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Growth-front roughening in amorphous silicon films by sputtering
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The growth-front roughness of amorphous silicon films grown by dc magnetron sputtering at low pressure
has been investigated using atomic force microscopy. The interface widtitcreases as a power law of
deposition timet, w~t#, with 8=0.41+0.01, and the lateral correlation lengitgrows asé~t?, with 1/z
=0.42+0.02. The roughness exponent extracted from height-height correlation analysisO83+0.03.

None of the known growth models can be used to explain the scaling exponents we obtained. Monte Carlo
simulations were carried out based on a re-emission model where incident flux distribution, sticking coeffi-

cient, and surface diffusion were accounted for in the growth process. The morphology and the scaling
exponents obtained from simulations are consistent with the experimental results. When the surface diffusion
is switched off in the simulation, columnar structures begin to appear and this is also consistent with the
experimental observations of other authors
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I. INTRODUCTION II. EXPERIMENT AND RESULTS

Thin-film growth is a very complicated stochastic process. Amorphqus silicorta-Si) films were deposited on §io0
S S . substrates in a CVCO© magnetron sputter deposition system.
Thin-film growth fronts under nonequilibrium conditions of-

ten show scaling behaviors, and have attracted considerab é)uttermg was performed with a high-purity Si target in an

i —6
interest:~3 Dynamic scaling exponents are used to character- r working gas. A backgrou.nd pressure OT 3.00 Torr

: L .~ was generated in the sputtering chamber prior to the Si depo-
ize the morphology change of the growing film. Theoretical

sition. The target was water cooled and the substrate holder

studies show that depending on the growth mechanism a . o
. i : . as neither cooled nor initially heated. Substrate temperature
number of distinct universality classes can be defined, eacﬁ/

having a different set of scaling exponents. Therefore from uring the depositions was approximately 70-80 °C. Amor-

the scaling exponents one mav learn what tvoe of process Shous Si films were deposited in a 5-mTorr argon pressure
g exp y yp P and the dc discharge power was 900(2\81 W/cnf for our

re involv ring the growth. However, experimental con- . . .
are involved during the gro owever, experimental co eometry. Presputtering was performed for cleaning the Si

ditions are often more complicated and the scaling exponen%r et surface before the sputtering of silicon. Films were
obtained are often different from those predicted 9 b g '

. . . : grown at deposition times varying from 5 min up to 10 h.
theoretically? This has stimulated researchers to find newT, . growth rate was measured to Re-10.7+ 0.5 nm/min.

models that are mgre realistic and closer to the actual experjz, gy, x-ray-diffraction (XRD) measurements revealed the
me”_t?' conditions: , . ___amorphous structure of the films. Cross-sectional scanning
Silicon has been a widely used material in the semicong|ectron microscopySEM) measurements showed no co-
ductor industry and is a material of special interest. The dy{,ymnar structure unlike that observed by Unagamnal. in
namic roughening of silicon thin films grown by thermal their sputter deposited-Si films at higher Ar pressure-30
evaporatiorf;” chemical vapor depositichand molecular-  mTorp.23
beam epitaxy **were studied in the past. The reported scal-  The quantitative information of the surface morphology
ing exponents basically depend on the deposition techniquean be extracted from the equal-time height-height correla-
used. Although some morphological properties of sputter detion function H(r,t), defined asH(r)={([h(r)—h(0)]?).
posited Si films were reportéd** a detailed dynamic Hereh(r) is the surface height at positish= (x,y)] on the
growth study for silicon films grown by sputtering has not surface relative to the mean surface height. The notation
been carried out. In this paper, we present measurements 0f -) means a statistical average. The scaling hypothesis re-
the growth-front roughness of amorphous silicon filmsquires thaH (r)~r2® for r<¢&, andH(r)=2w? for r>¢.1=3
grown by a dc magnetron sputtering system. Amorphougiere £ is the lateral correlation lengthy is the interface
films simplify the growth process, because the Schwoebelidth or rms roughness, and is the roughness exponent,
barrier effect is not believed to play an important rlave  which describes the surface fractality. The interface width
extract the scaling exponents and suggest a re-emissigncreases as a power law of growth titpev~t#, whereg is
model to describe the possible surface growth mechanisntfe growth exponent, and the lateral correlation length
during sputter deposition. Different than the re-emissiongrows asé~t'%, where 1z is the dynamic exponent. Dy-
model proposed by Jasait al,*® the model we used takes namic scaling also requires that o/ 8. Therefore, from the
into account surface diffusion and has a more directionaslopes of linear fits to the log-log plots bf(r) versusr (for
incident flux of particles compared to the one used in their <¢), w versust, and ¢ versust, we can extract the rough-
work. ness exponenta, B, and 1z, respectively.
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¢ =150 min ¢ =300 min log-log scale. The best linear fit gives the growth expongnt

