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Real-space investigation of initial growth process of hydrogenated amorphous silicon
on a graphite substrate
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Initial growth of hydrogenated amorphous silic@Si:H) from silane plasma on a cleaved surface of highly
oriented pyrolytic graphittHOPG has been investigated by meansrositu x-ray photoelectron spectroscopy
(XPS) and atomic force microscopfAFM). At a substrate temperature of 110 °C, island nuclei were formed
on atomically flat terraces as well as along the steps of the HOPG surface. At an increased substrate tempera-
ture of 230 °C, the nucleation occurred only along the steps. Hydrogen plasma treatment of the HOPG surface
prior to thea-Si:H deposition drastically changed the growth mode to a homogeneous coverage of the surface
from the beginning of film deposition at both temperatures. In order to understand and analyze these results, we
propose a mechanism, from analogy to epitaxial film growth, that consists of the adsorption, migration, and
fixation (pinning) of precursors on the surface and of subsequent nucleation and growth of Sih63-
182996)05919-X

[. INTRODUCTION behavior analyzed by AFM and XPS is discussed from the
viewpoints of thermal and chemical effects. We also show
For the development of hydrogenated amorphous silicotthe change of initial growth mode @f-Si:H due to the sur-
(a-Si:H) devices such as solar cell and liquid crystal display,face treatment with hydrogen plasma.
not only the structure of the bul&-Si:H film itself but also
the structure of heterointerfaces betweeisi:H and other [l. EXPERIMENT
components must be adjusted to yield optimum properties.
For controlling the heterointerface, the initial growth of
a-Si:H on various materials should be understobdsitu
surface-sensitive analyses such as x-ray photoelectron sp

1 . . . _
troscopy (XPS),” infrared reflection absorption spectros magnetically coupled transfer rod. More detail of the sample

copy;” and spectroscopic ellipsometdrwere employed for preparation chamber was described elsewhditee graphite
the investigation of interface formation processes. The TS, bstrat e(Panasonic graphite PGXDdvas cleavedn situ

sults obtained by these optical methods, where the informa-rior to the film deposition in an ultrahigh vacuu@x10~°
tion was averaged out for the macroscopic area on the su 53. The growth conditions were an rf power density of 40
face, yielded a model of the initi@-Si:H growth composed mW/cmz a SiH, gas flow rate of 8ccm (SCCM denotes
of homogeneous nucleation on the entire surface, subseque(mbic céntimeter per minute at SR reaction pressure of

C?g\l\iicer:g;’];r:}gr;eissmgzge%?ggrg fgren 3%2:2??03 filllmmorls'g Pa, and a deposition temperature varied between 30 and
9 P 30 °C. The value of self-bias was constdrt50 V) at

detail by using real-space observation methods as scanni 2Si:H deposition conditions used in our experiments. We

probe microscopies. Few studies, however, were reporte id not use a plasma triggdinduction coi) because the

a_md they were focused on the surface mqrphology Of.th'?lfnitial growth mode turned out to be sensitive to the use of a
films to show that the surface roughness increased with in-

7 . 2 plasma trigger as described latarSi:H film deposition was
creasmg_fll_m thicknesgl00-400 nr_'i.n We recently reported conducted for various duratioi$—30 segto measurén situ
that the initial growth mode o&-Si:H was strongly depen-

dent on the substrate temperafmad material. The arowth XPS. After the XPS measurement, the sample was taken out
. P : grow of the chamber and subjected quickly to the observation by
on Corning 7059 glass was homogeneous as observéd by

situ XPS andex situatomic force microscopgAFM). Such a AFM (SEIKO-SPI-3700in air. The AFM was operated in a

growth mode was constantly observed at substrate tempergpncontact mode. The thicknesses of ultrathin films were
tures ranging from 30 to 230 °C. On the Sneibstrate, the ominally evaluated as products of deposition periods and

growth mode changed from homogeneous to island growtf;xhe rate that was determined from the deposition of thick

with an increase of the deposition temperature from 30 t0|lms.

