tQhile the 90 mm in diameter grounded electrode can be
constant power dissipation depend strongly on discharge P@noved to vary the interelectrode distance. For this series of
rameters like the gas mixture, the pressure or the i”tere|e‘é><periments, the electrode distance is set at 17 mm. The rf
trode distance; these parameters have to be taken into agractrode is powered by a Dressler WLPG 101D wideband
count when comparing results from different groups. Third,(5_125 MH generator, through an L-type matching net-
in the case of capacitively coupled discharges in contrast tQ,ork. A fcc model F-35-1 current probe and a Lecroy PPE
SWDs, the constant power dissipation is not consequentlypo:1 attenuating voltage probe are attached to the power
followed by constant electron power and the fraction of thelead after the matching network. Voltage and current signals
power consumed for ion acceleration in the sheaths has to kge recorded using a Lecroy 9400 digital oscilloscope and
considered. Fina”y, an accurate determination of the reqlhen transferred to a Computer for Fourier ana|ysis_ The
power consumed in the discharge is required. In all the exmethod for the measurement of the real power consumed in
perimental studies mentioned earlier, the power actually conthe discharge at 13.56 MHz has been presented in detail
sumed in the discharge has been determined using the sultsewheré? In this method an electrical equivalent circuit
tractive method. At 13.56 MHz, this rather Simple methOdaCC()unting for the Stray impedance of the cell is used in
gives comparable results with other more precise methods.order to convert the current and voltage wave forms, mea-
However, in the case of variable frequency operation, a vergured outside the chamber to equivalent waveforms at the rf
careful design of the matching network is required in orderelectrode. A shunt circuit is externally connected for increas-
to minimize losses in the external network, and to avoiding the accuracy of the method, while the electrical circuit is
instabilities and matcher nonlinearity due to temperaturecomplemented to account for power losses in a stray resis-
changes, over the entire range of frequencies studied. In botance in both the shunt circuit and the cell itself. In the
case$'%the accuracy of the method is questionable becausgresent case, fast Fourier transform and the counterbalance
readjustment of the forward power and retuning of theof cell and shunt resistance increase phase shift resolution
matching network during the measurements have been rexccuracy:* However, at frequencies higher than 13.56 MHz,
ported. phase shift errors can be due to the probe bandwifths.
The present work attempts to clarify the effect of fre- Thus, in order to check the applicability of the method at the
guency on electron impact processes under constant powgsnge of frequencies studied here, a procedure analogous to
conditions, assured by a much more accurate method involthat in Ref. 17 has been followed. The empty cell has been
ing current and voltage measurements at the powereédxcited at different frequencies and the results were used to
electrode”? For this purpose, a study of pure hydrogen dis-calculate the inductivé, capacitiveC, and resistiveR com-
charges at the frequency range between 13.56 to 50 MHz hg®nents of the cell. The experimental measurements and the
been performed. Hydrogen has been preferred instead of fating with the RLC model used for the calculation of volt-
noble gas, as in most plasma etching and deposition praage and current wave forms on the rf electrode are shown in
cesses molecular gases are used. In these cases, the rotatidfigl 1. The excellent agreement between the experimental
and vibrational excitation of molecules, from impact with and the RLC model results, confirms the applicability of the
low-energy electrons, will strongly influence power dissipa-method at least up to 50 MHz. These results are used to
tion, electron energy, momentum, and energy transfer colliderive the following electrical characteristics of the reactor:
sion frequency. As these parameters with respect to thmductanceL=40 nH, capacitanceC=285 pF, resistance
change of the rf period, are very important when comparingR=0.8 (), and a resonance reactor frequency of 43 MHz.
discharges at different excitation frequencies, hydrogen is In all cases, ultrahigh purity hydrogéBOC, ultra large
expected to simulate better processes that involve other macale integration 99 9999%s fed in the reactor at a flow rate
lecular gases. In addition, hydrogen is very often used as af 20 sccm and a total pressure of 500 mTorr. Pressure and
buffer gas in the deposition of microcrystalline silicon andflow rate are independently adjusted by a downstream
diamond like carbon. throttle valve controller and an upstream mass flow control-
The values of voltage, current, and impedance, that arker, respectively.
required for constant power dissipation as frequency is var- The experimental setup used for recording emission in-
ied, are firstly discussed and then used in an theoreticdknsity profiles of excited radicals has been described in de-
model of rf discharges, together with spatially resolved opti-tail elsewheré®!° The difference in the present case is that
cal emission spectroscopy measurements of ¢hBalmer instead of moving the reactor for recording emission inten-
line of atomic hydrogen. The results are thoroughly dis-sity from a specific discharge volume, the optical system,
cussed against other experimental findings concerning theonsisting of two slits and an optical fiber manifold, is
issue/ 1% while a comparison with theoretical predictions moved.
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FIG. 1. The reactive component of the chamber impedance, as a function ¢fiG, 3. Total discharge current as a function of the electrode voltage am-
the excitation frequency, resulting from experimental measurements anfjityde at the conditions of Fig. 2. The solid line represents constant power
RLC equivalent circuit model. dissipation of 40 mW/cr