FIG. 1. Some representative surface imagex {lum?) of  nonstationary. In other words, the local surface slope is a
amorphous Si films measured by AFM for growth timestefl0,  function of growth time'® In a nonstationary growth the
40, 150, and 300 min. scaling relatiorz= «/ 8 may break dowrt® After 20 min, the
height-height correlation curves begin to overlap, which sug-
gests that the growth, after 20 min, gradually becomes sta-
tionary. The roughness exponent value of el¢h,t) curve
is the same within the experimental erroes=0.83+0.03.

The surface morphology was measured using contac
mode AFM (atomic force microscopy(Park Scientific Auto
CP). The radius of the N, tip is about 10 nm, and the side But measuredy values can be higher than the true values
angle is about 10°. Each AFM image included 2586 |, 50 of the tip effe¢f.Aue et al.gshowed that the surface
p|_xels. Representanvg surface morphologies are ShO\_Nn 'Ractal dimension determined with a scanning probe tech-
Fig. 1 for the growth times of=10, 40, 150, and 300 min. o e will always lead to an underestimate of the actual scal-
As one can see from Fig. 1, the surface features grow withlyg gimension, due to the convolution of tip and surface
time. _ _ , _[fractal dimensiord; for a 1+ 1 interface is related tex by

In Fig. 2 we plot the height-height correlation function d;=2—a (Ref. 2]. Aue et al. analysis included tips with
H(r,t) curves in log-log scale for different deposition times. yiferent shapes and aspect ratios. Their analysis for a tip
These curves were obtained by using a line-by-line averagsjmilar to what we used suggests that our teushould be
ing process. The line-by-line and circular averaging methods,.o,nd 0.6-0.7.
give the same result due to the isotropic nature of the films.  1he interface widttw as a function of deposition tinss
AII the H(r,t) do not overla_p each other unf[il the deposition plotted in Fig. 3. The linear fit to Fig. 3 gives the growth
times reach around 20 min. Up to 20 min the growth isgynonentg=0.41+0.01. In this fit we did not include data

points up tot=20min, because the slope in this regime is
10° - pretty high (3=0.71) suggesting that growth is random here.

] In order to determin& accurately, we calculated the two-

a=0.83+0.03

dimensional autocorrelationC(r)=(h(r)h(0)) function
from each AFM image, and use the quadrant circularly aver-

,_.
o.—
rrr—

g
S
g ‘E : aged autocorrelation functioB(r) to determine¢ by the
§ N> [ relation C;(£) =C.(0)/e. The log-log plot of¢ versust is
) 5 s shown in Fig. 4. As can be seen from Fig. &does not
& g change too much up to the deposition times20 min, after
%D = which a stationary growth begins to develop. On the other
E’ o'k hand, after 20 min the lateral correlation increases linearly in
the log-log plot, and the best fit to this regime givegz 1/
L =0.42+0.02 (z=2.38+0.11). From the measuraedand 3,
10! 10° 10° the scaling relatiorz=a/B predicts 12=0.49 (z=2.02),
7 (nm) which is close to the measuredz1/
FIG. 2. The equal-time height-height correlation function lll. DISCUSSION

H(r,t) as a function of the distancds plotted in log-log scale. The
unit of growth timet labeled near eachi(r,t) curve is minutes.
EachH(r,t) within the short-range spatial scaling regime gives the  Our experimental results show that the roughness expo-
samea value indicated as the dashed line. nents obtained for our sputter deposited silicon films fit none

A. Growth model
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10 A particle is sent towards surface with angteand ¢. This particle
sticks to the surface with probabilisy. (2) If the particle does not
stick, then it is re-emitted. If it finds another surface feature on its
FIG. 4. The lateral correlation lengthversus growth time is ~ Way it may stick there with probabilitg; . The re-emission process

plotted in log-log scale. The best linear fit gives the dynamic expo-goes on like this for higher-order particles, t¢8) An adatom can
nent 12. diffuse on the surfacg4) Some surface points are shadowed from

the incident and re-emission fluxes of particles due to the nearby

of the presently known universality classedLocal models  higher surface features.