A capacitively coupled rf plasma chemical vapor deposi-
tion (CVD) apparatus was directly connected to an XPS
e(éJ_EOL JPS-8Dsystem with a gate valve so that the surface
could be analyzedh situ by transferring the sample with a

230 °C.
. L . . IIl. RESULTS AND DISCUSSION
For studying the initial growth stage @fSi:H in detail,
we chose highly oriented pyrolytic graphitelOPQ as one First we checked the deposition rate and the properties of

of the substrates well defined in an atomic scale. The growtthick (~1 um) a-Si:H films deposited on Corning No. 7059
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FIG. 1. The AFM images
(2x2 um? of a-SiH films (0.5
and 2 nm thick deposited on
HOPG substrate at temperatures of
110 °C[(a), (c)] and 230 °C[(b),
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glass and crystal silicon substrates. As reported previduslyjsland structure of-Si:H are depicted in Fig. 2. The island
the increase in deposition temperature from 30 to 230 °Qieight was evaluated by AFM to be increasing at 110 °C
decreased the hydrogen content from 18% to 9% and imfrom 1 to 4 nm with the nominal thickness increase from 0.3
proved the photoconductivit2x10 '—1x10™* S/cm). The  to 2 nm and to stay constant at 230 °C in this nominal thick-
deposition rate at 110 and 230 °C were 0.073 and 0.13 nniess range at about 5 nm. It is presumed t&i:H grows
sec, respectively. around the homogeneously prefixed islands at 110 °C and
AFM images(2x2 um?) of the cleaved HOPG surface along the islands aligned to high steps with keeping the
showed atomically flat terraces and several steps. The stdpeight constant at 230 °C. Silicon containing precursors ad-
height ranged from 0.34 nifone atomic layer of graphitéo  sorbed on the bare HOPG surface migrate until they encoun-
2 nm. On the terraces, atomic resolution was clearly obter a-Si:H islands, which are also strong pinning sites for
served by STM. Figures(d) and Xb) show the AFM images precursors migrating on the surface. Since the coverage is
(2x2 um?) of deposits at temperatures of 110 and 230 °Clow, the existinga-Si:H islands grow due to the radical flux
Nominally 0.5-nm-thickkmore than one atomic layea-Si:H  migrating from the adjacent bare HOPG surface. The in-
films should be formed under the conditions, but the surfacesrease in the deposition temperature should increase the mi-
are covered only partially by islandlike deposits of about 150gration length to allow the adsorbed radicals to diffuse on the
nm in diameter. Then situ XPS analysis indicated that the surface until they encounter strong pinning sites. All the
islands were composed of silicon, presumabhbi:H. At  steps, point defects on the terrace, an&i:H islands are
substrate temperatures of 110 °C and lower, islands wenginning sites at 110 °C, whereas only highl nm HOPG
formed on the atomically flat terraces as well as along thesteps and-Si:H islands are pinning sites at 230 °C.
stepdFig. 1(@)]. The density of islands on the atomically flat  The following two explanations are plausible for the is-
terraces was 30—40m? which corresponded to 150—200 land formation at 110 °C on the atomically flat terraces. One
nm average spacing between two adjacent nuclei. By inis heterogeneous nucleation at crystal defects or adsorbed
creasing the substrate temperature, the island density on timpurities on the HOPG surface. These nucleation sites
terraces decreased and lined up along the steps. At 230 °6hould act as weak pinning sites; precursors are not pinned at
a-Si:H is deposited only along the steps as shown in Figthese sites for the high temperaty230 °C deposition. The
1(b). other is homogeneous nucleation from supersaturation phase.
It must be noted that the area free from the deposits i©nce a group of supersaturated molecules or radicals are
composed not only of terraces, where the atomic image ofondensed into a depositlustey on the surface directly or
graphite can be seen, but also of steps with their heights lessdirectly from the gas phase, it cannot sublime to the gas
than 1 nm(1-3 atomic layers height Thus, at this high phase and acts as a siffinning site of migrating precur-
substrate temperature, silicon containing precursors adsorbsdrs.
on the HOPG surface can migrate on the atomically flat ter- The results described above appear to be quite different
races as well as across the steps with heights as high as 1 nm
until they encounter such strong pinning sites as steps higher

than 1 nm. Silicon containing radicals as precursors to 1.0 . . T
a-Si:H are presumed not to interact so strongly with the .
electron of the graphite surface as to form a Si-C chemical 0.8 .
bond.