Ml RESULTS charge power are expected. Second, the significantly differ-

Different sets of power and impedance measurementsnt values of voltage required for constant power dissipation
have been performed for 500 mTory, idischarges, at exci- reflect changes of the balance between ionization and charge
tation frequencies of 13.56, 30, 35, and 50 MHz. The varialoss rates. The charge loss rate is strictly related to the ion
tion of the discharge power density as a function of the eleceonduction current in the sheaths that, as it will be shown in
trode voltage amplitude is presented in Fig. 2. As frequencysec. IV A, decreases with frequency and this will probably
increases, a significant drop of the amplitude of the voltageaffect the ionization rate.
required to operate the discharge at the same power level is Information concerning the power dissipation for ions
observed(solid line, Fig. 2. A similar behavior has also and electrons acceleration can be extracted from the dis-
been observed in all the studies that concern frequency varigharge current since the ratio betwe@nand P, at a fixed
tion under constant power conditioh$!® however, with a  pressure and electrode distaitescales asP; /P (I/w?).
less pronounced drop. In the present case the electrode volthe total discharge current as a function of the electrode
age amplitude, scales with frequency\as<w» > pointing voltage amplitude is plotted in Fig. 3. For constant power
out two important parameters that should be strongly afdissipation, the discharge current is more than doubled, scal-
fected by the change of the driving frequency. First, theing aslxw®? (solid line, Fig. 3 and thus the ratid®; /P,
power consumed for ionR;) and electron P,) acceleration, decreases with frequency, revealing that a larger fraction of
depend on the discharge voltage in a different manner andower will be consumed for electron heating as frequency
thus, changes on their relative contribution in the total disincreases.

Except for the information concerning power dissipa-
tion, the current flow in the discharge can also be used for

100 the estimation of the effect of frequency on the discharge
—_ o O electric field and the electron density. This can be done by
g o /° / taking into account the different manner of current conduc-
2 5 0 o tion in the bulk and in the sheaths. The time-varying total
= 40 v A e :1/ current density] in the discharge can be expressed as the
é - «f / u/ sum of the ion conductiod, , the electron conductiod, and
% /A the displacement curredt; :
§ % £y [ 13.s6miz J=J,+J.+J4=enu,+enu.+ wegE, 1)
E ‘ O | o—somz whereE is the rf Electric field,n;, n, the ion and the elec-
g 13{ - A—35MHz tron density respectively . , u, the ion and electron drift
g g‘ N L y— SOMHz velocity, e the electron charge, angl, the permittivity of
6 + — 1 : vacuum.
20 30 40 50 60 70 8090100 200 300
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FIG. 2. Power consumed in the discharge as a function of the powered

The displacement current is expected to dominate in the
sheath¥’ and thus in this case efl) can be rewritten as

J=~J4= wegE. (2

electrode voltage amplitude in 0.5 Torr hydrogen discharges at four different_ | . . . . .
driving frequencies. The solid line represents constant power dissipation of @KiNg into account the relative increase of the discharge

40 mWicnf.

current and frequency, Ed2) indicates that for constant
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TABLE I. The values of the sheath fields and lengsl, ion conduction current densifly and average charge
densityn,,, as calculated from the model of ion transport in the bulk and in the sheaths, at conditions of
constant power dissipation.

Frequency  Eg, Edg Eop Eog Jip Jig dpg dgq Nay
(MHz) (Vlcm) (Viem) (Vicm) (V/icm) (mA/cm?)  (mAlen?)  (cm)  (cm)  (106° cm %)
13.56 174 76 25 16 0.024 0.014 0.85 042 2.95
30 135 72 21 12 0.018 0.012 0.61 0.37 3.98
35 141 74 19 11 0.017 0.011 0.55 0.32 5.12
50 142 78 17 9 0.014 0.010 0.48 0.27 6.72

power dissipation, the time averaged field in the rf electrodda) The plasma resistancR, corresponding to electron

drops significantly from 13.56 to 30 MHz and remains al- molecule collisions,
most constant from 30 to 50 MH&ee Table I, Sec. IV (b) an additional plasma resistan€g; corresponding to

On the other hand, in the bulk plasma, the current flow is stochastic collisions of electrons with the oscillating
almost completely due to electrons, and thus@gbecomes plasma-sheath boundary, and
in this case (c) a parallel or in series sheath resistaiiteaccounting

