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An investigation of the effect of the total gas pressure on the deposition of microcrystalline thin
films form highly diluted silane in hydrogen discharges was carried out at two different frequencies.
The study was performed in conditions of constant power dissipation and constant silane partial
pressure in the discharge while using a series of plasma diagnostics as electrical, optical, mass
spectrometric, anéh situ deposition rate measurements together with a simulator of the gas phase
and the surface chemistry of SjHH, discharges. The results show that both the electron density
and energy are affected by the change of the total pressure and the frequency. This in turn influences
the rate of high energy electron—SiHissociative processes and the total Sddnsumption, which

are favored by the frequency increase for most of the pressures. Furthermore, frequency was found
to have the weakest effect on the deposition rate that was enhanced at 27.12 MHz only for the
lowest pressure of 1 Torr. On the other hand, the increase of pressure from 1 to 10 Torr has led to
an optimum of the deposition rate recorded at 2.5 Torr for both frequencies. This maximum is
achieved when the rate of SjHlissociation to free radical is rather high; the flux of species is not
significantly hindered by the increase of pressure and the secondary gas phase reactiopsdf SiH
mainly as an additional source of film precursors.2005 American Institute of Physics

[DOI: 10.1063/1.1866477

I. INTRODUCTION increase of frequency enhances the electron density and in-

creases the SiHdissociation rate towards free radicals, thus

The application of hydrogenated microcrystalline siliconjy reasing the film precursor fluxes towards the surfi8s.
(uc-SitH) in single junction or tandem devices during the ¢ gk "crystalline volume fraction observed in films de-
iast deca_de, hgs_ demonstrated a promising p(_)tent|al fopgosited at higher frequencies is attributed to the hydrogen
Stablf_‘4 hlgh?eff!me.ncy, aqd post—gffectwe thl_n—f|lm vl atom flux towards the substrate which increases for similar
cells: " The intrinsic material is typically deposited at rela- reason<?

g\ilseclﬁa:fv;sra?hseff;n glggtgcfje”ﬁd SeILZTZIiIzr;nhy?r:ggegerf On the other hand, the increase of the total gas pressure
ges. y 9 9 M above 1 Torr, initially proposed by Guet al,*is also being

-Si:H is still, primarily for economical reasons, the need for.

. . _35
higher absorbing layer thicknes3&svhich imposes growth mr'][ensel% T\'/te §t|gateqb:)y tse;j/eral '?rg&ﬁ's?. It has Sk?_ef'”
at much higher rates while maintaining the film quaTi&/. shown that it is possible to deposit device gradeSi:

The results of the continuing research efforts have clari-thln films at deposition rates as high as 15 A/s even at the

fied so far that both the properties and the growth rate arﬁonvegtional frequzncr:]y cr)]f 13',5,6 MHE(’;Nhi_Ie recelntt] re_sfults
affected by the variation of the partial pressure of sifatiee ~ Nave demonstrated high efficiency devices wjth-Si:H
interelectrode distandd, the rf power' the excitation |@Yers deposited at the pressure of 10 PO These studies
frequencylz and the total gas preSSLﬁ%Among these. the include interpretations of the beneficial effect of pressure on

increase of frequency and pressure were found to have ®€ film growth rate and crystallinity based on “expected"
stronger effect on the growth rate. changes like the enhancement of silane consumggtieple-

In particular, the increase of the excitation frequencytion), the high hydrogen atom flux to the surfaces and the
from 13.56 MHz to very high frequendwhf) was found to reduction of ion bombardment under these condititirs.
have a beneficial effect on the deposition rate without sigHowever, there is no experimental or theoretical evidence to
nificantly affecting the film propertie¥.?°This has led to a support or quantify these “logical” assumptions. As an ex-
number of theoretical and experimental studies focused ofmple, although the high pressure regime is often called the
the effects of frequency on the plasma strucfiréhe ion  “high pressure silane depletion technique” no experimental
and electron kinetic& the electron energy distribution func- measurements of SiHconsumption are usually reported in
tion (eedf,> the power dissipatiofi’ and the production of the relevant publications.
radicals through electron-molecule collisidRsThrough It is obvious from this discussion that there is a need for
these investigations it is now quite well understood that thdurther experimental and theoretical work for understanding

the basic changes that do occur in reality in this high pres-

JAuthor to whom correspondence should be addressed; electronic maiﬁyre r_egime, in order to be able to eXpIOit_itS limits. I'_'] this
dim@plasmatech.gr direction, the present work has three main goals: First, to

0021-8979/2005/97(7)/073303/10/$22.50 97, 073303-1 © 2005 American Institute of Physics

Downloaded 23 Mar 2005 to 150.140.190.25. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp


http://dx.doi.org/10.1063/1.1866477

073303-2 Amanatides et al. J. Appl. Phys. 97, 073303 (2005)

investigate the effect of the total gas pressure increase on tlseribed in Ref. 40. The difference here is that the optical
SiH,/H, discharge properties and the film growth rate. Secsystem, consisting of two slits and an optical fiber manifold
ond, to study the specific importance of the increase of eitheequipped with collimating and focusing optics, is moved in-
the rf frequency or the total gas pressure on the same pararstead of moving the reactor. The spatial resolution is better
eters, and while finally the third goal is to see if a combina-than 0.1 mm which is more than enough for detecting all the
tion of frequency and pressure increase can be beneficial. Icharacteristic features of the emission profiles.