The AFM image of nominally 2-nm-thicla-Si:H film %0.6 - ’ -
deposition at 110 °C is depicted in Figicl The density of o
islands in this film scarcely changed and the relative cover- S04t =
age increased in comparison with the nominal 0.5-nm-thick
films shown in Fig. 1a). Thus, the nucleation of islands 0.2
seems to be saturated at the stage of the 0.5-nm film depicted
in Fig. 1(a). In the subsequent deposition period, the growth '
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of nuclei takes place. Figurgd) shows the AFM image of Nominal Thickness (nm)

nominally 2-nm-thicka-Si:H film deposited at 230 °C. The

deposition occurs only along the steps and the width of

a-Si:H deposits is larger than that observed for the deposi- FIG. 2. The film thickness dependences of the coverage fraction

tion of nominal 0.5-nma-Si:H [cf. Fig. 1(b)]. at 110(®) and 230 °C(A). The growth images dd-Si:H is shown
The nominal thickness dependences of the coverage arid the inset.
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FIG. 3. The AFM image&2x 2 um?) of a-Si:H (2 nm thick film
deposited on HOPG substrate treated with hydrogen plasma at tem-
perature of 110 °C.

from the results reported recently by Ikutaal® They in-
vestigateda-Si:H deposition on HOPG by STM and ob-
served essentially no change in growth mode depending on
the temperature ranging from room temperature to 300 °C.
Very small clustergabout 0.5 nmwere reported to be ho-
mogeneously nucleated on the entire HOPG surface in the
initial stage regardless of the temperature. Subsequently,
coalescence occurrgd be_tween t.he nudﬂ!ustgrs to ,'n' FIG. 4. Schematic illustration of the precursor hopping mecha-
crease the cluster size with the increase of film thickness,ism for the initial growth ofa-Si:H on HOPG substrate. The film
resulting in a coverage of close to unity. As described aboveigrmation process consists of the adsorption, migration, and fixation
we observed a strong dependence of initial growth mode Ofpinning of precursors on the surface. The nucleation and growth

the deposition temperature as well as very small coverage @ a-Si:H islands should take place at the pinning sitese text
the a-Si:H island. We conclude the difference between theinocated at atomically flat terraces as well as along stegs nm),