E for ion acceleration in the sheaths.
b

J”‘]e:eneue:eznemev—m’ 3 The reactive part of the discharge impedance is given by
wheren, is the electron densityg,, the bulk field,v,, the X= \Esind)el (6)
momentum transfer collision frequency, amd the electron lel
mass. with X being the result of the competitive capacitive and

According to Eq.(3) the increase of the current density inductive behavior of the sheath and bulk plasma, respec-
observed at higher frequenci€Big. 3 at constant power tively. At 13.56 MHz electrons suffer many collisions per rf
dissipation, will be a combined result of changes in the eleccycle, and thus the usual estimation is that they oscillate in
tron density, the bulk electric field, and the momentum transphase with the bulk electric fielgpure ohmic bulk, the out
fer collision frequency. In turn, the bulk field and the colli- of phase motion of electrons being neglected. However, the
sion frequency depend on changes in the electron energy. out of phase oscillation of electrons increases with fre-

The existing literature includes controversial results conquency. During this motion, electrons cannot impart any en-
cerning the influence of frequency on electron energy anérgy to the gas. The importance of this stochastic motion,
density. Thus, according to Heintee al.® electron tempera- and its weight in the reactive part of the impedance, will
ture and density remain almost constant in the range betweefepend on the ratio of excitation frequency to the electron-
40 and 250 MHz. On the other hand, Yan and Goedfeer molecule collision frequencw/v .
predict an increase of electron density and a decrease of elec- |n Fig. 4(a) the total resistive componeRtis plotted as
tron temperature as frequency varies from 13.56 to 65 MHza function of the discharge current. A decrease of the resis-
Moreover, in conditions of constant bulk field that have been
proposed by Benekirtg as describing very well discharges
operating at different frequencies, a solution of the Boltz-

mann equation predicts an increase of the electron ertérgy. Y ) ;
Thus, since existing data do not permit the extraction of un- - Power constant=40mW/em’ (@)
ambiguous conclusions for the estimation of these param- :
eters at the present experimental conditions, further analysisa‘
is needed. ;
The discharge impedance can reveal information con- 100 4
cerning the electron-molecule collision frequency and the ; -
bulk field. The complex discharge impedance is givelf by 1000 ] (b)
VN -0~ 13.56MHz
7= el*a=R+ iX, (4) c 10— 30MHz
Iel ~ 100 4
) ) = J-A—35MHz
where ¢ is the phase of the electrode voltagg, relative » 1L somz
to the electrode current,. 0
The ohmic component of the impedance that can be at- 004 006 008 01 0.2 0.4
tributed to the power dissipation in the discharge, is given by Discharge current (Amp)
R= ECO&;S (5) FIG. 4. Resistivda) and reactiveb) part of the discharge impedance as a
el el function of the total discharge current at four different excitation frequen-

) cies. Solid lines represent constant power consumption while the dashed line
This can be further analyzed t6: in (a) is an approximation of constant bulk field.
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tive part of the discharge impedance is observed at higher

frequencies. This decrease, according to the earlier analysis, ] )

can be a result of a decrease of the electron energy, which 5 |l-o— 30MHz / AN

will strongly influence electron-molecule collision fre- I A—35MHz o

guency, and/or an increase of the electron density. Moreover, 4 \

. | — 50MHz o—ao

it can also be a result of a decrease of the power consumed . g/ ~n /o)
3 D/A—-—A \3 \

A \

for ion acceleration in the sheaths, while stochastic collisions
l D o
24 O/ V—_
/ Vv \
B \

1

—-0— 13.56MHz

o

o
S~

at this pressuré500 mTor) can be neglected. The solid line
in Fig. 4@ is again the line of constant power, while the

H_ emission intensity (a

dashed line is approached B=f(l) curves at low currents. . V\e\g
The observation that this curve describes a relation of the N
form 0

R=cons|™(m~—1) (7 02 00 02 04 06 08 10 12 14 16 18
has been used by Benekifgo calculate bulk field values Distance from RF electrode (c¢m)

suggesting that the field remains almost constant, indepen- o o o
dent of frequency. In the present case the appbroximation of FIG. 5. Spatial distribution of Flemission intensity in 500 mTorr hydrogen

a . Y . p pp gischarges at four different excitation frequencies and conditions of constant
constant bulk field, is not accurate~—1.7) and thus the power dissipation.
bulk field value cannot be calculated using this assumption.
However, a relation of the forrR=|1 1’ [dashed line, Fig.
4(a)] indicates a drop of the bulk field with frequency. A
reduction of the bulk field will be followed by a decrease of

the electron drift velocity. Thus, the higher current flows that

[Eqg. (2)] can be responsible for the drop of emission inten-
sity with increasing frequency. Furthermore, at higher fre-

h b b iq. 3 di h vsis of quencies, the maximum excitation rate moves closer to the
ave been observe(Fig. 3, according to the analysis o powered electrode, confirming the reduction of the sheath

current conduction in the bulkEq. (3)], impose the require- lengths estimated from impedance measurements.

