
 

On expanding recombining plasma for fast deposition of a-
Si:H thin films
Citation for published version (APA):
Meeusen, G. J., Dahiya, R. P., Sanden, van de, M. C. M., Dinescu, G., Qing, Z., Meulenbroeks, R. F. G., &
Schram, D. C. (1994). On expanding recombining plasma for fast deposition of a-Si:H thin films. Plasma
Sources Science and Technology, 3(4), 521-527. https://doi.org/10.1088/0963-0252/3/4/009

DOI:
10.1088/0963-0252/3/4/009

Document status and date:
Published: 01/01/1994

Document Version:
Publisher’s PDF, also known as Version of Record (includes final page, issue and volume numbers)

Please check the document version of this publication:

• A submitted manuscript is the version of the article upon submission and before peer-review. There can be
important differences between the submitted version and the official published version of record. People
interested in the research are advised to contact the author for the final version of the publication, or visit the
DOI to the publisher's website.
• The final author version and the galley proof are versions of the publication after peer review.
• The final published version features the final layout of the paper including the volume, issue and page
numbers.
Link to publication

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying the publication in the public portal.

If the publication is distributed under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license above, please
follow below link for the End User Agreement:
www.tue.nl/taverne

Take down policy
If you believe that this document breaches copyright please contact us at:
openaccess@tue.nl
providing details and we will investigate your claim.

Download date: 24. May. 2023

https://doi.org/10.1088/0963-0252/3/4/009
https://doi.org/10.1088/0963-0252/3/4/009
https://research.tue.nl/en/publications/0bcc4f8e-8320-43b6-a0c1-5ad233f944e0


Plasma Sources Sci. Technoi. 3 (1994) 521-527. Printed in the UK 

I 

I On expanding recombining plasma for I fast deposition of a-Si:H thin films 

G J Meeusent, R P Dahiyat, M C M van de Sandent, 

D C Schramt 
G Dl!?escll$, moll Ql!?gt, F! F G nneL!!e!?!?r~e!s~ aK! 

t Department .of Physics, Eindhoven University of Technology, PO Box 513, 
5600 MB Eindhoven, The Netherlands 
$ Centre for Energy Studies, Indian Institute of Technology, New Delhi 110016, 
India 
8 Institute of Technology, Bucure$i, Romania 

Received 17 Janualy 1994, in final form 14 June 1994 

Abstract. A high-density expanding recombining plasma is investigated for 
deposition of a-Si:H thin films. The deposition method allows nigh growth rates 
and it relies on separation of plasma production in a high-pressure thermal arc, 
and transport of lragments of injected SiH, monomer lo the substrate. Some 
characteristics of the plasma are discussed together with an explanation of 
the dominant chemical kinetics. which proceed mainly through heavy-panicle 
interactions. The deposition results indeed show very high growth rates from 
2-30 nm s-’ on areas of 30 cm2. The properties of the layers are characterized 
by measuring their refractive index (in the range 3.1-3.8) and bandgap (1.2- 
1.5 eV). Analysis of the oxygen content in the deposited films shows oxidation 
of the samples in air, which is probably associated with the microstructure of the 
layers 

1. Introduction 

For amorphous solar cell fabrication various options are 
being pursued for deposition of semi-conducting amor- 
phous silicon, some of which offer good performance 
and stabiiity but require further deveiopment to reach 
competitive production costs. Ultimately roll-on, roll- 
off deposition techniques need to be developed and a 
low substrate temperature would be desirable since then 
polymeric substrates could also be used. 

In the prevailing plasma deposition methods [l], 
capacitively coupled RF and microwave excited systems 
are used to create plasma in mixtures of Si& and 
Hz. In these discharges the Si& monomer is partially 
dissociated and ionized with Se as major ion and 
with several radical fragments, SiH,. Depending on the 
electron density, which is around 10l6 m-3, ion fluxes 
of a few times lOI9 m-2 s-I and a few times larger 
net radical fluxes can be obtained. Note that the net 
radical flux can be significantly smaller than the nearly 
balancing incoming and desorbing fluxes. This, among 
other factors, is a consequence of the diffusive character 
of the discharge. Based on the above-quoted values for 
the ion and net radical fluxes, deposition rates of 0.1- 
1 nm s-I are expected and are also actually observed in 
experiments [2,31. 
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The actual deposition mechanism is still uncertain 
to a large extent. At present several views exist 
emphasizing the importance of either SiHz [2] or SiH3 
[3] as a precursor for growth. According to most of them 
the role of the ion flux (and thus the electron flux) is not 
taken into account. it is clear, however, that the seif-bias 
that exists in these discharges and that accelerates the 
ions to energies of 30-100 V does influence the result. 
Also it would give rise to advantageous heat flux to the 
substrate, but may lead to ion-induced damage in the 
growing film. When argon is used as a carrier gas it 
could lead to argon capture in the layer with detrimental 
effects on film quality. 