order to accomplish these goals, special attention is focused The uc-Si:H films with a typical 2um thickness, were

on isolating as much as possible the true effect of frequencgrown on Corning 7059 at a substrate temperature of 250 °C
and pressure on the deposition process from other possiblysing electronic quality gases that were further purified. The
interfering discharge parameters. This is achieved by pemeposition rate was measuridsitu using LRI1** Moreover,
forming all the experiments in conditions of constant rf powder suppression techniques were used together with laser
power consumption in the discharge and at the same timkght scattering to ensure that the measurements are made in
with constant silane partial pressure. The process is investdust free conditions. In this direction, a relatively high total
gated by a set of plasma diagnostics including Fourier transflow rate of 400 sccm and heating of the reactor walls were
form power and impedance analysiSTPIA), spatially re- used. Constant silane partial pressure was assured by using
solved emission spectroscof$$RES, mass spectrometry accurate mass flow measurements while the pressure was
and laser reflectance interferomethRI), together with an  controlled independently from flow using a baratron gauge
extended simulator of the gas phase and the surface prend a downstream throttle valve controller before the roots
cesses. The experimental measurements and the model tdewer.

sults are then used to examine the effect of pressure and

frequency on the electron density and energy, the rate gfj. RESULTS

electron-induced Sil dissociation, the total SiHconver-

sion, the species mass transport to the deposition surface, and A POssible approach for isolating the effect of the total
finally the film growth rate. These results are further dis-Pressure on the microcrystalline silicon deposition process is

cussed and compared against literature findings. to keep constant the other possibly interfering discharge pa-
rameters. Among these, SjHtoncentration and discharge

power are the most critical and can be strongly affected by
Il. EXPERIMENT the increase of pressure. Namely, the increase of pressure

) _.normally increases SiHconcentration in the reactor if one
The measurements were performed in a Capac't'vel360mpares discharges with the same S flow ratio.

coupled ultrahigh vacuum parallel plate reactor, having &qoreqver, the increase of pressure leads to higher power
base vacuum of 16 mbar at 250 °C. The 120 mm in diam- consumption if either the voltage or the generator output

eter rf electrode_ _is fixed to the chamber while the 90 MMyower is maintained constant, due to an increase of the
groundeddeposition electrode can be freely moved to vary gjectron-molecule collision frequency and a more efficient

the interelectrode spacir(g). power coupling respectivef. Experimentally, the constant

The amount of rf power actually fed into the dischargeg;jjane partial pressurtd.025 Torj was achieved by reduc-
chamber is determined using an accurate method employlrmg the fraction of SiH in H, from 2.5% to 0.25% as the

Fourier transform analysis of power and phase from acquireg ;| pressure was increased, with a step of 2.5 Torr, from
current and voltage measurements. Namely, the rf voltage to 10 Torr. On the other hand, constant power consump-
and the discharge current wave forms are measured on the - .- ihe dischargd8 W/72 mW/cn?) was achieved by

powergd electrode lead, using a high impgdance 1:100 aEidjusting the rf voltage while performing FTPIA as de-
tenuation voltage probe and a (X transfer impedance rf scribed in the Sec. II.

current probe, and then processed as described in Ref. 38 1,5 sets of experiments were carried out, one at the

Different sets of electrical measurements were initially per- 5,21 13.56 MHz frequency and one at 27.12 MHz, which

formed to determine the rf voltages leading to constant,, pe easily adopted in industrial processes with only minor

power dissipation in the discharge throughout the range of all, ,jifications. At each frequency and pressure, five electrode

the conditions examined here. _gaps(from 10 to 25 mm were scanned, in order to examine
Mass spectrometric measurements were performed Usifle effect of these two parameters at different discharge ge-

a hidden analyticalHAL 301) quadrupole mass spectrom- ometries. However, in this work only thé=15 mm mea-

eter connected at the exhaust port of the reactor. The 9a%rements are presented, mainly because this is the electrode

sampled, through a variable leak valve in a ;maller.sarnpli.n%ap that optimizes the deposition rate independent of fre-
chamber was analyzed after 70 eV electron impact |on|zat|or(1luenCy and pressure. In addition, the effect of the electrode

and the partial pressure of SjHn the reactor was deter- g, on the deposition rate is discussed in Sec. Il C, while

mined by measuring the ion curreritsn/e) atm/e=30, 31, 1,56 details concerning the combined effect of pressure and
and 32. The method used for calibration and transformatlo%kactrode gap can be found in Ref. 42.

of the measured ion currents in the sampling chamber to
actual Sll—jé partial pressures in the reactor is descrlbedA_ Electrical measurements
elsewheré’

Axial emission intensity distribution profiles of excited As already mentioned, the electrical conditions ensuring
radicals in the interelectrode space were recorded as deenstant power consumption in the discharge were deter-
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FIG. 1. rf voltage amplitude as a function of the total gas pressure for the- . 2. Total discharge current as a function of the total gas pressure for the
frequencies of 13.56 and 27.12 MHz. frequencies of 13.56 and 27.12 MHz.