ment of an increased electron density. This increase is verl- " <\ \marize the observations based on the experimen-
ge?k b%/ a ml?r; precise Sfj“‘?'ygf th(IaVcBharge transport in th‘1:"al results presented so far, the sheath electric field and the
ulk that will be presented in Sec. : sheath lengths decrease, while the fraction of power trans-

The increase of p!asma dgnsny with frequenqy will beferred to electrons increases with frequency, under constant
followed by changes in the discharge structure, i.e., a de:

X . ower conditions. The emission measurements verify the de-
crease of the sheath lengths. This decrease will lead to aﬁ} bt

. . ease of sheath lengths and show that the population of
increase of the sheath capacitance and consequently to a Qectrons having energy above 16.6 eV decreases with fre-
duction of the discharge reactariehis is reflected in Fig.

4(b wh he absol |  the disch quency. Only suggestions have been made about the increase
(b) w ere the absolute value of the discharge re_act_z(rape of electron density and the drop of electron energy, ioniza-
at conditions of constant power dissipatidgolid line),

L . tion, and charge loss rates with frequency. These need to be
shows a significant drop with frequency.

erified by the following theoretical analysis.
These changes in the discharge structure, together wit¥| y g 4

information concerning the effect of frequency on the ioniza-

tion rate., can also be extracte_d f_rom emission measurememﬁ/_ ANALYSIS

Thus, Fig. 5 shows axial emission profiles of the electroni-

cally excitedH,, at different excitation frequencies, under The model used in this study has similarities to that pre-
conditions of constant power dissipation. This process irsented by Liebermaff,in the sense that the discharge is
pure hydrogen discharges, results from one electron impaclistinguished in sheaths and bulk and uses an expression of
dissociative excitation of molecular hydrogérand its en-  the form of Child’s law for the sheaths. It is one dimensional
ergy threshold and cross section are very close to those of thend the basic assumptions that have been used are:

one electron impact ionization process (@ lons respond only to the time-averaged electric field

H,+e—H*(Nn=3—2)+H(1s) 16.6 eV and the ion motion is collisional with a constant mean free
" ath.
Hote—H, +2e 154 eV. P (b) The time-averaged values of the electric field and the
This allows the use of emission profil€Big. 5 as an ap- electron density in the rf sheath have been calculated assum-
proximation of the time averaged ionization rate function ining that the sheath-plasma boundary oscillatesdgg)
space. =dy(1+sinwt). Results for the sheath of the grounded
It is obvious from Fig. 5 that the effective electron popu- electrode have been extracted by shifting the phase of solu-
lation for this specific process is reduced at higher frequention of rf sheath bywt= .
cies. Under these conditions, the interaction of electrons with  (c) An ambipolar transport in the bulk has been assumed
the high-field oscillating sheath is the main electron heatingand although the electron distribution function is not ex-
mechanism, producing electrons that have energy above theected to be Maxwellian, a use of electron temperature has
threshold of the specific process. Thus, the drop of the sheatteen made for an initial estimation of the ambipolar dc field
field that has been predicted, using the displacement curreand the determination of ambipolar diffusion coefficient.
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The formulation of the model is not self-consistent in the 280(E§’2— Eso/z) X
sense that it requires the self-bias voltage, the discharge cui;(x)= —3ed 1
rent, the ohmic part of the discharge impedance, and the
spatial distribution of the ionization rate. The output param-and the voltage distribution in the sheath
eters of the model are the spatial distribution of electrons and
ions, the distribution of the electric field, the power dissipa- 3d ((_3’2—E3’2)

0

tion to ions and electrons, and the mean electron energy. - 5(Eg/2_Eg/2) d

(BB

—-1/3
+E§’2} (12)

5/3
+EJ?

