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PHYSICAL REVIEW B VOLUME 56, NUMBER 7 15 AUGUST 1997-I

Surface roughening during plasma-enhanced chemical-vapor deposition of hydrogenated
amorphous silicon on crystal silicon substrates

D. M. Tanenbauni, A. L. Laracuente, and Alan Gallagher
JILA, National Institute of Standards and Technology and University of Colorado, Boulder, Colorado 80309-0440
(Received 25 October 1996; revised manuscript received 30 April)1997

The morphology of a series of thin films of hydrogenated amorphous silie®i:H) grown by plasma-
enhanced chemical-vapor depositiB®fECVD) is studied using scanning tunneling microscopy. The substrates
were atomically flat, oxide-free, single-crystal silicon. Films were grown in a PECVD chamber directly con-
nected to a surface analysis chamber with no air exposure between growth and measurement. The homoge-
neous roughness of the films increases with film thickness. The quantification of this roughening is achieved by
calculation of both rms roughness and lateral correlation lengths cd-BieH film surface from the height
difference correlation functions of the measured topographs. Homogeneous roughening occurs over the film
surface due to the collective behavior of the flux of depositing radical species and their interactions with the
growth surface[S0163-18207)04932-1

[. INTRODUCTION interplay of shadowing, surface diffusion, and chemical po-
tential in film growth.
Thin films of hydrogenated amorphous silicéa-Si:H) The growth chemistry of-Si:H films is more compli-

have a wide range of practical applications, particularly forcated than simple homoepitaxy. There are a variety of radical
those applications requiring very large areas and flexibl@pecies in the growth flux and several types of reactions are
substrates. They are used in the production of commercidlossible between the incident flux and the growth surface
photovoltaic modules, thin film transistors in flat panel dis-depending on both locabonding configurations, ejcand

play systems, as well as three-color detectors in imaging Syglobal (substrate temperatyrparameters. Models of growth

tems. Efforts to reduce defects and improve stability in pho_recognize varying sticking coefficients, extraction reactions,

tovoltaic applications have increased our understanding oqr%cursf,or dIfoSIOﬂlf rllydrogfen_l_dlgfgs'\l/(l)n tancci: eYOIUF'Oni and
the material itself. Whilex-Si:H films can be grown under a subsurface cross finking ot stiicorl.Monte arlo simuia-

wide variety of conditions, the best films are typically grown gi?r?slifizfd S'_‘?’Q:H film growth have been much more
in low-power rf discharges in pure silane or silane diluted pr erir.nental studies G-Si-H films reveal a surprisinal
with hydrogent These films do not exhibit features of co- P : P gy

L . .~ large variety of inhomogeneities in the amorphous network
lumnar growth, as seen in higher-power discharge cond|t|on§1at are not fully understood and may play critical roles in

or with argon dilution. Electron microscopy studies suggestjn,iting a-Si:H device performance. Small-angle x-ray scat-
that the best-quality material is homogeneous with no irregusering gata report the presence of microvoids in tadgi:H
larities visible to instruments with nanometer resolufioh. films.2° Pockets of clustered H atoms are reported by NMR
In situ ellipsometry measurements during the growth ofmeasuremenfs These types of features make the density of
a-Si:H films suggest initial nucleation is dependent upon theg_gi:H ~5% lower than crystalline silicon
substrate, but is followed by homogeneous film growth be-(C_Si)_ Our previous scanning tunneling microscdﬁ'M)
neath a lower-Si-density, H-rich surface layer. studies ofa-Si:H films revealed a surprisingly wide variety
Understanding the growth kinetics of thin films has been af topographic features, including the incorporation of nano-
major effort in materials science. The development of scanparticles in the films from the plasn¥&?? In this paper we
ning probe techniques has resulted in a renewed effort in thifocus on the homogeneous regions of thin filmsae®i:H,
area over the past several years. Theoretical studies based @hich represent the vast majority of the film volume. These
the models developed in the 1950s by Herfiagd Mullins’  measurements should correlate with techniques that average
have been expanded to include a variety of additional effectgver large regions of the film surface.
including shadowing and diffusion barrigtdzractal scaling
models have been suggested as a way to model growth sur- Il EXPERIMENT
faces with varying success, and Monte Carlo computer simu-
lations allow a variety of model surfaces to be calculated Details of the experimental apparatus have been described
from a set of simple growth models and parametddsifor-  in previous publication$® It consists of an ultrahigh vacuum
tunately, experimental studies of even the simplest homoepilUHV) analysis chamber directly connected to a small
taxial growth systems reveals a complexity beyond currenplasma-enhanced chemical-vapor depositidRECVD)
physical model$®~**Schwoebel-Ehrlich step-edge diffusion chamber by a gate valve. The analysis chamber houses a
barriers can have major consequences for epitaxial grbwth. STM, a low-energy electron diffraction and Auger spectrom-
The present case of an amorphous material is free of thister system, and a variety of tools for preparation and storage
type of effect, providing an opportunity to investigate the of samples and STM probes. The PECVD electrode spacing
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is 1.9 cm. The temperature of the chamber walls and thgery thin a-Si:H films (~10 nm) are significantly doped by

