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Nanoparticle deposition in hydrogenated amorphous silicon films
during rf plasma deposition

D. M. Tanenbaum,® A. L. Laracuente, and Alan Gallagher”
JILA, National Institute of Standards and Technology and University of Colorado,
Boulder, Colorado 80309-0440

(Received 13 October 1995; accepted for publication 22 January) 1996

Particles of 2—14 nm diameter, representing “Ql0 2 of the film volume, are observed by
scanning tunneling microscogTM) in thin films of hydrogenated amorphous silicéeSi:H)

grown by rf-plasma-enhanced deposition using optimized conditions. The particles are produced in
the discharge and incorporated in the film during growth, in contradiction to expected particle
trapping by discharge sheath fields. The interfaces between the nanoparticles and the homogeneous
film can produce low-density regions that form electronic defecta-®Bi:H films. © 1996
American Institute of Physic§S0003-695(96)04812-4

Particle formation in rf plasmas used for chemical vaportaic films are typically grown in low-power, parallel-plate rf
deposition and dry-etching processing can degrade or destraischarges in silane or silane diluted with hydrogen. The
wafers or thin film devices if the particles reach the substratepresent discharge chamber and conditions closely mimic
Consequently, there have been extensive studies on the fakose required for optimum film growth.
mation and behavior of particles in plasmas, particularly  Electron microscopy studies with a few nm resolution
those containing silicon or silarte’ The basic picture that find that “device quality” material is homogeneofist’ Con-
has emerged is that negative ions of silicon-containing molsistent with this,in situ ellipsometry suggests that initial
ecules are formed by electron attachment, and they grow bijucleation is dependent upon the substrate, but is followed
reactions with silicon-containing radicals and cations. Bey homogeneous film growth beneath a thin, H-rich surface
cause electron velocities are much greater than cation veloqiayer_ll However, on a<1 nm scale, voids or low density
ties, the growing particle becomes negatively charged until gegions are observed mSi:H by small-angle x-ray scatter-
surface potential of several volts yields a balance betweemg (SAXS),*? and pockets of clustered H atoms are observed
the average particle charging rate by electrons and cation;; NMR measurementS. These regions are suspected to
The net current fl’0m the bulk plasma to the diSCharge eleCp|ay a ro|e in Carrier recombination and may a|so be con-
trodes must also be zero on average, and the plasma thereRycted with certain types of Si-H bonds that have been sug-
becomes positively biased by a “plasma potential” of ap-gested as causing the light-induced defecta-Bi:H photo-
proximately the peak rf voltage. This voltage appears acrosgojtaic cells!* These metastable defects show annealing
the “sheaths™—the dark regions adjacent to the electrodes—penavior similar to that for hydrogen migration and have also
and at the discharge edges. The negatively charged particlggen correlated with both SAXS and infrared absorption
are thereby trapped in the bulk plasma by electrostatic forceg,easurements of Si—H bonHsThe causes of these inhomo-
and thgy cannot reach the electrodgs while .the discharge lj;eneous regions have been unknown; here we find that con-
operating. Once they grow te-um size, particles can es- yinoys, small-particle deposition could be responsible.
cape the downstream end of a parallel plate discharge, where  pj g4 particulate studies have so far detected particles
viscous drag forces>(d %, whered is the particle diametgr suspended in the plasma or collected on surfaces down-
overcome electrostatic forces:€). This absence of particle stream or after the plasma is extinguished, by using light-
depositionduring film growth implies that bulk film proper- scattering or Langmuir probe measurem1ents of plasma

ties do not result from particle incorporation. We demogg)articles? or SEM or TEM measurements of collected

strate here that this picture is incorrect; small particles rticles? Such measurements do not ascertain if particles