X
d
A. lon transport in the sheaths

3dEg/2
The transport of ions in the sheath is usually described as - W (13
a collisionless or collisional, space charge limited motion. (Eg o)
The charge conservation condition and the assumption of neurthermore, the electrons in the sheath are assumed to be in
ionization or recombination in the sheath impose the requireBoltzmann equilibrium and have a Maxwellian distribution.

ment of a constant ion flux. In reality, ion density gradually Therefore, the electron density distribution is of the f&fm
decreases while ion drift velocity increases, from the plasma

sheath boundary towards the rf electréde: — — V(x)—V(0)
y ne(x)=ne(0)exp<_|_— , (14
e
Ji=en(X)u.(x), (8 _ _
] ] ] ) ) whereng(0) andV(0) is the electron density and the voltage
where,n;(x) the ion density and , (x) the ion drift velocity. 4t plasma-sheath boundary.
The ion mean free path . of hydrogen ions in 500 The time-averaged values of the electric field and the

mTorr H, discharges is about 0.2 mm being much smallersheath thickness, required for the solution of the set of Egs.
than the sheath thickness in any c%;%zghus, the mobility  (9)_(13), are calculated as follows: The mean values of the
solution of the Child-Langmuir la%f - for a collisional  yowered and grounded sheath lengths are found assuming a
sheath, can be used to calculate the ion flux. The values ‘Hure capacitive nature of the two sheaths. The power and
the sheath electric fields are expected to be high enough ounded sheath reactive impedances can be distinguished,

the conditions studied here, allowing thus to express the i08q the sheath lengths can be then calculated Hsing
drift velocity in the sheath using the high-field mobility fac-

VpqwAe VqqwAe
tor d d:M and d d:M’ (15)
P Iy 9 fly
E
u,=kv/ K (99  wherel is the total discharge current ahd factor related to

9 the fraction of the total current conducted by the grounded
where the value ok(61 n?2TorrvY2s), obtained by in- electrodé®, with respect to the applied voltage for each fre-
terpolating mobility dat&® quency.

By combining Eq.(9) to Poisson’s equatiofhdE/dx The values of the sheath fielés atx=d are calculated
=en(x)/s,], the expression of ion current densifyq. (8)]  USing Eq.(3), with the assumption that almost all of the
is transformed to a relation of the form of Child’s law sheath current is a displacement current

— I fl
2 E3/2_ E3/2 __d __d _
Ji=3keo ~, (10 Eoo™ eoh | Fop AN Bga= o A+ Eog (18

. For the values of the field at=0 (sheath-bulk interfagethe
whereE is the ti_me averaged value of the sheath field at thesodyak—Sternberg mod8lifor the presheath is used aEg
position X, and E, is the value of the electric field at the is calculated by equalizing the velocity of ions injected from
plasma-sheath boundafy=0). The use of nonzero value of the plasma into the sheath with the velocity of ions in the
the field at the plasma-sheath edge is necessary to eliminasheath, in Eq(9):
the singularity for the ion density in the collisional caSe,

s b —112
while the value ofE, is determined by the relatiok, Tiq( +7T_)\D> = E:E
=Te/\p describing the plasma sheath transition. M; 2\ P Ao

According to Eq.(9) for constant ion flux, the distribu- p -
tion of the time-averaged field in the sheath can be written as = ar 7 ) (17

A Mk2 2)\
_ 3 X 2 o ——
E(x)= \/( (ngz—Eg/Z)(— +ng2 , (11) The necessary electron temperature estimation results in this
d case from equation
whered is the mean sheath thickness dggthe field value T, M., (1— )V,
at the electrode. Vet Vp=—In +Telny lo) ——|{, (18
2 2.3m, Te

The distribution of the electric field can then be com-
bined to Poisson’s equation to calculate the ion density diswith V, the plasma potential, arl¢ the zero-order modified
tribution Bessel function of the first kind.
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B. lon transport in the bulk TABLE Il. The power consumed for electron heatiRg, the power con-
. .. sumed for ion acceleration at the powered and the grounded shgatR;y
In order to relate the time-averaged values of the fieldand the mean collision frequency for momentum transfer as calculated

and the charged particle densities in the sheaths to their vafrom the model of power dissipation in the discharge.
ues in the bulk, ambipolar diffusion dominated ion transport

. . 9 Frequency Pe Pip Pig Um
is considered (MH2) w w w (16'ho)
9°N 13.56 4.38 0.17 0.032 6.32
—Dy— = S(x), (19 30 4.50 0.07 0.024 3.84
X 35 453 0.06 0.018 2.97
4.62 0.03 0.010 1.86

whereS(x) is the time averaged ionization rate in space and
D, is the ambipolar diffusion coefficien8(x) is approxi-
mated using the emission profiles of theBalmer line of
atomic hydrogeriFig. 5. Hydrogen being an electropositive In order to relate the different paths of power dissipation
gas, electron-ion recombination can be neglected, and due with the ohmic part of the discharge impedance, an in series
the low ion densities, the same is true for ion—ion recombi-equivalent circuit is assumed for the dischatgé.
nation. The resistance related with ion acceleration in the pow-
The ambipolar diffusion coefficierD,, is determined ered and grounded sheath is calculated using the forRulas
by the electron temperature and the ion mobility