grounded electrode(and substratgs is maintained at heavily doped-Si substrates. The band gapaSi:H is
~_250 °C_ during all film depositions. The source gas ig PUr€_1 7 ev, while we applied ¥~5 V between the probe and
silane with a pressure of~72.Pa(540 mTory gnd the d.'.s' the substrate. In order to estimate the relative fraction of the
charge depleted 5% of the S|Ia_ne ﬂ(.)W' 'I_'he film deposition voltage drop in the film and the tunneling gap, we consider
rates_\lfv'\z/ils O.1b—0.2 nm/s ftorhal(lj fl\llrvns n g;l's st_udy. hich the limit where no current is flowing. The tip is modeled by
probes were etche or FLT wire, WHICh Was o small metal sphere with=1 nm and the tunneling gap by

heated in vacuum prior to tunneling @naSi surfaces. Tun- . :
neling on S{100 allowed for the construction of sharp nano- a vacuum shelt-1 nm thick surrounded by a 100-nm-thick
10e,), capped by a grounded conductor.

columns on the end of the probe, enabling the probe to tunsell ofa-Si:H (e= oun
nel down into the surface valleys on tha-Si:H:2 The resulting voltage drop across the film~sl0% of the

Nanocolumn probes had a radius of curvature less than 2 ni¥Pltage on the probe. A voltage drop greater than 0.5 V
with a taper of 45°—70° over the final 5 nm. This character-2cross the film can support a space-charge-limited current in
ization was critical as all STM topographic measurementshe film of almost 100 nA if thea-Si:H has no deep trag$.
are nonlinear contact transforms of the probe and sampl&€he overall picture is more complicated, but electrons are
surfaces separated by an0.5 nm tunneling gap. Tunneling tunneling into the film several eV above the Fermi level and
currents were 20—60 pA with a negative sample bias voltagéhese electrons are still in a very high field when they enter
(3—6 V magnitudg relative to the probe. The low-current, the film. The high-energy electrons travel ballistically upon
high-bias conditions are a result of the very low conductivityentering the film and, assuming cooling rates approximately
of intrinsic a-Si:H. A measured exponential decay in the equal to 1 eV/pé/ traverse tens of nanometers before they
tunneling current with increasing probe-sample separatiogthermalize. The overall transit time for the carriers is 1000
confirms we are tunneling above the films. All STM topo- times shorter than the deep trapping time in the film.
graphic data have been analyzed after subtraction of a plane To ensure that our images represent the true film topog-
corresponding to sample tilt and removal of a small backyaphy, it is important to establish that we are tunneling above
ground curvature due to nonlinear thermal drift and piezothe surface with a relatively constant tunneling gap. In one
electric creep. o case we evaporated a 4-nm-thick gold film over a thick
The substrates for tha-Si:H fI|I’T:S were S(100 wafers 5 gi-H film and a crystal silicon sample, effectively elimi-
that were heated in UHV te-1050 °C to remove oxide and 4iinq the voltage drop in the samples. The overall character

contaminants, resulting in aX21 dimer reconstruction im- ; —

! ) of the images was unchanged, confirming that the features
aged by.the STM. Each_ substrate was_exammed by the STMbserved in the topographs of theSi:H are not dominated
prior to film growth. Typical 100-nrhregions were observed by electronic features

to have a rms roughnessof 0.05 nm. The substrates were o . . :
transferred in vacuum to and from the deposition chambeFI Itis S|mplest to_ consider the entire surf:_;tce as a function
where they were coated with-Si:H film. This eliminates (_x,y), Wh'Ch_ deflqes the height at _aII pomts. on a square
exposure to any contamination sources beyond those presé#fid- The helgr)t-drlffezrence correlatlron, function B(p)
during the growth itself. =([h(x,y)—h(x",y")]%)«y, where &',y’) represents all
points a distance from (x,y), the angular brackets indicate
an average over the entirey plane, andh is the mean

