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Abstract

The results of a 2D fluid simulator were validatadainst the experimentally
measured electrical properties (power dissipatioth discharge current) of SjHH,
RF discharges used for the deposition of microatlyseé or amorphous silicon thin
films. Using the typical values that can be foundhe literature for the electron —
SiH, and H collision cross-sections, a significant undereation of the calculated
power dissipated in the discharge and an overestimaf the current flow was
observed. A study of the main parameters that ffastahe model results has shown
that this deviation is mainly due to the predictiohthe H ionization rate. An
improved calculation of the power dissipated in thischarge was then possible
leading to a significant improvement on the pradictof the deposition rate. This
result underlines the importance of, ldhemistry in Sikd/H, discharges but also
indicates that the correct estimation of the disghaelectrical properties is a
necessary first step in the development of a cegalde to simulate the deposition

process of silicon films from SifH, discharges.
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1. Introduction

One of the major impediments in understanding gtdmzing plasma processes
lies in the discrepancies that can be found betwieemesults of different groups for
the same topic. One of the main origins of theseaatiens for the experimental
studies is the lack of the electrical control of tischarges leading to undefined
plasma conditions while for the simulations, theyeeither no comparison between
model and experiments or a bypass of the electimaditions>*.

The present work focuses on the confrontation @ troblem through the
development of a plasma simulator that is fine-tu@ecording to experimental
measurements of electron, displacement and ioremijrdischarge impedance and
power dissipation. The present results concern/8iHdischarges typically used for
the growth of either microcrystalline or amorphailicon thin films. The specific
gas mixture presents the advantage that both gasegery well studied and one can
find experimental measurements for most of the tr@accross-sections or rate
constants required. An accurate experimental metvexiused for the determination
of the discharge current, impedance and power pdisen over a wide range of
conditions along with silicon film deposition rat@measurements. The SiH,
simulator used uses the fluid approximation andushes detailed description of the
gas phase chemistry as well as gas-surface in@ndtt

Nevertheless, the use of cross-sections and raigards that are typically found
in the literaturé®® results to strong deviations between calculatims experimental
measurements for all plasma properties. A studhefeffect of the main parameters
that can affect the electrical properties was ttemied out to determine the specific

weight of these inputs on the model results.
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2. Experimental

The measurements were carried out in a capacitigelypled Ultra High
Vacuum parallel plate reactor having a base vacolib®’ Pa. The rf electrode is of
12 cm in diameter, while the grounded electrodeahdmmeter of 9.5 cm and consist
also the substrate holder. The experiments werferpaed at total working pressure
of 67.7 and 133 Pa and a constant electrode gd&p qih). In these series of
experiments, the flow rates were maintained at €fn while silane concentration
was 2% and 6 % for the low and high pressure camdif respectively. Films of
constant thickness (~1.6 um) were deposited oni@giglass 7059 at various power
levels and at a substrate temperature of 250 °C.

The amount of RF power actually fed into the disghachamber was
determined using an accurate method employing theidér transform determination
of power and impedance phase, from current andgelmeasuremefswhile the

deposition rate was measured in situ using Lasée®ance Interferometf.

3. Model

The plasma fluid simulator uses the particle, maon@nand energy balances
obtained from moments of the Boltzmann transpouiaégn, coupled with Poisson’s
equations for a self consistent calculation ofdteztric field. The particle balance for

electrons, ions and neutrals is described by théraaty equation:
on. -
—L+00; =S 1
3t j (1)

where, n, is the density,; is the flux of particl§ and S is the source of particles

consumed or produced in chemical reactions. In ghesent version, the model

includes 24 species and 80 gas phase reactiongrdlseneutrals, ion-neutrals,
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electron-neutrals, ion-ion). The rate constantdhelse reactions were taken either
from the solution of Boltzman equation for the specmixture in the case of
electron-molecule reactions or frM in the case of radical-molecule and ion-
molecule reactions.

The drift diffusion approximation replaces the nemum balance for the

electrons:

—

M =-D,0n, + un,0V (2)
where, y; is electron mobilityp; is the diffusion coefficient andv is the

electrostatic potential. Mobility; ) is calculated as a function of electron — molecul

momentum transfer collision frequengy = , Which in turn is calculated

as a function of the electron temperatug€Te) and momentum transfer collision
cross sections for the specific mixture. The diffuascoefficient is then calculated

kT,

from Einstein relatiom; = y;

The energy balance is solved only for electroesuming that ions have equal

energy with neutrals. The electron temperatuie derived from the electron energy
balance:

30 5. — 5
——(nT,)+0N=T, I, ——=n,D, MT, |[=P-n,)> NK, 3
T+ DS - Sn0, T, |=P-n T NK ®

where, the energy transfer is due to convective 8ad thermo-diffusiong andi,
subscripts are used for electron, ion, neutral iggartand normal direction
respectively),P is the pressure gradient and the last term omighé side is the rate
of electron production/consumption by electron istgabllisions.