mined by performing many different sets of measurements aiorded between the two electrodes in the conditions de-
each pressure, frequency, and electrode gap. The specifigribed above. SiHis produced via one-electron impact dis-
power level was chosen as being the upper limit of capacisociative excitation of Siil with an energy threshold of
tive discharge operation for the examined range of conditiongg.5 ev?® The lifetime of these species is 20 Hswhich is
in our system. Figure 1 presents the results concerning tl"@me short compared to the collision tinfe-50 n9 of the
variation of the rf voltage, necessary for achieving constangpecies with the background gas mixture up to the pressure
8 W power consumption, as a function of the total pressuregf 5 Torr. For higher pressured.5 and 10 Toix the colli-
It is observed that a drop of the rf voltage is required as th&jon time becomes comparable to the de-excitation rate and
pressure increases from 1 to 2.5 Torr. Further increase Ghys quenching is possible. Therefore, SRES can be a sensi-
pressure up to 10 Torr leads to a continuous increase of th@e tool for the investigation of the effect of pressure on the
VOItage. This behavior and the pressure where the minimurﬁverage Species’ production efﬁciency of the disch@mo
required voltage appears, is the same for both frequencies. Torr) as well as for identifying the spatial distribution of
However, when increasing the frequency to 27.12 MHz, thgpe production of specie@t all pressures
voltage required for the same power drops significantly — Thys, Figs. 4a) and 4b) present the normalized axial
(~30%). This result is compatible with previous studies of gistribution of SiH emission in space for 13.56 and
the effect of frequency dealing with lower pressui&¥:** 57 12 MHz and for two pressur¢g.5 and 10 Toi, respec-
Figure 2 shows the total current flow through the diS'tiver. In the case of 2.5 Torr and 13.56 MIfig. 4a@)], the
charge as a function of the gas pressure at the conditions @haximum rate of Sif production is located 6 mm from the
Fig. 1. The discharge current drops with increasing pressurg electrode, indicating that rf electrode sheath ohmic heating
at both frequencies. This drop is very steep fromijn the main mechanism of electron energy gain. This is also
1to 2.5 Torr for 27.12MHz and from 1to5 Torr for trye for the 27.12 MHz 2.5 Torr case, the only difference

13.56 MHz. With regard to the effect of frequency, there is apeing that the maximum is displaced closer to the rf elec-
pressure region around 2.5 Torr where it appears to have

almost no effect on plasma conductivity. In all the other pres- 10
sures (1, 5, 7.5, and 10 Toyrthe current is higher at

27.12 MHz compared to 13.56 MHz, which is characteristic —_ ]
of the increase of frequen%‘i'/45 and in agreement with the E -10 1 ]

o4

results concerning the voltagEig. 1). = -20 + o
Moreover, as shown in Fig. 3, the discharge impedance 8 .30 4

phase at both frequencies becomes less negative at higher E .an ]

pressures. As with current, most changes are observed from 2 :

1to 2.5 Torr for 27.12 MHz and from 1to5 Torr for = 0

13.56 MHz. In addition, the increase of frequency generally 3 -804

leads to more resistive discharges except for the 1 Torr case. é -70 -

It is worth observing that above 5 Torr the 27.12 MHz dis- .50 2 1336 MHz
charges behave as almost pure ohmic loads. ap ] ° 2712 MHz
12 3 4 5 6 7 8 3 1

B. Spatially resolved emission Pressure (Tar)

.Spatially .reS_O|Ved .m:aas%remegts of .the Spontaneouse, 3. pischarge phase impedance as a function of the total gas pressure
emission of silylidengSiH™, A“A—X“II) radicals were re- for the frequencies of 13.56 and 27.12 MHz.
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000 . the electron temperature. In any case these studies were not

a 2 =1 ' =] ' l1|2 ' 15
Distance from RF electrode (mm)

performed under constant power conditions and therefore
their observations include an undetermined increase of
power consumption with pressure leading to an enhancement
of emission with an unknown trend.

The spatial distribution and the total species production
. ] presented so far indicate clearly that in general both fre-
trode (4 mm), in agreement with the decrease of the sheathy,ency and pressure affect the spatial generation of radicals
length with frequepc;ggthat is mainly due to the increase ofiy 3 manner that does not favor the deposition rate. Namely,
the plasma densiff.*> On the other hand, at 10 Torr they both displace the maximum rate of production further
13.56 MHz[Fig. 4(b)], the observed differences with the re- om the substratdFigs. 4a) and 4b)] and this is more
spegtive 2.5 To.rr curve are small and only the Iocation. of theyefinite in the high frequency, high pressure case. However,
maximum is slightly displaced from 6 to 5 mm, depicting {hese changes of the spatial distribution and the total produc-
the expected decrease of the sheath length with pressure. Qg of SiH species will affect the deposition rate only to the
the other hand, at 10 Torr 27.12 MHz a quite different dis-yeasyre dissociative excitation towards Sigdn be used to
tribution is recorded. A very steep maximum is now 0b- 4150 represent the much lower threshé8l4 eV) primary
served very close to the rf electrod® mm) while almost no  gjectron induced dissociation of Sjowards free radicals.
emission is recorded from distances greater than 7. mm. Thi§ome indirect information about this issue can be extracted

indicates that at this frequency and pressure, the dischargg,m mass spectrometric measurements presented in the next
can be maintained by localized rf electrode sheath heatinggction.