height. Asp becomes large, thk values become uncorre-

In order to survey the-Si:H film topography we looked lated andG(p) approaches @, whereo is the rms rough-
at several different macroscopic areas on the film surfaceiess. Thep for which G(¢) = o defines, the lateral corre-
Typically for samples described in this study six differentlation length of the surface. Another reasonable choicé for
macroscopic regiong~1 um? spaced more than 1 mm would be the exponential rise distanceGf We have chosen
apar} were studied for each sample. There was no significanthe half height, as it is less influenced by oscillationsGin
difference between the regions for the thin films. Inside eackvhich are not our main focusG(p,t) can be easily com-
of these regions, a minimum of five images (100pared with dynamic scaling models, whereepresents the
X 100 nnf) were recorded. The images have data recorded &fim thickness. The calculation @ from the data is simpli-
1-nm intervals. |mageS were also taken at hlgher reSOIUtiOﬂed S||ght|y from the exact expressions_ We consider sepa-
(0.1'nm interval}ato look for atomic scale features. All STM rations 0n|y para||e| to the scan direction on the amorphous
images are taken in constant current mode with feedback omgaterial, which has no preferred orientations. Even if there
Some images contain distinct features believed to be nanggere some coupling of the underlying crystal lattice or an
particles in addition to the homogeneous roughness degriented step pattern, these would contribute to height varia-

scribed below. These images are excluded from the analysigns about an order of magnitude smaller than those in our
in this paper, but are the subject of a previous publicatfon. data.

The undopeda-Si:H typically has a low-field resistivity
p>10° O cm. A calculation of spreading resistance for cur-
rent injected from a subnanometer point contact using this IV. TOPOGRAPHS
number suggests that it would be impossible to conduct these
tunneling currents through the films. The spreading- Typical data recorded for the different films are shown in
resistance picture is incorrect here because the tunneling oBig. 1. All the images are 100100 nnf with the vertical
curs for energies far from the conduction-band edge and thecale expanded three times the horizontal scales. Higher-

Ill. DATA COLLECTION
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FIG. 1. Series of typical homogeneous 100%rimages of thea-Si:H film surface. The total film thickness is labeled below each image.
The vertical scale is expanded three times.

resolution images such as the image in Fig. 2 do not revedtom the individual images for a given film thickness. The
individual atom sites or substantially different topographicdata are plotted on a log-log scale, as would be suggested by
information. Two trends should be apparent by looking at thehe dynamic scaling model described below. The lines on the
topographs in Fig. 1. The first is uniformly lumpy surfaces, plots represent the best fit of the data to a power law, al-
with lumps whose lateral siz&) grows with increasing film  though they? of these fits suggest they are not ideal for
thickness. The second trend is a slight increase in the surfaakescribing our data. The most obvious deviation from these
height (peak to valley, which is tied t@) with increasing trends occur for the 14.9-nm film. We expect this is the result

film thickness. of probe-sample contact during initial tunneling on this film,
The height difference correlation functio p) for typi-  which reduced the probe sharpness, resulting in lower image

cal surfaces of a given film thickness are plotted in Fig. 3.resolution.

All the curves exhibit similar behavior for small values®f Ultimately, the topographs are still influenced by probe

sharply rising initially and eventually attaining a plateausize. Figure 6 shows the local surface gradient in a typical
(with oscillations in some casefor large values ofp. The  image. Angles above 20° from the plane are not uncommon
values ofo and ¢ are calculated for each individual image to and valleys with such high angles are very likely to result in
estimate the uncertainties in these values. Gfp) curves a change of tunneling points along the probe. Having char-
for several different images of a given thickness and theiacterized our probes, we can expect that for images where
average are shown in Fig. 4. &~2 nm the measured may be lower than the true and

Figure 5 displaysr and ¢ as functions of film thickness ~ the measured may be larger than the trué due to the
Error bars represent one standard deviation of the valuggrobe’s final radius of curvature.
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FIG. 4. Nine different measurements of the height difference

The data points are collected on 0.1-nm intervals. The vertical scalg-sj:H film and their averagésolid line).

is expanded three times.