2V J, 2V J.
_“Vpsips _%Vpsips

KT, Rips= v and Rigs= TR (24)
Da=pu+ e (20 d d

The resistive componerR,, related with electron-molecule
Since, the values of the electric field in the bulk are expectedollisions is then calculated using the expression
to be rather weak, a low field mobilit{ of mPyg=0.92

(m?V~1s 1) Torris used instead of the high field mobility R, =R~ (Ripst Rigs), (25
used to describe ion drift motion in the sheaths. whereR the total resistive component as calculated from Eq.
Thus, the ambipolar diffusion E§22) is solved ford,s  (5), is strictly related to the frequency at which the electrons
<X=dgs, With the boundary conditions relax their momentuR?
. : . . ~ R,AénN
a % = % and D, % = J—ég Um:—udbme = (26)
X=dps X=dgq

wheren,, (Table |), is the average plasma density afidthe
gs? bulk length.

whered,g, dgq are the mean powered and grounded sheath Th_e results concer.ning power dissipation at different fre-
lengths, J;,, Jig the ion conduction current densities, and dUencies are summarized in Table II.
Npd, Ngq the charge densities at bulk-powered and grounded
sheath boundaries, respectively. D. Electron heating and mean electron energy

Furthermore, the distribution of the ambipolar electric
field E,y is calculated using the equatfén

n; |x:dpS: Nps and n |x:ng: N

The power consumed for electron heatiRg that has
been calculated earlier represents the total power transferred

1dn, to electrons. However, significant variations are expected in
Teﬁﬁ' (2)  the spatial distribution of electron heating. In order to follow

: the changes in the spatial variation of electron heating, the
The results of the earlier calculations at different excitationtime-averaged power transferred per electéoran be used.
frequencies and conditions of constant power dissipation aréhis parameter can be expressed as a function of the time

Eap=—

summarized in Table I. averaged electric field and the electron-molecule collision
frequency
2 ~ 2
e vm  Ep(X)
issipati 0(X)=—= . (27
C. Power dissipation (x) M2 i 2

The calculation of the ion flux density in both sheaths
permits the estimation of the power consumed for ion
acceleratioff

The changes in electron heating will be reflected in the value
of the mean electron energy, resulting from the balance be-
tween the energy gained from the field and the energy lost
P,=Vdl;. (220  per collision:

The power consumed for electron heating can then be distin- ds__ —_— —
guished as the difference between the total power consumed g — € YeEef~ KUme,

in the discharge and the power consumed for ion acceleration ) .
where the value of the effectiv@hmic part of the rf bulk

Pe=Pror— (Pipst Pigs)- (23)  electric field has been used

(28)
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TABLE lIl. The power transferred per electraih mean collision frequency
for energy transfew,, electron oscillatory drift velocityu,, and mean
electron energy, as calculated in Sec. IV D. The drift velocities of ions

Upp+ » Ujg: at the powered and grounded plasma-sheath boundaries are alsc’

included.

Frequency 6 Uip+ Uig+ Ue Ve >

(MHz)  100BW 10° (cm/9 10° (cm/9 107 (cm/g (107 Hz) (eV)
13.56 29.8 1.43 0.91 2.72 126 3.3
30 6.48 1.21 0.81 2.62 7.7 27
35 3.71 1.12 0.81 2.38 59 24
50 2.3 0.92 0.68 2.01 37 18
Eb ;m
Eet=—F= ———, (29
~2 2
\/5 VUt o

U, is the electron drift velocity and is the mean energy loss

factor. In fact,« is a function of electron energy and in our
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FIG. 6. Charge loss rates at both powered and grounded electrodes calcu-
lated from the ion conduction current, as a function of the driving frequency.

case where mean electron energy is around 2 eV, the value of

« is assumed to be 0.08.

ambipolar velocity in the bulk and the drift velocity in the

Assuming a sinusoidal rf field and substituting electronsheaths. This is followed by a reduction of the charge loss

drift velocity as®
e Eett

——F———=sin(wt—9¢),
me\/vﬁ]-i- w2

where ¢=tan {wlv,) is the angle by which the electron
drift motion lags the field Eq(28) results in a differential
equation of the form

U= (30

N 22
d8 e Eeff

At meVoZ+w?

that has the solution

sinwtsin(wt— ¢)—vee (31)

e’E%
20eMe Vo2 + w?

cog2wt— @)+ (2w/v ) siN2wt — ¢)
x| cog—¢)— = )
1+ (2w/ve)?

(32

wherev, is the mean collision frequency for energy transfer,

resulting from the product ofx times Um- The term

eE%/(veme\02+ ®?) =£4c can be attributed to the mean
electron energy that would be observed in a dc electric field

of strengthE .

rates, at both electrodes, as shown in Fig. 6, that is more
significant for the powered electrode. This decrease of the
charge loss rate imposes an analogous behavior for the ion-
ization rate(Fig. 5.