typically give 8<0.25 except the random deposition model ) o

where 3=0.50. In a local growth model, each surface pointiS denoted byF(r,t). A detailed description of the charac-
is related only to a limited number of neighboring points. Interistics of F, and the concept of the re-emission mode is
reality, the morphology of the neighboring points can resultdiven in Ref. 4. The proposed growth model has the form
in a shadowing effect where the valleys of the surface re- oh

ceive less incident flux due to the hills around them. A pure = V2h— kV*h+ 1+ (Vh) [ soFo(r,t)

shadowing effect would givg=1.>81°Furthermore, an in- at

cident atom can bounce off of the surface depending on its
sticking coefficient §.). The average probability of sticking

is a result of the complicated interactions between the inciwhere the first, second, and last terms are the condensation/
dent atom and the surface. These re-emitted particles can filvaporation, surface diffusion, and noise terms, respectively.
the valleys faster and increase the conformality. AnotheThe inherent noise in the growth process satisfies
smoothening effect comes from adatom diffusion on the sur-

tsiFa(r, )+ ]+ 7, @

face towards regions with lower surface potential energy (n(r,1))=0, and 2
(e.g., valley$, which is a local effect. )
We suggest that the recently developed re-emission model (n(r,)n(r',t'))=2A8(r—r")s(t—t"), 3

4,5 H :
by Drotaret al."" can bring out a good degree of explanation whereA is proportional to the root-mean-square value of the

of the surface dynamics of our sputter growth results. The _. T N
model assumes a two-dimensional surface described by PISe term. The factog1-+(Vh)©in Eq. (1) implies that the

height functionh(r,t). Overhangs are not allowed. The ratio growth takes place normal to the surface. The main difficulty

: ; . lies in finding each~,,. An analytical form ofF, has been
of the mean free path of the incoming particles to the char- roposed that takes into account re-emission modes and

acteristic length of the surface features is assumed to be lar . 5
(Knudsen numbe#-1) which is the case in our experiment. %adowmg effects:
Hence collisions between particles within the surface fea-
tures are neglected. It is also assumed that the surface
evolves slowly compared to the redistribution of flux due to  Numerical computation times of E¢L) are quite long for

the surface featureg.g., within the time it typically takes a reasonable scaling regime. Instead, we used Monte Carlo
for a re-emitted particle to go from one point on the surfacecode to simulate growth corresponding to that given by Eq.
to another, the surface does not change muthe probabil-  (1). The details of the basic processes used in the code are
ity of an incoming particle sticking to the surfaceds (0  given in Refs. 4 and 5. We took into account surface diffu-
<sp=<1), wheres, is called the zeroth-order sticking coef- sion in our simulations, which was not included in Refs. 4
ficient. Incoming particles are called zeroth-order particlesand 5 before. A summary of basic growth processes is
while annth-order particle that has been re-emitted is calledsketched in Fig. 5. Briefly, the simulation proceeds according
an (n+1)th-order particle. The probability of amth-order to a simple set of rules. A single particlgvith a position
particle sticking iss, (0=s,=<1), and if the particle does described byx, y, and 2) is introduced with randonfuni-

not stick (this has a probability +s,)), then it will be re-  formly distributed variablesx andy, while z is set to the
emitted(in other words, the flux is redistributedrhe overall maximum height of the surface, plus 1. The direction of the
flux of nth-order particles at the in-plane positiorat timet  particle  follows  the  distribution dP(#6,¢)/dQ

B. Numerical calculations
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=(2 cosb)/(sin 6), whereg is the angle of the projection of 10p ]
the particle’s trajectory in they plane, 6 is the angle be- 09 ® B y
tween the particle’s trajectory and the negatwexis, and 08 L exponential decay fit ]
dQ is equal tod(cos#)d¢. We believe that this type of flux a 7L ]
distribution can represent a typical flux of sputtered = '}
atoms?®?! We used a square lattice surface model which is g 06T )
much faster than off-lattice models and can equivalently g 05 1
simulate amorphous structure®.The particle moves in a o 04f .
straight line until it hits the surface and it is either deposited 5 5[ i
(h—h+1) or is re-emitted according to the thermal re- = [