V. DISCUSSION

A. Growth models

The a-Si:H surface topology provides an opportunity to
test different growth issues than those that dominate epitaxial

growth. The surface slopes are much larger in the present

case, typically 20° compared to 1° for epitaxial surfaces, and

thea-Si:H film precursors

surface roughness observed here greatly exceeds what woulc

be expected from statisti

arrive in a cosine distribution. The

cal fluctuations in an incident pre-

cursor flux with unity film incorporation(random site
growth) so that roughening due to shadowing must be very

significant. Surface diffu

sion and enhanced incorporation

probability in valleys are essential to the absence of runaway
shadowing and the attainment of a compact film. The en-
hanced valley incorporation probability is physically ex-

pected and is normally d
proportional toV2h. Due
owing effects can be app
(Vh)?, whereas diffusion

escribed with a chemical potential
to the high surface angles, shad-

roximated as a term proportional to
and enhanced valley incorporation

of a diffusing radical are proportional 8(V?2h) and similar
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FIG. 5. The rms roughness and the lateral correlation length
extracted from th&(p,t) curves of thea-Si:H films. The 14.9-nm-
FIG. 3. Measured behavior of the height difference correlationthick film data deviate from the trends of the other films. We expect

image resolution.

this is the result of probe sample contact during initial tunneling on
this film, which reduced the probe sharpness, resulting in lower
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FIG. 6. Distribution of the angle of the local surface gradients of 3 t32'3
a film surface on a typical 4.2-nm-thicSi:H film. 6 t22[3
4 (28
terms that are always linear im. The existence of surface 1
roughness larger than the random site growth model would
generate requires that shadowing be significant since diffu- R
sion and the chemical potential smooth the surface relative to &I ¢ v
the random site growth model. However, if shadowing is a (ty) P
significant term and quadratic m while the smoothing due
to diffusion and the chemical potential are linearhinthen FIG. 7. Dynamic scaling model for the behavior®ftr,t). The

the shadowing will cause runaway roughness, which is noturves all collapse to the same envelope functici?)(for smallr
observed. The answer to this dilemma is contained in th@nd stabilize at a level determined by the film thicknegsr large
existing chemical model for the growth of compacSi:H  Values ofr.
films; it is a two-step process. First, a dangling bond must be
formed at the surface and then a §itdolecule incorporates gests that the surfaces are not actually self-affine, similar to
at the dangling bond. This provides for diffusion and aseveral recent papers on homoepitaXy-?
chemical potential that acts once on the dangling bonds and These particular values efand8 do not appear as values
again on the Sikimolecules. The result is a smoothing that described by any of the classes of continuum growth
is quadratic inh. Although the importance of this two-step models>**3132The premise that a given class of processes
growth has been recognized qualitatively for some tfi,  will generate particular universal exponents in three dimen-
we are not aware of any quantitative modeling that incorposions appears to contradict some Monte Carlo stutfigse
rates this phenomenon. value of 8 (<0.5) agrees with the concept of mass transport
There have been a few Monte Carlo simulations of themoving adsorbed species from the peaks towards the valleys
growth of a-Si:H films’~1® The model of McCaughey and of the surface.
Kushner was tuned to produce as accurately as possible a fit The measurement of the critical exponents does not teach
to the behavior o&-Si:H film growth under a wide variety of us about the processes of theSi:H film nucleation and
conditions as this behavior was understood in the late 1980girowth. Many of the continuum models have attempted to
In comparing our data with the existing calculations, it isdescribe physical phenomenon relevant to film growth. Her-
clear that we observe substantially lower values dorde-  ring proposed that the chemical potential for an atom on a
spite the model's bias towards valley filling. There is nohomogeneous surface is proportional to the curvature of the
reported data for the behavior 6in these models. A variety surface® In a-Si:H a dangling bond on a local peak is less
of changes could be added to produce an updated model. able to shag a H atom with a nearest neighbor than a dan-
gling bond in a local minimum due to the larger separation of
such neighbors. Mullins applied Herring’s chemical potential
to calculate a surface evolution having the forwh/dt
In an effort to understand the roughening of surfaces fromxV4h(x,y).” This is the dominant smoothing term intro-
a more general theoretical viewpoint, Family and Vicsekduced in continuum models in use toddyBaleset al. have
have introduced the concept of dynamic scaling ofattempted to formulate a description of nonlocal shadowing
surface€® There have been a variety of experimental thin-into these continuum modefs.
film growth systems for which this type of model appears
reasonablé® The dynamic scaling model proposes ti@t
can be written as [G(p,t)]Y%~pf(t/p*'P), where
f(t/p¥'P)~1tFl p* when the argument dfis much less than 1 One of the most heavily utilized techniques for learning
and wheref ~const when the argument is much greater tharabout surface roughness afSi:H films has been ellipsom-
1. Figure 7 shows a plot of the behavior®fas predicted by etry, which can be performeth situ during film growth.
this dynamic scaling theory. The qualitative behavior of Fig.Drevillon and  co-worker¥® and Collins and
7 bears a striking resemblance to our measuséd,t) in co-workers**~*8have examine@-Si:H grown on a variety
Fig. 3. The critical exponents of the modeland 8, can be  of substrates:**~*°\We compare our results with those for
extracted from the experimental results revealing0.8 and  the silicon substrates with the native oxide, which should
B=0.1. This fit provides a reasonable description of our flmmost closely resemble our surface. To validate the complex
surface topology. The oscillations in ti@ functions sug- modeling of the spectroscopy data, ktal. have performed