Encouraging results have been obtained with 
the above-described W and microwave discharge 
technology. The deposition of various layers in a mniti- 
chamber UHV apparatus has shown good performance 
and acceptable deposition rates 141. When the deposition 
rates are to he. increased significantly on similar surface 
areas (100 cmz or larger) several changes are required 
to reach the necessary radical andor ion fluxes. In this 
paper a different approach is used to reach this goal. 
This approach [5] is based on separation of plasma (that 
is, ions and also radicals) production, and the transport 
and deposition through these particles. The flowing 
plasma is produced in a sub-atmospheric cascaded arc. 
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Figure 1. The expanding plasma beam deposition set-up. 

As a consequence of the relatively low radiation loss 
in these plasmas, which satisfy the partial local thermal 
equilibrium (pLTE) condition, the electron density is high 
and ionization of the (carrier) gas is very efficient. The 
high-density plasma flow is seeded with silane while it is 
allowed to expand in a low-pressure deposition chamber. 

The present method has the advantage of providing 
large radical and ion fluxes, typically lo2' and 
I d 0  m-' s-' respectively. Other distinct aspects of 
this plasma beam deposition method are the more 
pronounced radicalization, the relatively larger ion flux, 
atomic rather than molecular ions, and the low bias 
voltage and thus low ion energies. 

2. The  experimental set-up 

The presented method to achieve higher deposition rates 
relies on efficient plasma production, transfer of the 
chemical energy to the monomer ( S i b )  seeded in the 
plasma and transport to the substrate. Figure 1 shows a 
schematic diagram of the system. In the following we 
will briefly describe the various aspects of the method. 
More detai!s of the experimental system can be found in 
[61. 

The plasma source is a cascaded arc, with three 
cathodes at the upstream side, a stack of ten copper 
isolation plates with a 4 mm bore and an anode-nozzle. 
The carrier gas, argon, is injected at the cathode side. 
The arc current can be varied in the range 30-100 A, the 
voltage drop is typically around I00  V. Halfway along 
the arc hydrogen gas is injected, which is completely 
dissociated and partially ionized in the arc channel. The 
hydrogen is ionized preferentially as its ionization energy 
is lower than that of aron, The rcsu!ting ion fluense 
amounts to nearly 2 x 10" s-', namely ahout 10% of 
the total flow. The same fluence of electrons renders the 
plasma flow neutral. 

After passing through the nozzle the plasma first 

chamber; subsequently the plasma shocks, and then 
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Table 1. Parameters of the experiment. 

Arc current (/a,c) 45-75 A 
Chamber pressure hmb,)  0.2 mbar 
Substrate temperature (T.,b.w.) 300% 
Argon flow rate (a,) 
Hydrogen flow rate (&) 
Silane flow rate (&,) 

60-90 SCC 5-1 

10 scc s-' 
05 SLY2 s-1 

exp&s s&.hsopisd.l!y ...ith ..p!ocit;-- zcnsd 3 s-' 
[7-101 towards the substrate mounted normal to the 
flow direction at a distance of 30-50 cm. In the 
early expansion, close to the nozzle exit, monomer gas 
Si& is injected with flow rates of 1-5 scc s-'. The 
radiea:izaiioii ziid ioiiizaiioii of iiie monomer proceeds 
through charge exchange with the carrier gas ions, 
either Ar+ or H* [ll]. Depending on the distance and 
pressure a thin layer of a-Si:H can he deposited on 
an area of 30-100 cm'. The experimental parameters 
are given in table 1. A load-lock arrangement is used 
to transfer the silicon substrate to the wvaa:-,ooled 
substrate holder. Temperature and bias of the substrate 
are continuously monitored. The substrate temperature 
is monitored by means of a thermo-couple mounted on 
a dummy sample, positioned on the sample holder just 
outside the actual sample deposited. Parameters of the 
expanding, recombining plasma are measured by means 
of a computer-controlled double probe and by emission 
spectroscopy. I n  situ ellipsometry is used to monitor the 
film thickness and refractive index during its growth. 
Other film characteristics are measured ex situ. No 
special pre-treatment of the silicon wafers (Wacker, n- 
doped, p = 1-5 52 cm) was performed. 