results and ours should be attributed to whether or not &here the pinning energy is larger than the thermal energy of the
plasma trigger was used prior to the deposition to start thenigrating precursors. At low deposition temperatui&l0 °Q
glow dischargé:® We presume that a pulsed high voltage a-Si:H islands were formed on the atomically flat terraces as well as
applied to trigger the glow discharge plasma could generate @ong the step&). At high deposition temperatuf@30 °Q a-Si:H
lot of hydrogen radicals by decomposing pure Sibla large  was deposited only along the stefty. When the HOPG surface
extent. The hydrogen radicals then generate pinning sites oMas treated by hydrogen plasma, the homogeneous coverage of
a graphite substrate as in the same case of hydrogen plasmi:H took place(c).
treatment discussed later. By using the plasma trigger in our
system, the initial growth mode ai-Si:H on HOPG sub- as the case of Fig.(#). Figure 3 shows the AFM image of a
strate was found to change drastically; the surface morphoRominal 2-nm-thicka-Si:H film deposited on HOPG treated
ogy turned out to be very smooth as compared with the caseith the hydrogen plasma for 10 sec. The surface was ho-
without using the trigger. HOPG surface modification by themogeneously covered with-Si:H to conserve quite smooth
trigger plasma is apparently responsible for this change. Thstep and terrace patterns of the HOPG surface. Similar re-
change in the initial growth mode by the use of a plasmasults with uniform coverage a-Si:H were also obtained in
trigger was also confirmed bip situ XPS analysis. At the the deposition at 230 °C. The hydrogen plasma treatment for
same nomina&-Si:H thickness, th&€,; photoelectron inten- 1 sec gave the same results. The effect of plasma treatment
sity from the underlying HOPG was lower when the film wasremained in the surface afSi:H films deposited as thick as
deposited on HOPG using the plasma trigger. This resulb0 nm.
indicates that the bare HOPG surface is covered less effec- Two possible explanations exist for the change of initial
tively due to inhomogeneouws-Si:H deposition without us- growth on the plasma treated HOPG substrate. One is hydro-
ing the plasma trigger and that the HOPG surface is homogen attachment of the HOPG surface and the other is the
geneously covered witla-Si:H in the case of using the generation of surface defects with hydrogen plasma treat-
plasma trigger. ment. Hydrogen radical was indicated to form a C-H bond on
In order to elucidate the plasma treatment effect on thehe graphite surfac¥. If the C-H bond is once formed, the
HOPG surface as well as on the growth modeaei:H in  SiH; radical should easily react with the dangling bond on
more detail, we treated the as-cleaved HOPG surface witthe adjacent carbon atom on the graphite terrace. Atomic
hydrogen plasm#66.7 Pa, 40 mW/c for 50 msec to 10 hydrogen is also known to etap? carbon in CVD diamond
sec prior taa-Si:H film deposition under the same conditions film growth!! Even in this etching reaction, the hydrogen
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attachment on the carbon atom discussed above should here, thermal energy of adsorbed precursors is not high
considered as the first elementary reaction. Etch pits proenough to let the precursors escape from the weak pinning
duced by the hydrogen plasma on HOPG could work asites on the surface to giveeSi:H islands on atomically flat
nucleation or pinning sites @&-Si:H, since the etching of a terraces as well. When the thermal energy of adsorbed pre-
carbon atoms from the graphite substrate surface generatesrsors exceeds the pinning energy at the weak pinning sites,
steps on the surface, which were shown to act as pinninthe precursors can migrate on the surface until they are fixed
sites. Thus, it is hard to specify if either of the above mechaat strong pinning sites to give an inhomogeneous rough sur-
nisms is more plausible at present. face in appearance. The change of growth mode for the case
When we take the UHV STM image for the HOPG sub- of hydrogen plasma treatment and the use of plasma trigger
strate treated by hydrogen plasma for 50 msec, we observaxn be interpreted if these procedure generate high density of
many bright spot$3 nm in diameter and410%um?in den-  strong pinning site on the surface.
sity) on an atomically flat surfack. The spot density was
found to increase in proportion to the period of the hydrogen IV. CONCLUSION
treatment. When the hydrogen plasma treatment was per-
formed more than 1 sec, we speculate that the density of the Plasma CVD ofa-Si:H films on clean HOPG started with
pinning site became so large that the resuln&i:H film  both island growth on the terraces and one-dimensional
looked homogeneous in appearance. Further study is igrowth at the steps at 110 °C due to the nucleations both at
progress to identify what gives these spots in STM imagestrong and at weak pinning sites. At an elevated deposition
and to specify the origin of the drastic change in #18i:H  temperature of 230 °G-Si:H lined up only along steps, due
growth mode on HOPG by the plasma surface treatment. to the nucleation only at strong pinning sites such as high
Based on these results, we propose the precursor hoppisteps. Hydrogen plasma treatment drastically changed the
mechanism, which consists of the adsorption, migration, anthitial growth mode ofa-Si:H to the uniform coverage of the
fixation (pinning) of precursors on the surface and of subse-surface witha-Si:H film. We showed that the initial growth
guent nucleation and growth of film. The mechanism is scheprocess of the-Si:H film deposition is determined by the
matically illustrated in Fig. 4. There are several pinning sitespinning of precursors migrating on the substrate surface.
with different pinning energies on HOPG with atomically
flat 'terrr.:\ces. Steps higher than 1 nm'high.an.d preexistent ACKNOWLEDGMENTS
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