B. Dynamic scaling hypothesis

C. Ellipsometry measurements ofa-Si:H
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ambient atomic force microscogdFM) measurements on but rather on a different atomically flat single-crystal sub-
samples ofa-Si:H films studied by ellipsomet3?*® They  strate. In a previous publication we noted exceptionally
report a linear relationshipls=1.4d,,,{AFM)+0.4 nm be- smooth films ¢-<0.1 nm) grown on GaA$>*®Matsuda and
tween the two methods of measuring the roughness. co-workers published reports in which they studied the initial

According to Dreillon and co-workers, the nucleation growth and nucleation ai-Si:H on highly oriented pyrolytic
sites have a spacing of 6.0 nm. The first 3.5 nm of filmgraphite(HOPG substrate$®4’ The island coalescence ap-
growth are represented by island growth, after which coalespears to be much slower on HOPG than we observe-8n
cence occurs. By this time a rms roughness of 1.0—1.5 nmn interesting comparison can be made with a study of thin
has grown into the film topology, and this surface roughnesgless than 5 nm thicka-C:H grown on both HOPG and
is essentially unchanged as the film continues to growsilicon substrates by Vandentep al. where a similar differ-
thicker. Our data suggest a much smaller initial roughnessnce in nucleation site density and film growth was
but the qualitative feature of a very slow increase in rough-observed® Typically, the critical intrinsic layer ofa-Si:H
ness with thickness is similar. devices is grown directly on a doped layer &fSi:H film,

The work of Collins and co-workers suggests nucleatiorwhich in turn is grown on an oxide substrate, usually SiO
sites represented by islands separated by 3.9 nm on nati&Q,, or ITO.
oxide and the coalescence is seen to occur after the first A very different picture of the early stages @fSi:H film
1.5-2.0 nm of film growtt?:** The growth of the surface and growth has been proposed by Dekial, based on AFM
bulk layers of the film was extracted from the ellipsometry measurements in aif. Substrates included H-terminated
measurements. The data show the surface roughness ig-Si(111). A series of films grown between 1 and 5 nm thick
creases substantially during the first 2 nm of film growth andare all reported to have terraces similar to the substPate.
then decays to a constant value as the bulk film grows linfFrom this a layer-by-layer growth mode was suggested. The
early underneath it. In comparison to our data, there is &triking difference between these AFM measurements and
small discrepancy during the very early stages of filmour data may be the result of ,Hdilution substantially
growth, where we see negligible decay of the surface roughsmoothing the surface via etching of the weak Si bonds or an
ness following an island coalescence. The AFM measureartifact of the larger AFM probe that is in contact with the
ments reported by Let al. do not explore the initial coales- surface.
cence on the growth surfaé®.The diffusion of the Sik
precursor may be substantially inhibited on the native silicon E. Diffusion length

oxide in contrast to the-Si:H film. A difference in film One would like to have diffusion lengths and chemical
precursor mobility or initial nucleation may explain the dis- otentials for both the dangling bonds and the Sitiol-

crepancy in the early stages of the two experiments. As f0f o5 along the film surface. The importance of the sub-
the Iongtlar—term beﬂawo(;fof the suzjface, elllpsiome;try mheaétrate temperature in growth of device quaktySi:H films
sures only a smoothing ar to a steady-state value after the may be balancing the increasing diffusion of iHvhich