The decrease of the ion drift-diffusion velocity is fol-
lowed by a gradual enhancement of electron trapping in the
bulk, since electron motion in the glow is also mostly con-
trolled by diffusion. This is shown in Fig. 7, presenting the
spatial variation of the electron density, as calculated from
the analysis of ion transport in the sheaths and in the bulk.
As frequency increases, the electron density increases at ev-
ery point of the interelectrode space while the maximum of
the distribution is shifted towards the rf electrode. This re-
sults in a change of the discharge structure and a better
plasma confinement, the discharge having less contact with
the reactor walls. In addition, the sheaths become thinner, as
calculated using electrical measuremgiable ) or seen in
the emission profilegFig. 5).

w10’ e

1
a10° -
™0

6x10°

5x10° 11

1

410° ¢

The calculated values of the mean electron energy and
the power transferred per electron, at different frequencies
and conditions of constant power dissipation, are summa-
rized in Table Ill.

V. DISCUSSION

The increase of the excitation frequency, under constant
power conditions, has a primary influence on the ion motion

Electron density (cm'3)

3x10°

210° -

T T T § T
12 14 16 18

Distance from RF electrode (cm)

in the discharge leading to a continuous decrease of the iORG. 7. Spatial distribution of electron density at four different frequencies.
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FIG. 8. Spatial variation of the time-averaged electric field. FIG. 9. Total electron heating as a function of the position in the interelec-

trode space at four different frequencies.

The decrease of the ion flux combined with the drop of ) . N
the applied voltage with increasing frequency will also lead?Verage electron density has been found to increases signifi-

; 1.7 ; ;
to a modification of the power deposition mechanisms. Thus(,;antly' scaling asi,*w ™" (Table I, Fig. 7, while the de-

the fraction of power consumed for ion acceleration in bothPendence o, on frequency appears to be almost linear,

sheaths, as calculated using E22) (Table II, Py, Pyg) is scaling asP.xw (Table Il). This is consequently followed

ip» . .
reduced as frequency increases, due to the smaller voltadly & decrease of the power acquired per elecittre spatial
{strlbut|on of which is presented in Fig. 10. As in the case

drop across the sheaths and the decrease of the ion flux. ,Q

all cases, this fraction is a small part of the total discharge’ the total electron heating, the value @Is higher near the
power exceeding 6% only at 13.56 MHz. plasma-sheath boundaries, taking very low values in the bulk

Therefore, at these conditions almost all the power it all frequencies. Under steady-state conditiohseflects

used for electron acceleratiofTable I, P,). However the balance between the rate electrons gain energy from the
il e/ )

changes in the way electrons gain and lose energy are eQ_Iectrlc field, and the rate this energy is lost by elastic or

pected, at different frequencies. At the present experimentérlleIaStIC collisions. The relation of¢ with electron energy
conditions, the discharge operates in #aegime, where losses can be expressed as

interactions of the electrons with the high field oscillating m )

sheaths and bulk ohmic heating are the primary mechanisms. = V)(ve|(u)eu>+ > vl(weV;, (33

In both cases, electrons gain energy from the high frequency .

electric field. Therefore, it is useful to review the spatialwhere the first right-hand term represents losses in elastic
variation of the time-averaged electric field, as presented igollisions, while the second term losses in total inelastic col-
Fig. 8. At higher frequencies, the electric field distribution in lisions. In high-energy processes like excitation and ioniza-
the bulk becomes more uniform, and takes lower values ei-
ther in the sheaths or in the bulk. At all frequencies, the
electric field is much higher in the sheaths and thus electron
acceleration is expected to take place near the plasma-sheatt
boundary where the electric field and the electron density «~
have sufficiently high values. Thus, as observed in Fig. 9, 2
electron heating mostly occurs in the plasma-sheath regions, =
it is slightly increasing with frequency, and is always higher
for the powered sheath compared to the grounded one. At
13.56 MHz due to the rather large sheath lengths, powered
and grounded sheaths appear to be very close, making the
distinction between sheath and bulk heating meaningless,
since all electrons have the chance to interact with the
sheaths at some point of the rf cycle.