X X . pa
reach the substrate during the discharge. These nanopartlcltt_)eesach the surface during film growth. Here we measure the

are too small to create short cireuits betweer_1 layers, .buﬁlm surface with an STM and conclude from the statistics
probably have significant effects on film properties, creatmgand shapes of detected particles that they are deposited dur-
defects and voids along their interfaces with the surroundi

nd i
film. g film growth. .
Thin films of a-Si:H have a wide range of practical ap- Details of our experimental apparatus have been de-

plications, such as photovoltaic modules, thin-film transistorssl(j:'tz/ed In Ipr_eworl:s Eubh_cat(;c_)ﬁ@.tlAn uItrah;gg-\racuum I
in flat-panel displays, and 3-color detectors in imaging sys-( ) analysis chamber is directly connected to a sma

tems. Althougha-Si:H films can be grown under a wide va- f|rl]m—deposc;t|(()jn Ichamzer, }Nheri the sILIJblstrlate Ids cinteredbm

riety of conditions, the best, or “device quality,” photovol- (€ grounded electrode of an rf, parallel plate discharge be-
tween 5 cm square electrodes spaced by 1.9 cm. The tem-

perature of the entire chamber 45250 °C during all film

a) - i i 1 1 -y . . . .
Séfssite;‘tlgl‘g:s;’fﬂgggmApp"Ed and Engineering Physics, Cornell Uniyepositions, the silane pressure~§2 Pa, the film deposi-
b)Member, Quantum Physics Division, National Institute of Standards ancpon rate is 0.1-0.2 nm/s, and5% of the silane is depleted

Technology. Electronic mail: alang@jila.colorado.edu by the discharge.
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(b) V/ 9)—

FIG. 1. (a) An example of a constant-gap STM scan of the tunneling probe
and a spherical particlgb) Film surface shape as successive film layers
conformally depositleft side of particlg. On the right side of the particle an
extended void due to partial shadowing is indicated.

100.0 nm

STM probes, made from etched W or Ptir wire, were
heated in vacuum prior to tunneling @rSi surfaces, where

sharp Si nanocolumns are constructed on the substrate aaglently deposite@-Si:H film, as shown in Fig. (b). (Either
probe tip” to achieve high-resolution tunneling of high- e resulting conformal film coverage or extended void
angle surface features. The nanocolumn used hered  growth shown there may occur, depending on the extent of
nm tip radius of curvature and 45-70° taper over the final §5gjcal surface diffusion before incorporatidH but this is
nm. A spherical particle on a flat film surface will appear asyqt giscerned in the STM imageA range of width/height
a smoothly rising bump in an STM image, as shown in Fig.giues was observed for each film; these were consistent
1. Note that the measured width is broadened by twice thgith spherical particles distributed throughout the film, con-
tunneling gap plus the width of the probe tip, whereas thg,qed with our probe resolution.
height of the feature remains an accurate measure of the s possible that particulates from the chamber surfaces
diameter of a spherical particle. As also shown in Fig. 1, filmgq 4 deposit on the samples during sample transfer into the
deposition over a particle preserves height and expands feaTy, or discharge particulates may deposit on the substrate
ture width. _ after discharge termination. The following observations show
The substrates were (D0 wafers that were heated in ¢ these are not the source of the detected particukdtes:
UHV to ~1050 °C to remove oxide and contaminants, re-gy,ch particulates will not be well adhered to the film surface,
sulting in a 2<1 dimer reconstruction and a typical 'ms gnq the STM probe would be unlikely to scan smoothly and
roughnessg, of 0.05 nm. Each substrate was examined bYrepeatedly over them, as occurred in all imagesA much
STM prior to film growth to verify flatness, then transferred |5ger range of particle size exists in the discharge, particu-
in vacuum to the deposition chamber, coated vatSi:H a1y |arger particles(3) The recorded bumps are round, but
film, and returned in vacuum for STM analysis. Tunneling haticularly with increasing film thickness their aspect ratios
currents ona-Si:H were 20—60 pA with a negative 3—6 V' 416 |ower than that expected for spherical particles scanned
sample bias, as is required by the very low conductivity ofy)y, 5yr STM probe, whose resolution is known from STM
intrinsic toa-Si:H. A measured exponential decay in the tun-easyrement of a Si nanocolumn. This is consistent with the
neling current with increasing probe-sample separation conigth broadening by film growth over a spherical particle, as
firms we are tunneling above the films. shown in Fig. 1b). (4) The observed increase in particle