in.itial.nucle.ation, Compafe.d. with our slight incrgasedn improves film flatness, and the loss of hydrogen from the
with f_||m thickness. The '”'“?‘ _v_alue of (1_'8 nm I OUr " films, which introduces more dangling bonds, degrading film
data is comparable with thg initial nucleation radii 'nfer.redflatnessr’.o Collins and Yang have shown that smoothing of
by ellipsometry -2 nm). Ellipsometry make; no evaluanqn well-characterized polycrystalline substrate roughness by
of' the development of the lateral correlation length W'thsubsequena-Si:H deposition determines a diffusion length
thickness. between 6 and 10 nrit.It is not clear if this value represents
mobility of the SiH; precursor or the dangling bond.

Our STM data characterize the growth of the film surface,
There are few measurements of the as-gra®i:H film  including the evolution of the lateral correlation length,
surface for thin films. Kazmerski reported STM measure-which cannot be seen from the ellipsometry data. An ap-
ments for as-grown surfaces of doped films between 0.2 angroximation of the diffusion length could be the lateral cor-
1.0 um thickness, noting that thinner and thicker layers hadelation length. This implies a film-thickness-dependent dif-
“unacceptably rough surfaces™ Wiesendangeet al. ex-  fusion length, which is not expected physically. In an AFM

amined 0.5um-thick films after “gentle Ar-ion  study of growth of CuCl on CaFsurfaces, Tongt al. as-
bombardment.*? Jahanmiret al. and Hartmanret al. have  sumed that for length scales shorter than the diffusion length,
published reports of STM induced modificationsaeBi:H  the diffusion term presented by Mullins completely over-
films of 20- and 60-nm-thick films, respectively, in air and whelms all other effect®! They report values for two film
high-vacuum systerﬁéz““ thicknesses resulting in different values for the diffusion

Boland and Parsons have used a STM to study effects aéngth on the initial substrate and the growing film. If the
hydrogen plasma etching of weak bondsarSi:H films,  growth system resembles the general characteristics of dy-
imaged in vacuum after dipping in dilute HF following ex- namic scaling, then an increasing diffusion length as a func-
posure to the ambient atmosphéteA phosphorus-doped tion of film thickness will result. The diffusion length should
70-nm-thick film grown with 5:1 Hdilution on a metal sub- be dependent upon the local potential energy of the substrate
strate had ar=0.51 nm. The homogeneous features are lesand the adsorbate, not overall film thickness. The lateral cor-
than 25 nm in lateral dimension, in agreement with the filmsrelation lengths are a function of diffusion length, but a more
grown in our experiment. complete model that involves diffusing dangling bonds and a

There are two reports of UHV STM studies of tharSi:H  variety of film precursors is needed to establish the func-
film surfaces that have not been deposited on crystal silicortjonal relationship.

D. Other scanning probe measurements oa-Si:H
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Doughtyet al!® suggested that the surface reaction prob-eral correlation lengths show a slightly faster growth with
ability of SiH; on thea-Si:H surface is essentially indepen- increasing film thickness. There is no indication of an en-
dent of temperature between 20 °C and 250 °C and postlranced roughness during the initial nucleation phase on
lated that the reaction probability is the product of two H-terminatedc-Si substrates, as has been reported for both
independent terms. The first term describes the initial probSTM measurements dd-Si:H films nucleating on HOPG
ability to adsorb at the point of contact and the second ternand ellipsometry measurements &fSi:H films nucleating
is the probability to react, at any point on the surface duringon c-Si surfaces with native oxides. Otherwise, the magni-
diffusion, before desorbing from the surface. The first termtude of the rms roughness is in reasonable agreement with
may be independent of temperature and dominated by stertbe ellipsometry measurements.
factors, while the second term, normally expected to have a A comparison of the surface rms roughness and lateral
temperature dependence related to the relative energies obrrelation length with the dynamic scaling hypothesis gives
diffusion and desorption barriers, may in fact be unity undereasonable agreement, although the surfaces are not com-
the conditions tested. In this case, $iblways diffuses a pletely self-affine. The calculated dynamic scaling exponents
sufficient distance to find a dangling bond or abstract a Hlo not match any of the current continuum growth models,
atom from the surface before it has a chance to thermallyput the dramatically sublinear growth of the roughness with
desorb. Then any measured diffusion length is dominated bthickness is clearly indicative of a surface smoothing mecha-
the average separation of the dangling bonds and not the&ism, such as a chemical-potential-driven precursor diffusion
SiH; precursor. to valleys, which is expected to play a key role in preventing

void formation and defects in the films. The valleys in the
VI. CONCLUSION homogeneous regions of theSi:H films appear smooth
. with slopes typically less than 30° from the plane and thus