On the other hand, the slight increase of total electron
heating with frequency, does not lead to an enhancement of 00 02 04 06 0B 10 12 14 16 18
the dissociative excitatiofFig. 5 and ionization rates of .
hydrogen. This can be understood, if one takes into account Distance from RF electrode (cm)
the significantly different effect of frequency on the electrongig 10, Time-averaged power per electron as a function of the interelec-
density and the total power transferred to electrBgs The  trode space.
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6 that has been experimentally observed, can be very well ex-
plained by the electron energy balance and is in agreement
with theoretical predictions. However, in all previous studies
concerning the isstéie'®®an enhancement of dissociation
and dissociative excitation rates with frequency has been ob-
A S0 served. This discrepancy can be the result of the rather dif-
A\ PR ferent pressure, gas, and power levels used, while the accu-
- P ) racy of the method used for the measurement of power can

Yol v R also play an important role. In the present work, the drop of
- the hydrogen dissociative excitation and the ionization rate is
dictated by the higher increase of the electron density com-
] pared to the increase of the total power gained by electrons
o . ' . ' . . . i with frequency. Both electron density and power per electron
0.00 025 050 075 1.00 will be affected in a different manner by changing one of the

ot2n earlier mentioned discharge parameters. Further work in-

volving different gases and pressures is in progress in order

FIG. 11. Modulation of the spatially averaged mean electron enéfpy g study the effect of frequency on various energy gas-phase
during the rf cycle, at four different frequencies. processes

<e>(eV)

tion, large amounts of energy are lost per collision and thus
such collisions will tend to give a rise if. Therefore, the
observed drop of the excitation rate with increasing fre-v|. CONCLUSIONS
quency(Fig. 5 and the analogous predicted drop of the ion-
ization rate, are in agreement with the dropéofThus, con- Hydrogen discharges operating at different rf frequen-
sidering that the increase of the total electron po(l@ble cies and in conditions of constant power dissipation have
Il, Pe) does not lead to an enhancement of high-energy probeen investigated using electrical and optical diagnostics,
cesses, the increase of frequency is expected to favor lowand a theoretical discharge model.
threshold processdbydrogen vibrational excitation and dis- A constant power consumption level in the discharge
sociation. with increasing frequency is obtained by decreasing the op-
The earlier interpretation of the effect of frequency oneration voltage. This is followed by an increase of the dis-
high-energy processes, based on the electron energy balancearge current and a decrease of the discharge impedance.
appears to be in a good agreement with the theoretical pré&hese changes indicate variations in electron density and en-
dictions resulting from the solution of the time-dependentergy that are reflected in the outcome of electron-molecule
Boltzmann equatioh*°In these studies, comparison of hy- collision processes.
drogen discharges for the same applied field, in the range of The drop of the operation voltage is followed by a drop
frequency(mx 10’<w<mx10°) used in the present case, of the charge loss rates due to the lower ambipolar ion ve-
have shown a decrease of the mean power input per electrdocity in the bulk plasma and the lower ion drift velocity in
with increasing frequency. Power losses in excitation, dissothe sheaths. The decrease of the ion loss rate enhances elec-
ciation and ionization of hydrogen have been found to detron trapping in the bulk, resulting in a higher electron den-
crease while losses to vibrational excitation and elastic colsity and a lower bulk field. Therefore, the increase of the
lisions were increasing with frequency. In addition, thedischarge current with frequency will be the result of the
oscillation up to 40 MHz, of the electron energy distribution significant increase of electron density and a simultaneous
function (EEDF with the high frequency field that has been decrease of the electron drift velocity. Furthermore, the in-
reported in Refs. 14 and 15 appears also to be effective in therease of plasma density with frequency is followed by a
present case. The modulation of EEDF with the time-varieddrop of the discharge reactance due to the decrease of the
field is reflected on the temporal evolution of the mean elecsheath lengths, and a drop of discharge resistance due to the
tron energy that has been predicted using B§). The de- higher plasma conductivity.
crease of momentum,, (Table Il) and energy . (Table IlI) The power consumed for ion acceleration has been
transfer collision frequencies combined to the increase ofound to decrease with frequency, being always a small frac-
frequency, leads to a modification of the electron energy ostion of the total power dissipated in the discharge, over the
cillation during the rf cycle that is presented in Fig. 11. As entire range of frequencies studied. Almost all of the power
observed, the mean electron energy drops with frequencis consumed for electron acceleration, and this amount is
being in agreement with the earlier-mentioned decrease dflightly increasing with frequency. The relative increase of
the power transferred per electrén At 13.56 MHz,(¢) is  the electron density and the total power transferred for elec-
fully modulated during the rf cycle taking values in the rangetron heating results in a decrease of the average power trans-
from 0 to 5.5 eV, while the increase of frequency is accom-ferred per electron and consequently in a drop of the mean
panied by a continuous decrease of the mean electron energlectron energy. Modulation of the mean electron energy
oscillation that at 50 MHz has an almost dc behavior. during the rf cycle almost stops as frequency increases and a
The drop of excitation and ionization rate with frequencytransition from a time dependent to a time independent
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