only because of the significant reduction of charge losses to
the electrodes. C. Mass spectrometry
Furthermore, the excited species’ production efficiency
in these conditions is presented in Fig. 5 which shows the SiH, consumption was measured using mass spectrom-
total SiH emission intensity, calculated by integrating theetry under the same conditions. Figure 6 summarizes the
emission distribution profiles in space, as a function of theresults of these measurements as a function of the total gas
pressure for the two frequencies. The total Spoduction  pressure at 13.56 and 27.12 MHz. At 27.12 MHz the in-
at 13.56 MHz drops continuously with increasing pressurecrease of pressure from 1 to 2.5 Torr leads to an important
except for the 10 Torr case, where a slight enhancement isnhancement of the SiHtonsumption from~15% to 35%.
observed. However, as mentioned, this observation is valid further increase up to 10 Torr, slightly favors Sildon-
only up to 5 Torr, whereas quenching must be considered aumption up to~42%. On the other hand, at 13.56 MHz,
higher pressures. On the other hand, at 27.12 MHz there is @iH, conversion is almost linearly increasing with pressure
clear maximum of the total emission intensity located athowever the highest value is achieved~i82% at 10 Torr.
2.5 Torr. In this case, further increase of the pressure leads fbhe observed low silane consumptions either at 13.56 or
a reduction of SiH intensity even at 10 Torr. It is worth 27.12 MHz at any pressure do not confirm the term “silane
noting that similar observations were reported in previoudepletion regime” in capacitive discharge conditigns., in
studies concerning the effect of pressure on the production dhe absence of particledt should be noted that the constant
excited specie§’26'27’33ln two studies=>*the optimum was 72 mW/cn? power level was chosen as the highest possible
observed at 4 Torr, while in the other wofRé’ at about power allowing for particle-free operation over the entire
1.5 Torr. Most of the authors attributed this behavior to anpressure range. This power lever the particle-free opera-
advantageous balance between the,Sifirtial pressure and tion regime is of course responsible for the limited silane

FIG. 4. Spatial distribution of SiH(A?A—X ?II) emission intensity for(a)
2.5 Torr and(b) 10 Torr for the frequencies of 13.56 and 27.12 MHz.
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FIG. 6. % SiH, consumption as function of the total gas pressure for theF|g, 7. Deposition rate of microcrystalline silicon as a function of the total
frequencies of 13.56 and 27.12 MHz. gas pressure for the frequencies of 13.56 and 27.12 MHz.

consumption. However, before deciding if this is a low
power level one has to consider the relation of the accuratel
measured discharge power to the nomitggnerator outpiit

bserved depends on silane concentration and therefore
ould be shifted for another silane partial pressure. One may

power. This power increases with pressure from 19 to 36 Iso argue that in these \_/vorks, as mentioned in Se(_:. _“I B,
(168—320 mW/crd in order to maintain constant power there is also an undetermined power effect, whereas it is not

dissipation in the discharge. These values are in a range Wiﬁ]ertain that the experiments are performed in the capacitive

those reported in several publications concernimgSi:H  "€9IME.

deposition. This clearly means that the use of high pressures 't 1S worth nothing that a similar effect of pressure on the
does not necessarily result in Sildepletion. deposition rate was observed in experiments performed with

Concerning the effect of frequency, the Sibnsump- different electrode gaps. Namely, there is always a maximum

tion is always higher at 27.12 MHz compared to 13.56 MHzlocated at 2.5 Torr, however the effect of pressure is rela-
for gas pressures above 2.5 Torr. This is not the case for tHé/ely smoother or more intense for lower and higher gaps,

pressure of 1 Torr where silane consumption is comparabIEESpec“VGV-2

or higher at 13.56 MHz. Furthermore, useful conclusions Furthermore, the increase of frequency has a beneficial
concerning the dissociation processes can be drawn. Namegffect on the deposition rate only in the case of 1 Torr,
SiH, is consumed either by direct electron-impact dissocialhereas in all the other pressures there is no clear advantage
tion and ionization or through secondary gas phase reaction8f using 27.12 MHz. In fact, for pressures above 5 Torr, the
Thus, the increase of Sijrtonsumption with frequency can deposition rate at 13.56 MHz exceeds slightly that of
mainly be attributed to an enhancement of primary electro?7.12 MHz. At 2.5 Torr, where the maximum deposition rate
impact processes because secondary gas phase reactionsigreecorded, there is almost no difference between the two
not directly affected by the increase of frequency. In thefrequencies. This is inconsistent with most of the previous
same sense, no certain conclusions can be extracted concesiidies;>****showing an enhancement of the deposition rate
ing the effect of pressure on Sjldonsumption with pressure under the combined increase of pressure and frequency, for
as both primary processes and secondary reactions are &€ same reasons mentioned in the previous paragraph.
fected by pressure. Thus, the effect of pressure on the gas As a result, the total gas pressure has a dominant effect

phase chemistry and transport will be examined in detail irPn the film growth rate leading to an increase that can reach
Sec. IV. up to 65% between 1 and 10 Torr. On the other hand, the