3. Results a n d  discussion 

With the flow rates selected for the a-Si:H deposition the 
plasma emanating from the arc source channel primarily 
contains Ar+, H+, e, Ar and H particles. Addition 
of Si& monomer in the expanding, recombining 
plasma leads to radical formation, charge transfer and 
dissociative recombination of the molecular ions: The 
following types of reactions involving charge exchange 
and dissociative recombination would determine the 
plasma kinetics: 

S i b  + Ar+/H+ + SiHl+  H + Ar/H 

+ Si+ 

1" this. q d - n *  t"c =: three &-!gG&*yJrogefi ioiis are 

SiH: + e  + SiH2 + H  

used to convert the monomer into Si+ ion. Whether the 
radicalization proceeds fully to the hare Si+ ion, depends 
on the plasma parameters, such as the Arm2 flow, the 
arc current and the monomer flow. 

TG *a"+ .!-- ., -I:>:... -4- rL:̂  --s-* .I- 0 . C  
_UL UIC r o l ~ u l r y  VI uus uwuci, Lnc 31' ion 

density has been measured spectroscopically [ 111 for 
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Figure 2. Charged palticle density as a function of radial 
position in the Ar-SiH4 plasma jet at a distance of 155 mm 
from the nozzle. Radial position 0 corresponds to the 
plasma axis. QA, = 60 SCC s-', QSIH, = 0.5 scc s-', 
lare = 60 A and &amber = 0.2 mbar. 

high current, large argon and no hydrogen flow. The 
resulting Si+ density (5 x IO" m-3), shown in figure 2, 
is in accordance with the ahove-described picture of 
full recharging to other ions by a sequence of charge 
exchange and dissociative recombination. Under other 
circumstances of low flow and/or current the dissociation 
may not be complete and, therefore, molecular SiHn 
(n = 1,2,3) radicals would dominate. 

Plasma density and electron temperature measure- 
ments were performed using a double probe for different 
Si& flows. The probe tip was positioned at the axis not 
too far from the substrate. In the analysis Si+ is assumed 
to be the dominant ion (see figure 2). Only in  the case 
that the hydrogen ion is the dominant ion will the error 
made by making this assumption lead to a large error. 
This is, however, in view of strong recombination of H+ 
through formation of e, most unlikely. The presence 
of negative ions does not severely influence the nc mea- 
surement since the saturation current is only dependent 
on the positive ions. 

The results of the double probe, shown in figure 3, 
indicate an increase in electron temperature T, and a 
decrease in electron density ne with silane flow. The 
latter can be ascribed to further loss of ions in the charge 
exchange-dissociative recombination sequence of charge 
transfer to monomer ions. The results are in agreement 
with the results found in similar plasmas in pure argon 
[8,9] and in argon-hydrogen [121. 

The main difference between this method of 
deposition and any other plasma-based method is that 
in this case the electron temperature is low (0.3 eV) in 
the expansion region and the electrons cannot dissociate 

s o o o ~  1020 

6000 1019 

t I I I I I I I 4 t I $016 
0 1 2 3 

SiH, flow (scc/s) 

Figure 3. Plasma density and electron temperature at the 
plasma axis at a distance of 300 mm from the nozzle with 
increasing SiH4 flow; other conditions are Qk = 85 scc 
s-l, QHz = 10 scc s-l, Cm = 75 A and &,amber = 0.2 mbar. 

and ionize the injected monomers or its fragments. Thus 
the distinct advantage of the present scheme of the use 
of ions is that the method is relatively independent of 
the monomer used (apart from some side effects of the 
resulting radicals). 