We have studied the development of the growth surfacgye not likely to be incipient voids in the material. The at-

of device qualitya-Si:H films. Most of the surface area is tainment of a compact film despite the presence of significant

homogeneous hilly regions with distributions of hill heights shadowing supports the existence of a two-step incorporation
and widths that grow with film thickness. This homogeneousy,gdel in the PECVD growth 0&-Si:H.

film growth has been characterized by the evolution of the
rms roughness and the lateral correlation length as functions
of film thickness. Onc-Si substrates the initial roughness
develops during the first few monolayers of film deposition, This work was supported by the National Renewable En-
followed by a gradual increase with film thickness. The lat-ergy Laboratory, under Contract No. DAD-4-1408401.

ACKNOWLEDGMENT

*Present address: School of Applied and Engineering Physics, Cot?M. J. McCaughey and M. J. Kushner, J. Appl. Ph¢s, 186

nell University, Ithaca, NY 14853. (1989.
IR. A. Street,Hydrogenated Amophous Silicg@ambridge Uni- 18T, Shirafuji, S. Nakajima, Y. F. Wang, T. Genji, and K. Ta-
, versity Press, Cambridge, 1991 chibana, Jpn. J. Appl. Phys.3R, 1546(1993.
C.-C. Tsai, J. C. Knights, G. Chang, and B. Wacker, J. Appl.197 ghjrafuji, W. Chen, M. Yamamuka, and K. Tachibana, Jpn. J.
Phys.59, 2998(1986. Appl. Phys. 132, 4946(1993.

3J. C. Knights and R. A. Lujan, Appl. Phys. Le85, 244 (1979.

4J. C. Knights, inPlasma Synthesis and Etching of Electronic
Materials edited by R. P. H. Chang and B. Abeles, MRS Sym-
posia Proceedings No. 3@Jaterials Research Society, Pitts-

203, Shinar, H. Jia, R. Shinar, Y. Chen, and D. L. Williamson, Phys.
Rev. B50, 7358(1994.
21D, M. Tanenbaum, A. L. Laracuente, and A. Gallagher, Appl.

burgh, 1985 p. 371. Phys. Lett.68, 1705(1996.
5y. M. Li, I. An, H. V. Nguyen, C. R. Wronski, and R. W. Collins, 2°D. M. Tanenbaum, A. Laracuente, and A. C. Gallaghe/Anor-
Phys. Rev. Lett69, 2814(1992. phous Silicon Technology—199%dited by E. A. Schiffet al,
6C. Herring, inThe Physics of Powder Metallurggdited by W. E. MRS Symposia Proceedings No. 3@@aterials Research Soci-
Kingston (McGraw-Hill, New York, 195). ety, Pittsburgh, 1994 p. 43.
"W. W. Mullins, J. Appl. Phys28, 333(1957. 3G, C. Stutzin, R. M. Ostrom, A. Gallagher, and D. M. Tanen-
8G. S. Bales, R. Bruinsma, E. A. Eklund, R. P. U. Karunasiri, J.  baum, J. Appl. Phys74, 91 (1993.
Rudnick, and A. Zangwill, Science49, 264 (1990. 24R. M. Ostrom, D. M. Tanenbaum, and A. Gallagher, Appl. Phys.
9F. Family, Physica Al68 561 (1990. Lett. 61, 925(1992.
103, E. van Nostrand, S. J. Chey, M.-A. Hasan, D. G. Cahill, and J2°D. M. Tanenbaum, Ph.D. thesis, University of Colorado, 1995.
E. Greene, Phys. Rev. Leff4, 1127(1995. 26M. A. Lampert and P. MarkCurrent Injection in SolidsAca-
113, A. Stroscio, D. T. Pierce, M. Stiles, and A. Zangwill, Phys.  demic, New York, 197D
Rev. Lett.75, 4246(1995. 2TM. Wraback and J. Tauc, Phys. Rev. L&, 3682(1992.
12M. D. Johnson, C. Orme, A. W. Hunt, D. Graff, J. Sudijono, L. 28p, Gallagher, inPlasma Synthesis and Etching of Electronic Ma-
M. Sander, and B. G. Orr, Phys. Rev. LéetR, 116 (1994. terials (Ref. 4, p. 99.
133, Lapujolade, Surf. Sci. Re@0, 191 (1994. 29F. Family and T. Vicsek, J. Phys. 8, L75 (1985.
143, Villain, J. Phys(Franceé | 1, 19 (1991). 30R. Bruinsma, R. P. U. Karunasiri, and J. Rudnick NATO Ad-
153, Villain, J. Phys(France | 4, 949 (1994). vanced Research Workshop on Kinetics of Ordering and Growth