increase of frequency in this pressure region does not affect
the deposition rate as clearly as it affects the electrical char-
acteristics and the consumption of silane presented above.
The deposition rate ofic-Si:H measured in conditions Moreover, the results concerning the deposition rate are not
of constant power and constant silane concentration whil¢elated to Siij conversion in a straightforward manner.
varying the gas pressure at two frequencies is shown in FigNamely, at 1 Torr where SiiHconsumption is higher at
7. Similar to the emission curves there is a maximum depo13.56 MHz the deposition rate is lower compared to
sition rate obtained for the pressure of 2.5 Torr in both fre-27.12 MHz. For pressures higher than 1 Torr, where,SiH
guencies. Beyond this pressure the deposition rate drops twnversion is clearly favored at 27.12 MHz the deposition
about 1 A/s at 10 Torr. Similar features were reported inrate is not affected and for higher pressures drops at the
previous works concerning the issti€®?"*%although with a  higher frequency. On the other hand, the deposition rate is
different optimal pressure. This discrepancy is certainly duéetter related to the results of SRES, especially in the case of
to the different experimental conditions. In these papers th@7.12 MHz where an optimum on the total emission inten-
SiH,/H, flow ratio is kept constant instead of silane partial sity was found at 2.5 Torr. In addition, the displacement of
pressure. However, the pressure at which the maximum ithe maximum rate of production far from the substrate,

D. Deposition rate
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which was observed from the increase of both frequency and o
pressure, is also consistent with the drop of the deposition S 1]
rate for pressures higher than 2.5 Torr. However, the emis- mg 13
sion curves and the deposition rate are not related at oz
13.56 MHz, especially concerning the absence of an emis- %‘ 11 O 1356 MH:
sion maximum. Possible reasons for the existence of the op- 5 10 o 27 12 MHz
timum and for the pressure and the frequency effect on the C ool
deposition rate are presented in Sec. IV. % 0.5
& 071 o
IV. DISCUSSION ) E‘j'_
=3 -
The basis of this investigation is the choice to perform E S —
the experiments in conditions of constant discharge power bbe 3 4 s &8 7 8 3 10
while maintaining at the same time constant silane partial Pressure (Torr)

pressure. This choice has qu to a combination of 0pe.ratm9IG. 8. Space-averaged electron density as a function of the total gas pres-
voltage, current, and phase impedance as presented in Sggre for the frequencies of 13.56 and 27.12 MHz.

Il A. However, these electrical characteristics are linked

with electron properties like number density, energy, drift ) ) o

velocity, and collision frequency, quantities that are signifi-frons, the power (_39”5“4m5§d by ions being negligible at these
cantly altered while the power consumption is maintainedoW Voltage condition§*** The average energy gained/lost
constant. Among these, the effect of pressure and frequend electrons can be easily found by dividing the total power
on the electron density can be estimated if one examines tHe the average electron density. Since the total power is
variation of the ohmic part of plasma impedance. The spacgaintained constant, electron energy will drop with the in-

averaged electron density,, and the discharge resistarRe ~ crease of frequency and will present its highest value for the
are related as follow&48 13.56 MHz, 1 Torr case. As an illustration, the estimated av-

erage energy per electron will be 4.5 eV for 13.56 MHz,
UmsMe = UMl g (1) 1 Torr, and 1.1 eV for the same pressure at 27.12 MHz.
RAE  V,COSPAE’ It is normal that these changes in both the electron den-
wherem, is the electron massi, is the bulk lengthA the sity and energy will strqngly a_ffect all electron—_ir_npac_t SiH
discharge cross sectiomthe electron charge;, the electron  @nd H processes and in particular those requiring high en-
momentum transfer collision frequency,, Iy, and ¢ the €9y electrons. This has already been obseryed in Sec. Il B,
voltage amplitude, the discharge current, and the phase dif¥here the effect of pressure on the total Sispecies pro-
ference between them, respectively. The momentum transf&uction was presented. Namely, the differences observed de-
collision frequency was estimated using a Boltzmann equap.e.nd d|rect!y on the evolution of the effect!ve electron den-
tion solver*® which gives a value of-5x 10° Torr* s for s!tle_s_for this process at .the two fr.equenC|es. However, the
all the gas mixtures used in this study. In addition, the wholeSignificant drop of emission intensity above 5 Torr at both
interelectrode spacél5 mm) was taken asl, mainly be- frequencies, espemglly at 27.12 .MI-.|z, cannot be explgmed
cause in these high pressure conditions ohmic heating in tHey the electron density changes, indicating that quenching of
sheaths and its contribution to the discharge resistance @XCited species also plays a role here.
very important. Figure 8 shows the calculated average elec- Besides the electron properties that will strongly affect
tron density as a function of the total gas pressure. A differhe rate of silane dissociation of Sjland H, there are im-
ent behavior is observed at each frequency. Namely, the irfRortant changes in the mass transport of precursors with
crease of pressure at 13.56 MHz gives an optimum electroRressure. In particular in the conditions examined here,
density at 2.5 Torr. The lower electron density is calculategVhere there is a wide variation of pressure while maintaining
for the pressure of 1 Torr while the increase of pressuré constant total mass flow, an estimation of the changes of
above 5 Torr has almost no effect on the plasma density. Of1€ gas flow regime is required. For this purpose, the main
the other hand, at 27.12 MHz there is a slight enhancemertarameters involved in the mass transport of species like the
of electron density with pressure up to 7.5 Torr followed bydiffusivity of species, the gas mixture velocity, as well as the
a small drop at 10 Torr. The increase of pressure afeynolds and Pecklet criteria, were calculated. The diffusion
13.56 MHz can give an up to 50% increase while atcoefficient was calculated for SjHin the binary mixture
27.12 MHz the differences in electron density never exceedVith H, according to the Chapman—Enscog thednghereas
30%. In any case, the electron density is higher compared tée Pecklet numbdiPe=u-d)/Dg;,,] (whereu is gas veloc-
13.56 MHz at any pressure and the difference is more impority, d electrode gap, an®s;,, silane diffusion coefficient
tant at higher pressures. This is consistent with many pubwas computed in terms of the Sjidiffusion coefficient. The
lished results on the effect of frequency in gasReynolds numbefRe=(u-d-p)/u] (wherep is gas density
discharge$*?*%* and u binary mixture viscositywas calculated by again us-
Moreover, from the electron density calculations one caring the interelectrode space as the characteristic length. The
also estimate the electron energy, taking into account thaesults are summarized in Table I, where the mean residence
most of the power in these discharges is dissipated by eletime of SiH, is also included. As anticipated, the increase of