The films used in this study are50 nm thick and have  gensity with increasing film thicknes&ig. 3) is only con-
homogeneous distributions of hills and valleys over the ma-

jority of the film surface® with ¢ = 0.3—0.5 nm for the film
thicknesses reported here. The reported nanoparticles are dis- T T

FIG. 2. STM image of a nanoparticle on a 4.2-nm-thé&si:H film.

tinguished from this background roughness by their heights,
which exceed 1@. Figure 2 shows an image of a nanopar-
ticle on a 4.2 nm thicla-Si:H film. This requirement of clear
contrast with the background film roughness sets a lower
limit of ~2 nm on the reported patrticle sizes.

We report here on a total of 30 particles observed on
the surfaces of six films, of 1-50 nm thickness. Typically
~20 randomly selected areas of 100 k00 nm were
scanned on each surface. The nanoparticles appear circular,
so we describe them by their height and FWHM width in the
STM images. Figure 3 shows the distribution of particle
heights, the surface number density of particles, and the av-
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: ; : - : FIG. 3. Measured particle heightspen circley average particle surface
erage feature width/height as a function of film thICI(m:"ss'density(solid line), and average height/width ratigdashed ling The indi-

The .trend tqward !Ower width//height fpr thicker films is cated surface density of the 50 nm film is %.4he measured density, to
consistent with burial of these nanoparticles beneath subseerrect for 2-3 nm particles missed on this rougher surface.
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sistent with a steady deposition of particulatés. For each  positively charged particle will drift so quickly to the sub-
of two 15-nm-thick films, one grown in two successive dis- strate, in the strong sheath field, that it is unlikely to encoun-
charges and the other in six consecutive discharges, fivier an electron. We estimate that this could produce a particle
nanoparticles were observed in the same total area. Similarlfiux comparable to that observed here.
the thickest(50 nm) film was grown with a single discharge Recently, Wankat al?° have used atomic force micros-
termination, yet it had the highest number density of nanocopy and Kazuyikiet al?* have used STM to examine thin
particles. a-Si:H films grown from silane discharges. They observed
A second possible source of the observed bumps mighgimilar bumps on their early growth surfaces but interpreted
be initial growth islands, arising before the substrate surfacéhem as initial island growth. As shown above, this is not the
is covered bya-Si:H. Several types of evidence rule this out. case here, and it probably is not the case in their films either.
(1) The observed bumps fill a very small fraction of the Schmidtet al. have shown that particle buildup in the plasma
surface area, and they are surrounded by much smoothaffects a-Si:H film ellipsometry signalé? Here we have
film, which is inconsistent with film growth from initial is- shown that this is probably due to actual particle incorpora-
lands.(2) The homogeneous roughness seen on the thinnetibn into the films, as opposed to a changed mixture of de-
(1 nm films demonstrates that the entire surface is fullypositing molecules. These particles are incorporated into the
covered witha-Si:H by this thickness, yet we see increasinga-Si:H film for discharge conditions that yield optimal prop-
bump density with additional depositiof3) The observed erties, and yet they must be limiting the homogeneity and
range of feature width/height values is consistent withelectronic properties. Thus, significant improvement in
spherical particles covered by varying portions of $8i:H  a-Si:H electronic properties may still be possible.
film, not initial islands covered by the remaining filid) We This work was supported by the National Renewable
observed similar size particles in thérSi:H films grown on  Energy Laboratory, under contract DAD-4-14084-01.
vacuum-cleaved GaAs, although we did not collect statistics

on these.
Our data suggest the total volume fraction of nanopar-The April 1994 issue of Plasma Science is a special issue on charged dust
ticles in thea-Si:H film is between 10°% and 10 *. (If voids in plasmas.
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