16p. A. Doughty, J. R. Doyle, G. H. Lin, and A. Gallgher, J. Appl. Surfacesedited by M. G. LagallyPlenum, Acquafredda di Ma-
Phys.67, 6220(1990. ratea, 1989 p. 395.



4250

31p, Meakin, Phys. Ref235 189 (1993.

32M. Kardar, G. Parisi, and Y. Zhang, Phys. Rev. L&86, 889
(1986.

337. Zhang, J. Detch, and H. Metiu, Phys. Rev48& 4972(1993.

34A. M. Antoine and B. Dreillon, J. Appl. Phys.63, 360(1988.

35A. Canillas, E. Bertran, J. L. Angar, and B. Dreillon, J. Appl.
Phys.68, 2752(1990.

361, An, Y. M. Li, C. R. Wronski, and R. W. Collins, idmorphous
Silicon Technology—1992dited by E. A. Schiffet al, MRS
Symposia Proceedings No. 29Katerials Research Society,
Pittsburgh, 1998 p. 43.

3’R. W. Collins and J. M. Cavese, J. Appl. Ph$6, 4169(1986.

38R. W. Collins and B. Y. Yang, J. Vac. Sci. Technol. 1155
(1989.

393, Koh, Y. Lu, S. Kim, J. S. Burnham, C. R. Wronski, and R. W.
Collins, Appl. Phys. Lett67, 2669(1995.

40y Lu, S. Kim, J. S. Burnham, 1.-S. Chen, Y. Lee, Y. E. Strausser,,

C. R. Wronski, and R. W. Collins, iPAmorphous Silicon
Technology—1995edited by M. Hacket al, MRS Symposia
Proceedings No. 37fMaterials Research Society, Pittsburgh,
1995, p. 603.

D. M. TANENBAUM, A. L. LARACUENTE, AND ALAN GALLAGHER

411, L. Kazmerski(unpublishedl

42R. Wiesendanger, L. Renthaler, H. R. Hidber, H.-J. @therodt,
A. W. McKinnon, and W. E. Spear, J. Appl. Phy83, 4515
(1988.

433, Jahanmir, P. E. West, S. Hsieh, and T. N. Rhodin, J. Appl.
Phys.65, 2064(1989.

4E. Hartmann, R. J. Behm, G. Km G. Muler, and F. Koch,
Appl. Phys. Lett.59, 2136(199).

453, J. Boland and G. N. Parsons, Sciei&6, 1304(1992.

46K, Ikuta, K. Tanaka, S. Yamasaki, K. Miki, and A. Matsuda,
Appl. Phys. Lett.65, 1760(1994).

47K. Ikuta, Y. Toyoshima, S. Yamasaki, A. Matsuda, and K.
Tanaka, Jpn. J. Appl. Phys. ParB2, 2379(1995.

48G. J. Vandentop, P. A. P. Nascente, M. Kawasaki, D. F. Ogletree,
G. A. Somorjai, and M. Salmeron, J. Vac. Sci. Technol9A
2273(199).

9H. Deki, M. Fukuda, S. Miyazaki, and M. Hirogenpublisheg

0G. Ganguly and A. Matusda, Phys. Rev4B, 3661 (1993.

SIw. M. Tong, E. J. Snyder, R. S. Williams, A. Yanase, Y. Segawa,
and M. S. Anderson, Surf. Sci. Le77, L63 (1992.



	Claremont Colleges
	Scholarship @ Claremont
	1-1-1997

	Surface roughening during plasma enhanced chemical vapor deposition of hydrogenated amorphous silicon on crystal silicon substrates.
	David M. Tanenbaum
	Arnaldo Laracuente
	Alan C. Gallagher
	Recommended Citation