For a self consistent calculation of the electii®ld/potential, Poisson’s

equation is solved simultaneously with the fluidiagons:
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DZ\/:—E(Zqiq—nej; E=-0V (4)

80 i=ions
where &,is the permittivity of free space, is the sign of the charge of ianand E

is the electric field.

The system of equations (1)-(4) is complementedabget of boundary
conditions concerning the species densities andeletric potential. The electric
potential at the driven and grounded electrodégimed as:

Vge =V +Vgsin27F , V. =0. (5)

ground
The electron flux normal to the electrodes andrdaetor walls (assuming no

reflection or secondary emission) is given by:

1

- 2
re,n = %neve,th : Ve,th = [%} (6)

where, v, is the electron thermal velocitg, is the Boltzmann constant amd, is

electron mass.
The velocity of ions is determined by the localueaof the electric field and
their flux to the walls is supposed to be puretamifien the velocity is directed to the

powered and grounded electrode

—_—

r in = qi:uiEnni (7)
and zero towards the reactor walls. At dielectucfaces (glass), the net surface
chargeos is obtained from the patrticle fluxes:

do ~ ~
S = E r.-T..| &E, =0, 8
Gt e( : ql in e,nJ € ( )

The fluxes of gas-phase species at the surfacemamified by surface

reactions and their flux balance at the surfackliig:
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where, n is a unit vector normal to the surface a8g is the surface production

(consumption rate per unit area). The model indud¥® surface reactions
(recombination, abstraction, chemisorption, physison, charge loss) taken frdim
12 while stable molecules are assumed as not integawith the surfaces (zero flux)

at the specific substrate temperature.

3. Resultsand Discussion

The model and experiments were applied in a panaldee, capacitively coupled
plasma chamber, operating at frequency of 27.12 MBw pressure, dust free
conditions. The effect of the discharge power oa tleposition process at two
different gas pressures (67.7 and 133 Pa) wastigae=d and the model results were
compared to experimental measurements performeimical conditions.

The variation of the total discharge current and d#ffective power density as
calculated by the model as well as the ones medsexperimentally for both
pressures is presented in fig.1. The model underatds the power dissipated in the
discharge and at the same time overestimates thlectorent at the driven electrode.
It has to be noted that the calculations preseimédd).1 were performed using the
most common cross-sections found in literature eomng the collisions of electrons
with either SiH or H,. The discrepancies between model and experimesgalts are
smaller in the lower pressure and the lower povissijgiation case. In addition, these
differences between the measured and calculataceyvalf the power result to an
overestimation of the predicted values of the ailichin film deposition rate in all
conditions. This is illustrated in fig.2, where thmdel predictions of the film growth

rate are presented as a function of the appliethgeltogether with experimental
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measurements. In some cases the model, especialheilow pressure conditions,
anticipates values about two times higher tharedperimental ones.

An analysis of the contradictory behavior of thectliarge current and power
(fig.1) together with the overestimation of the dsjpion rate (fig.2) has indicated that
electron-molecule collisions and more preciselysaisation and/or ionization
processes in these SIH, discharges are not correctly predicted. The most
reasonable explanation is that the calculatedrelectensity is overestimated leading
to a subsequent underestimation of the electrid freensity. On the other hand, the
higher electron density will lead to the predictioha higher total current as the
current flow scales linearly with electron densiMoreover, the lower electric field in
the discharge will seriously affect the power canption as it scales with the square
of the electric field intensity. The lower electdield will also favor dissociation
relative to ionization of both SiHand H leading thus to higher values of the
deposition rate.

In order to check if the above mentioned rationaleorrect a study of the main
parameters that may affect both electron density eactric field was carried out.
Namely, the mobility of electrons in the SiH, mixtures and the ionization rate of
SiH, and B were varied by altering the cross sections for matoim transfer and
ionization, respectively. The change on these walas always limited to £10 % of
the typical values found in the literature, whishatherwise the typical error in the
calculation or the measurement of the cross sextibhe results of this parametric
study can be summarized as follows: (a) the chaofigke mobility and the SiH
ionization rate had a negligible effect on the ltssof either the power dissipation or
the discharge current while (b) small variationstloé H ionization rate produce

enormous changes on either the power dissipatitimeocurrent flow.
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Figure 4 presents model and experimental resultsoti power dissipation and
current at the same conditions as in fig.1. Howewethis case the cross section for
H, ionization has been increased by 10%. An excebgméement can be observed
between model and experiment for the total curflaw, while the difference in
power dissipation is for both pressures below 1BP&ddition, the variation of the ,H
ionization cross section affects indirectly theco#éted values of the deposition rate
mainly due to the decrease of the electron deisitythe subsequent drop of the rate
of SiH, dissociation. Thus, figure 4 presents the demositate calculated with the
corrected H ionization cross section together with the sangeamental values as a
function of the applied voltage. In this case, acmbetter agreement is observed
compared to the results presented in fig. 2.