In the expansion chamber, where the substrate is 
placed normal to the direction of plasma flow, the plasma 
jet consists of SiH, radicals, Si+ ions, electrons and 
carrier gas ions and atoms. The residual ionization 
of the carrier gas depends, among other factors, on 
the hydrogen admixture. From separate studies of 
molecular (Hz and N2) gas combination with argon 
plasma jets [12-141, it has become clear that admixture 
of molecules leads to loss of ionization, again because of 
charge exchange of atomic ions with the molecules and 
subsequent recombination of molecular ions. Though 
the molecular gas injected in the arc channel is almost 
completely dissociated, the H2 molecules originate 
from wall association of hydrogen atoms inside the 
expansion chamber. In this process the Hz molecules are 
vibrationally excited, which may play an important role 
in the charge exchange process [12]. As the residence 
time (0.1-1 s) is substantially longer than the circulation 
time (0.01 s), an appreciable degree of recycling must 
be expected and is also observed [15]. 

Similarly, in the Si-deposition process recirculating 
SiH, fragments may contribute to the deposition process. 
At present it is not known whether this indirect process 
overweighs the above-described direct process, that is, 
deposition via Si+ ions. 

The substrate bias voltage (floating potential) and 
the total light intensity emitted from the plasma are 
measured during the film deposition sequence. The 
emission measurements are made at a right angle to the 
plasma flow in front of the substrate. In figure 4(u) the 
substrate temperature and bias voltage are shown for the 
following sequence of operation: pure argon (Qh = 
85 SCC s-'), argon-hydrogen (Qk = 85 scc s-', QH, = 

QH, = 10 SCC s-l, Qs& = 2 scc s-l), and again 
argon-hydrogen. From the substrate temperature curve 
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it can be concluded that the energy flux is maximum for 
pure argon operation and minimum for argon-hydrogen 
mixtures. Since the substrate is floating it attains a 
negative potential of -1.49 V on seeding S i b  in the 
plasma. In comparison the substrate floating potential 
is -1.3 V for Ar and -1 V for Ar-H, plasma The 
wavelength-integrated light emission from the plasma 
measured with a silicon photo-transistor increases with 
addition of S i b  in the Ar-H2 plasma, as is shown in 
figure 4(b). However, the emission from the molecularly 
seeded plasma is much less than that from argon plasma. 
Since this measurement is not wavelength-resolved it 
is difficult to draw conclusions; it is, however, an 
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indication that electron temperature increases (as follows 
from the higher bias voltage and probe measurements) 
and that reactivity of the plasma increases with addition 
of silane to k-HZ plasma. 

The three SiH spectra shown in figure S(u) are 
obtained for three arc currents with a 0.75 m focal 
length monochromator. The vibrational and rotational 
temperatures are deduced from figure 5(u) by means of a 
simulation of the molecular spectrum [ 111 and are shown 
in figures 5(b) and (c) as a function of the arc current 
and plasma pressure respectively. The vibrational and 
rotational temperatures are in the same range. The 
temperatures decrease with increasing arc current and 
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Figure 5. (a) SiH spectra for three arc currents: other 
conditions are QAr 
QsiHI = 0.5 SCC s-' , hambe, = 0.2 mbar. (6) Vibrational 
(T,) and rotational (T,) temperatures of SiH as a function 
of arc current. Experimental conditions are a s  in (a).  (c) 
Vibrational and rotational temperatures of SiH as a function 
of paamber. Experimental conditions are as in (a). 

with this decrease the electron temperature increases, 
which again indicates a dissociative process as a source 
of the radiation. 

The influence of plasma parameters on the charac- 
teristics of silicon films deposited on crystalline silicon 
substrates for various runs has also been investigated 
with the presently chosen experimental parameters. The 
ex;ier siu;;es have conGm,d b:e foE,ac(-jn of %-%:E 

90 scc s-l, QH1 = i0 scc S-', 

25 --I 
$20 
v ; = I  IS 

5 10 

5 

0 1 2 3 4 
SiH, flow rate (sccis) 