Nav =
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TABLE I. SiH, diffusion coefficient in the Sig/H, mixture (DSiHA), gas 10
mix_ture velpcity(u), chklet(Pe_, and ReynoldéR_e) numbers, mean SiH 04l
residence timé7) and time required for 90% of SiHmolecules to leave the ]
reactor(7g) at five different gas pressures. B8
0.7
Pressure  Dgj, u 06
(Torr) (cm?ls)  (cm/9 Pe Re t(s) tgo () 0]

1 1014 16.12 0.023 1279  0.093 13 0.4+ —1 Tem

25 428 6.45  0.0226 517 0.23 34 0.3 ] coo- 28 Toem

5 218 322 00221 259  0.46 70 nz] o :5 ;z:

75 146 215  0.0220 173  0.69 105 oalv T 0 Tor

10 110 1.61 0.0219 129 0.93 141 ool I

0 20 40 &0 I E:J '1l.'IIUI12IIZI 'H:U '1I';IJI16:IZI '200
Time (sec)

pressure result in a significant reduction of both SiHe

diffusion coefficient and the gas flow velocity. The drop of FIG. 9._Fracti0n of Si molecu_les leaving the dischardg 7) as a function

these two parameters decreases the Pecklet number, whicc’:iwthe time elapsed from their entrance.

anyhow has rather small values, indicating that diffusion is

still the main transport mechanism of species in the reactoworth noting that similar results are obtained if one uses the

even at the highest pressure used here. Thus, in the preséwin series continuous stirred react@STR) reactors model

conditions the cell behaves like a perfectly stirred tank reacinstead of the axial dispersion model.

tor, which in turn ensures a uniform distribution of Sikind The fact that a large number of Sjiholecules leave the

H, although a single point gas entrance is used instead of ggactor at times much longer than the mean residence time

showerhead. This, combined with the low Sitbnsumption  will affect SiH, conversion which will normally increase

(Fig. 6), ensures that there is no significant error in the corwith pressure. This has been already observed in Sec. Ill C,

relation of plasma parameters and especially SRES data withowever a more detailed analysis of the gas phase chemistry

the deposition rate. In fact, the increase of pressure for thef SiH,/H, discharges is proposed.

same volumetric gas flow favors diffusion relative to convec- ~ The main reactions that are expected to contribute to the

tion leading to a significant suppression of the mass transpogonsumption of Sikin the case of highly diluted SiHn H,

of species. In addition, the Re number drops significantlydischarges are:

with pressure. Thus, for pressures higher 'than 2.5 the flowis -, SiH; — SiH, + (4 -X)H (x=0-3), 3)

laminar, while at 1 Torr is in the intermediate regime.
Moreover, the mean residence time of the gas mixture in

) . . "+ SiH, — SiH; + (4 -X)H +2e” (x=0-3), 4
the reaction space increases with pressure. However, the cal- € IHy = SiH +(4 =) e ) “@
culations of the Pe number have clearly showed that the re- o -
actor is far from the ideal plug flow or perfectly stirred re- Hz + SiHy — SiH; + Hp + H, )
actor models. From this point of view, the mean residence . .
time is meaningless; the parameter of interest being the dis- H+ SiH, — SiH; + Hy, (6)
tribution of the species residence time. Thus, in order to have . : :

a better estimation of the effect of pressure on the4$é;5:%- SiHp + SiHy = SipHs, )
dence time, the model of dispersed axial flow was appfied. . : .
According to this model, the fractio® of SiH, molecules SiHp + SiHy — SipH, + Hy, 8)
that leave the discharge at timds given by the relation: SiH + SiH, — SipHs, )
c 1 lPel - (#7)
/ —\7T
d()=—=>|1-ef ~———n>m | | (2 SiHy + SiH, — SiH3 + SiH;. (10)
C 2 2 Nt

In order to distinguish between SjHonversion due to
whereC is the concentration of SiHat the reactor’s exit at electron impact dissociation (3) from that in
time 7, C, is the initial SiH, concentration in the reactor, and ion/radical—SiH reactions(6)—(10) a mass transfer model,
‘7 the mean residence time. Thus, the increase of the calcualescribed in detail in a previous work of this grosﬁ’pNas
lated SiH, residence time with pressure is shown in Fig. 9.used. Briefly, the one-dimensional model simulates,&it
According to these calculations the time required for 90% ofdischarges in a parallel plate reactor taking into account
the SiH, moleculegTable I,tqo and arrow in Fig. 9to leave  plasma—surface interaction besides gas phase chemistry. The
the reactor at 1 Torr is 13 s, while at 10 Torr it becomesmodel inputs are the total Sjtonsumption, calculated from
141 s. This is extremely high compared to the mean resithe mass spectrometric measurements, and the spatial distri-
dence time and it clearly reflects the deviation of the plasméution of silane electron induced dissociation that is simu-
reactor from ideal plug flow reactors. The main reason folated by the SikiA ?A) emission profilegFig. 4). The results
this rather high residence time is the significant dominatiorof the model are the SiHelectron induced dissociation rate,
of diffusion over convection that favors back mixing, radial the density distribution of various species in the discharge,
diffusion, and trapping of molecules in the reactor. It alsothe radical flux towards surfaces, and the deposition rate.
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FIG. 10. Rate of Silj electron-impact dissociation as a function of the total Pressure (Torn
gas pressure for the frequencies of 13.56 and 27.12 MHz.