The correct prediction of electrical properties #mel much better estimation of the
deposition rate may then allow for a discussiontha role of the most abundant
radicals in the discharge which also have a maatribution to the film growth. lons
have been excluded from this discussion as in tlesept model is deliberately
assumed that they do not directly contribute tofillhe growth. Thus, fig. 5 shows the
estimated densities of the main species in/slkHdischarges (H, Sitl SiH,, SkHs)
as a function of the applied voltage. All the spsdilensities increase with the rise of
power consumption, independent of pressure, altholgy have different behaviors
at the different pressures. Silyl radical (§iHas the highest particle density in all the
simulated conditions which is about one order ofgnitaade higher than that of
silylene (SiH). The highly reactive SifHradical is not favored by the pressure and

silane concentration increase, which increase tobgbility of its consumption in
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secondary reactions with mono and poly-silane gise¢iowever, taking into account
the much higher surface reactivity of Siklompared to Sikl it is clear that both
species have a significant role in the depositioecmanism. In addition, s
radicals do not show any noticeable variation as¢htwo pressures, having a density
of about two orders of magnitude lower than alleotspecies of interest.

Finally, even though His the main component of the discharge mixturé/4{98
67.7 Pa, 94% at 133 Pa respectively), hydrogematdensity is lower than SiH
density, as a result of the much lower cross sectar H, compared to SilH
dissociation. However, as pressure decreases ghdrhyoltage is applied, hydrogen
atoms tend to become the most abundant species.nTdinly comes from the fact
that each K dissociation reaction produces two hydrogen atenfgncing thus, the

fast increase of H atoms density with thedissociation rate.

4. Conclusions

A 2D self-consistent fluid model was applied foe tinvestigation of the effect of
rf power and total SikiH, gas pressure and the results of the simulatiore wer
compared with experimental electrical and depasitede measurements.

Using the most common values that can be foundarature concerning electron-
molecule collision cross sections and reactions rnstants, the model largely
deviates from the experimental measurements. Nanmelyll conditions predicts
lower power dissipation and significantly higherremt flows and silicon deposition
rates. The parametric analysis performed has shimah small variations of the
hydrogen ionization rate have a tremendous effadhe model results. A reduction
of the ionization rate by less than 10% has le@ teery good agreement between

calculated and measured values of the electricgbgrties along with a significant
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improvement of the prediction of the depositionerathis result highlights the
importance of H chemistry in Si/H, discharges and indicates also that, in the
development of a reliable model of plasma depasitfrocesses, the correct

prediction of the physical processes in the disph#s a necessary first step.
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FIGURE CAPTIONS

Figure 1: Total power and total current of the discharge sueed and calculated at
the driven electrode as a function of the applietlage for 67.7 Pa 2% and 133 Pa

6% SiH, in H, discharges

Figure 2. Displacement, electron, ion and total currentt @eis) and applied voltage
(right axis) during an rf cycle, for conditions 2 $H, in H,, 67.7 Pa and applied

voltage Vrf=-68 + 150sint

Figure 3: Deposition rate of silicon films measured and dalid as a function of the

applied voltage for 67.7 Pa 2% and 133 Pa 6%, 8ilH, discharges

Figure 4. (a) Spatial distribution of time-averaged electiield intensity and (b)
spatial distribution of electron density for thidiferent values of Hionization cross-

section

Figure 5: Total power and total current of the discharge mess and calculated at

conditions of fig. 1 and after parametric analysis

Figure 6. Deposition rate of silicon films measured and calimd at conditions of

fig. 3 and after parametric analysis

Figure 7: Radical average number densities vs. applied wita§7.7 Pa 2% and 133 Pa

6% SiH, in H, discharges



Power (mW/cmz)

Current (Amp.)

Phys. 45 (2006) 8172-8176

\
AN}

Jap. J. Appl.
FIGURES
Figure 1
160 #
140 ] —®— Experimental 67.7 Pa
120 1 —O0— Model 67.7 Pa
100 ] —®— Experimental 133 Pa /
804 —O— Model 133 Pa
60 /
40
20 54:(:
0.6
054
0.4
03
02
01
0.0 — T
30 40 50 60 90 100 110 120 130 140 150 160

Applied Voltage amplitude (Volt)



Current (Amp)

Jap. J. Appl. Phys. 45 (2006) 8172-8176

Figure 2
0.75 -
----- displacment L 100
0.50 ----electrons L
----- 50
0.25 I .
L =
| ' ) 0 E
0.00 K B e L <
" F-50 o
1 LN N i g
-0.25 I £
--100 Q
I LL
-0.50 | 150 X
-0.754 --200
-1.00 — — -250

—
0.0 0.2 0.4 0.6 0.8 1.0
Fraction of RF cycle



Deposition Rate (A/s)

Jap. J. Appl. Phys. 45 (2006) 8172-8176

Figure 3
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Figure 4
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Figure 5
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Figure 6
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Figure 7
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