: I : ; ,  , , , , , , 

Figure 6. The film growth rate as a function of SiHa 
flow. Other conditions are: lam = 75 A, Qh = 60 scc 
s-l, QsiHI = 1 scc s-', phamber = 0.2 mbar and 

films [6]. With in situ He-Ne ellipsometry the refrac- 
tive index and the growth rate of the films were mea- 
sured. In the interpretation of the measurements a top 
layer with lower refractive index and of nanometre thick- 
ness has been taken into account. This is possible if 
both ellipsometric angles are available as a function of 
time during the film growth. The top layer may be in- 
terpreted as a rough surface with voids. The refrac- 
tive index and growth rate of the film were measured 
by varying the parameters around a standard working 
condition, namely Iarc = 75 A, QA, = 60 scc s-', 

and pehmber = 0.2 mbar. 
The a-Si:H film growth rate shown in figure 6 for the 

same conditions as in the spectroscopic measurements 
increases linearly with the silane flow, whereas the 
refractive index of the film lies in the range 3.1-3.4. At 
higher Si& flow rates higher refractive index (> 3.8) 
has been obtained. Comparing these values with that for 
a-Si:H used for solar cell applications, which is II = 4.3, 
shows that these values are lower [l]. This suggests 

cells, which is probably caused by the presence of voids 
or regions with lower refractive index. In the present 
method the film growth rate is higher than that of the 
usual deposition methods, and this stems from the fact 
that we have a relatively high density (ne % lo'* m"), 
low-T, plasma. Tentatively, it appears that low gas flow 
and low arc current favour the indirect process of radical 
formation, whereas the ion role becomes more important 
at high gas flow and large arc current. 

spectroscopic ellipsometry the presence of a top layer 
with lower refractive index is also taken into account. 
The values obtained for the band gap with an elaborate 
fit program range 1.2-1.5 eV. Device quality a-Si:H 
has a bandgap in the range 1.61.8 eV. Variations of 
the band gap values with the operating parameters of 
the experiment are small, but they point to optimum 
working parameters of low arc current and with finite 
hydrogen admixtures, namely low ion density. This may 

Tsbm.rab = 300 'C. 

0"~ = 10 gcr s-1, &a = 1 SCC S-l* &bsG* = 300 "C = "1 

rhat thp- !ayerg less dens  than a-Si:H use!! for solar 

Wbi!e &tc-ipifig !he b.nd g q  by c . ~  

-no- eh-+ +hn :-rl;m.-t mnrhnn;rm ;r --d%-ehla ~ T ~ D I .  +ha 
U'Wl W ' l L  U L C  11ILu'L+I I l l L . , ~ l ' " l l ~ L I I  I D  p'L.,'.,"'=v" ""UL L . l l  
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Figure 7. inirared spectra oi fine a-Si:H iiim taken at tiiiferent time intewais marked 
on the figure. The oxygen peak evident at 1010 cm-' becomes higher as  the time of 
exposure of the film to ambient conditions increases. 

direct mechanism, but further studies are needed in this 
direction. 

Infrared absorption and nuclear techniques are 
utilized for evaluating the oxygen content of the a- 
Si:H films. Both the diagonistics show oxidation of the 
films after they are exposed to the ambient atmospheric 
conditions. The oxygen percentage in the film increases 
with the time of exposure to the ambient, reaching 
several per cent over a period of time. This is evident 
from figure 7, in which the oxygen band at 1010 cm-' 
is observed and shows a rising trend with exposure time. 
The absorption coefficient corresponding to the oxygen 
band is a direct index of the oxygen content. After an 
exposure of 72 h there is 12% oxygen content in the 
film. The temporal dependence of the oxidation process 
is an indication of the microstructure of the film. 

4. Conclusions 

Amorphous silicon films were deposited with high 
- growth rate (2-28 nm s-I) by seeding Si& monomer in 
an expanding recombining plasma jet of carrier gas (Ar- 
Hz). The plasma density drops with increasing silane 
flow due to dissociative recombination of molecular 
(SiH.) ions resulting from charge exchange. In 
this low-T, plasma, molecular processes influence the 
film growth. Refractive indices in the range 3.1- 
3.8 of the a-Si:H films grown on silicon substrate 
were obtained. The bandgap, as measured using ex 
situ ellipsometry, is in the range 1.2-1.5 eV. Post- 

atmospheric conditions indicates a microstructure of the 
deposited films. In future studies, further investigation 
of the initial growth will be pursued. 

depGspdon Gfi&gan rsc!gng ~= expGs.&.e ;= &T&nt 
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