o . FIG. 11. Fraction of Sild conversion due to primary electron—Sildolli-
Application of the model to the present experlmentalsions[(x3+x4)/xSiH4] as a function of the total gas pressure for the frequen-

conditions has led to the calculation of the electron impacgies of 13.56 and 27.12 MHz.

SiH, dissociation ratd’ as presented in Fig. 10. Actually,

is the product of the electron-energy dependent rate constant (" e B 1 W

multiplied by the average electron density and therefore is X3'f0 (1-e T)(D(T)dT'fo (1-e*9dd(7). (11)
the electron—Sikicollision frequency leading to dissociation

towards free radicals. The increase of pressure leads to H'US: Fig 11 shows the fraction of Sjldonsumption due to

continuous drop of the SiHdissociation rate for both fre- ©€IECtron impactX,+X;) as a function of the total gas pres-

quencies. This drop is more pronounced in the region be>Ure for the two frequenmes. The Increase of pressure I_eads
i 1and5T d llv at 13.56 MHz. The di to a drop of the relative importance of primary electron—SiH

.e-en an . .orr and especially at ~o. _Z' X € ISSOi'mpact reactions to the total SijHonversion, for both fre-
ciation rate is higher at 1 Torr, 13.56 MHz, while in all the

) guencies. Namely, at 1 Torr the contribution(8f and(4) to

other pressures is lower or about equal to the same one &g total consumption is about 90% the rest being left to
27.12 MHz. Furthermore, there are two important observasecondary reactions. This means that the process mechanism
tions that have to be made concerning the variatiork'of is simpler in this case, i.e., silicon based free radicals and
with pressure and frequency. First, the valueskofcorre- ions are mostly produced through electron—Sitdllisions
spond to electron—silane collision times that are higher thaand they are lost to the surfacésubstrate, rf electrode,

the mean residence time and within the range of the,SiHwalls) due to diffusion or drift in the field. However, Fig. 7
residence times presented in Fig. 9. The second observatiGhows that this is not the most favorable scheme for the film

is that the variation of electron impact Sjldissociation rate  9rowth rate. In addition, these conditions do not favor film
does not follow the evolution of the deposition rékég. 7) crystallinity since the films deposited at 1 Torr had the low-

Thus, despite the fact that at 1 Torr the rate of radical pro—eSt crystalllne volume fracﬂon .compared_ to all other
ressured’ Namely, the crystallinity of the films, as esti-

duction is h|gher, the diffusive precursor fluxes towards th ated by laser Raman spectroscopy, was 75% at 1 Torr and
surfaces will be favored compared to any other pressure_gsos for all the other pressures.

(Table 1, diffusion coefficientand the probability to reach On the other hand, at pressures higher than 5 Torr and
the surfaces is enhancgspatial distribution of species, Figs. for both frequencies, secondary gas phase reactions start to
4(a) and 4b)] the deposition rate is optimized at 2.5 Torr. play an equal or even a major role, participating by more
This leads to the conclusion that the production of radicalghan 50% to the total SiiHconsumption. Under these condi-
through secondary gas phase reactions plays a very impotions, radicals and ions initially produce8) and (4), have

tant role in these conditions and is determining the filmthe chance to further react with S$jH7)~(10) due to the
growth rate. In order to further analyze this role, the totaldecrease of the rate that they reach the surfaces and the in-
SiH, conversionXs;,, was written as the sum of the con- crease of Sil residence tlme{Flg. 9. F_urthgrmore, the re-
sumption due to each one in the group of parallel reactionglctlons of hydrogen atoms and ons with $it3) and(7) are
(3)10): Xy =SB X, where Xq_ corresponds 1o the con- a!sp fayored from the pressure increase for the same reasons,
_ SiH, ™ =i=1" 3-10 giving in such a manner to the secondary gas phase reactions
version due td3)-(10) respectively. The values 0f_10Can  the major role in the total Sificonsumption. Therefore, at
then be calculated using their rate constants and the resiigher pressures the deposition mechanism becomes more
dence time of Sifg For instance the electron molecule col- complicated, i.e., the film precursors are some free radicals
lision processes are treated as first order reactions and tli8) that escape from secondary reactions and mainly of radi-

conversionX; can be calculated as cals produced from secondary reactiai and (8)—(10).
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Nevertheless, also this mechanism, where the precursofdn the other hand, if the probability proposed by Tserdtpi
come mainly from the radical/ion—SjHeactions, is not the al.>®is used then the observed drop of the deposition rate at
most advantageous for the achievement of fast growth rated. Torr is determined by etching.

In fact, at 10 Torr where the contribution of secondary reac-

ti_ops to the total conversion is about 65% the lowest depov CONCLUSIONS
sition rates were recorded.

Finally, there is a pressure region between 2.5 and 5 Torr  An investigation of the total gas pressuie-10 Tor)
where electron-induced SjHdissociation/ionization is still effect on the deposition of microcrystalline silicon thin films
the main mechanism of SjHconversion(60%—70% while  from highly diluted SiH, in H, discharges was carried out at
secondary reactions cannot be neglected as in the 1 Tothe frequencies of 13.56 and 27.12 MHz. The study was
case. As shown again in Fig. 7, this combination gives théased on the application of a series of plasma diagnostics
best results from the deposition rate point of view. The cleatogether with a gas phase and surface simulator of,/Sikl
advantage of the limited participation of secondary gas phaséischarges in conditions of constant rf power consumption in
reactions on the deposition mechanism can be better unddfe discharge and at the same time constant silane partial
stood if one compares the results concerning the 1 ang@féssure. S
5 Torr cases. The rate of free radicals production at 1 Torr, "€ achievement of constant power dissipation in the
13.56 MHz is about 1 order of magnitude higher than thedischarge has led to a minimum excitation voltage for the
corresponding 5 Torr onéFig. 9), while the flux of these pressure of 2.5 Torr. The increase of pressure from

species towards the surface is more favored at the Iowejr to 10 Torr is associated with a continuous drop of the dis-

pressure. However, the deposition rate is higher at 5 Torr anaharge current and a mon(_)tomc displacement of the d_|s—
this can only be due to the additional production of film charge phase to less negative values, for both frequencies.

recursors throuah secondarv reactions. This addition hese changes of the discharge electrical parameters show a
P 9 y. s . . Clear effect of pressure and frequency on the electron density.
source of precursors, together with the relatively high SiH

i . d the limited hinderi ¢ radicals i Namely, the increase of pressure results in a sharp optimum
Issoclation and the limited hindering of radicals Hluxes 0 ojaciron density at 2.5 Torr for the 13.56 MHz case and to

the substrate, leads finally to the observed optimum of the, \yeaker maximum at 7.5 Torr for the 27.12 MHz case. The
deposition rate at 2.5 Torr, for both frequencies. ~ electron energy is expected to follow an inverse relation to
The identification of the radicals responsible for the sig-gjectron density as the total energy transferred to the plasma
nificant increase of the film growth rate is unambiguously ans maintained constant.
important subject of investigation. The model used here pre-  Moreover, the changes of the electron density and en-
dicts that SjH, is mostly favored8) by the controlled con- ergy affect the rate of electron—SjHmpact processes that
tribution of secondary reactions to the total gitbnversion are mostly favored at lower pressurgsand 2.5 Tory for
at the intermediate pressure. However, this result depends dyoth frequencies. In addition, SRES measurements have
the branching ratio of3) and the sticking coefficient of this shown that the increase of pressure displaces the maximum
radical to the surfaces, which are both unknown. Sitdd  rate of species production far from the substrate, thus affect-
Si,Hz are also species that will be enhanced through readgng the process in a manner that does not favor the film
tions (6) and(9), but in order to be considered as responsiblegrowth.
for the observed increase of the deposition rate must have On the other hand, the % Sjktonsumption is enhanced
sticking coefficients much higher than the ofel) usually ~ With pressure and is higher at 27.12 MHz; however, despite
reported in the literatur®>®® In addition, the formation of the rather high pressures, is far from depletion. The increase
silicon ion hydrides and especially of SjHs favored by of SiH, _con\_/ersion is attributed to the increase of Silsi-
secondary reactioné) and (10) but the mechanism of ion dence time in the reactor and the consequent enhancement of

incorporation as well as their precise role in the film growththe contribution of secondary gas phase reactions to the total

is another interesting subject for research. Finally, concerng’IH4 conversion. .
Finally, the deposition rate was found to present a clear

ing the rolg of hydrogen atoms IWC_SIEH growth, the ptimum at 2.5 Torr and to be almost the same for 13.56 and
model predicts that hydrogen atoms dominates the flux of algl12 MHz, indicating that there is no clear advantage of

th? spemes.(more than 1 orQer of magnitude higher than using a combination of high pressure and frequency for the
silicon hydride$ over the entire range of pressures..For theachievement of highuc-Si:H deposition rate. The existence
lowest pressure(1 Torn) the hydrogen atoms flux is en- ¢ is ontimum was further analyzed, revealing that at these
hanced relative to all other species due to the higher diffuzongitions the maximum of the film growth rate appears at
sion coefficient and the limitation of their consumption ¢ pressure where the Sjldissociation rate to free radicals
through the silane insertion reaction. This could increase thg; rather high, while the fluxes of species to the surfaces are
importance of silicon etching by hydrogen atoms at 1 Torr.not significantly hindered and the secondary gas phase reac-
However, the specific weight of this process on the depositions act mainly as a source of additional film precursors. It
tion rate depends on the probability of hydrogen to extract ahould be noted that these conclusions are valid for the ca-
silicon atom from the surface and the values found in literapacitive regime of operation where the presence of particles
ture vary a lot. For instance, if one uses the probability prodis excluded as in the case of the experiments presented here.
posed in Ref. 57 then H atom etching is of minor importance.  Further work is needed for the identification of the radi-
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