L - . . . O 02f .
emission mode. The particle then travels in a straight line -
until it hits the surface again or heads away from the surface 0.1T ]
(in other wordsz equals the maximum of the surface plys 1 0.0 ———7—t——

A . . 0 10 20 30 40 50 60
The particle is allowed to continue “bouncing” off the sur- o o
face until it is deposited on the surface or heads away from  Number of diffusing surface atoms per incident atom, D/F

the surface.
. . . . FIG. 6. The change of growth expone@tas the number of
Once a particle is deposited, a prescribed number of at’Eltoms to diffuse on the surface per incident atobvK) is in-

oms, being set t®/F, are randomly picked to become can- reased. We set,=0.65 ands,-,=1 during the simulations. The
didates for diffusion. Herel) denotes the number of surface gimylated data were also fit by an exponential decay curve. The fit
atoms that are available to diffuse within the unit time inter-giyes g—.0.34 asD/F>0.
val, in whichF atoms are deposited to the surface. Therefore,
at a time step of a deposited single partice=(1), the the surface diffusion and increased &= values up to 60.
surface can, at most, hal®F diffusing atoms. In this way, The adatom diffusion is believed to originate from the local-
the ratio of diffusion to deposition strength is adjustede ized temperature spikes at the vapor-solid interface due to
the discussion given on p. 176 of Rej. The diffusing sur-  the argon ion bombardmeht?* This effect is enhanced as
face atom can jump to a nearby site with a probability pro-the working pressure of argon is decreased.
portional to exp—(Ey+nnEy)/ksT]. HereE, is the activation The change of the growth exponedtvith D/F is shown
energy for diffusionfEy is the bonding energy with a nearest in Fig. 6. As can be seen from Fig. 6, B¢F gets higher3
neighbor, andn is the number of nearest neighbokg.and  converges to the value0.34. In this range of highb/F the
T are the Boltzmann constant and surface temperature, regeughness exponent approaches0.38.(The scaling expo-
spectively. The particle goes on jumping until it finds annents are very sensitive to the value s3f and partially to
island of atoms, a kink site, a valley or any lattice point,D/F. For somes, values, the scaling exponents do not
where E,+nnEy) becomes large and the diffusion prob- change significantly with the increase BffF.%) At D/F
ability becomes small. The diffusing particle is prohibited =20 we obtain 8=0.42+0.02, a=0.44+0.01, and 1Z
from making a single jump up to a site where the height=0.67+0.04 (z=1.49+0.09).
change is more than one lattice atom. But it can diffuse all Figure 7 shows the surfaces obtained from the simulations
the way down to surface valleys at any tirfiee., Ah<1).  with s,=0.65,s,-o=1, andD/F = 20. These simulated mor-
We set the evaporation/condensation terms to zero in oyshologies are very similar to the AFM pictures shown in Fig.
code, since we believe that these effects become negligible at Height-height correlation function evolution obtained
low substrate temperaturésee Chaps. 13 and 14 of Ref. 2 from the morphologies at various deposition times are plot-
Finally, after the diffusion step is done, another particle isted in Fig. 8a). The interface width after a long simulation
allowed to fall on the surface and the whole process is rewas shown in Fig. ). As can be seen from Fig(i8, the
peated. We note that our incident flux distribution is differentiog-log plot of interface width has a linear part, from which
from the one used in Refs. 4 and 5. In addition, we includewye extractg at intermediate times denoted by arrows. Figure
surface diffusion. 8(b) also shows that at longer times the interface width
During the simulations, we used a 1024024 lattice size reaches a saturation point after which it does not increase
for the surface in thex andy plane. We first considered a anymore. The growth exponegtobtained from simulations
pure shadowing case and sgt= 1.> Without the surface dif- 0.42+0.02 agrees well with experimental value 04L01.
fusion our simulations gav@=1 with a highly columnar The roughness exponent from the experiments 0.83
surface morphology, which was not observed in our experi—+0.03 is higher than 0.440.01 predicted above. However,
ment. Then, the diffusion parameters were set Hp the truea value after the corrections due to the finite tip
=0.1eV,Ey=0.1eV, andT =350 K with D/F values vary- effect is expected to be lower than the experimeatadlsing
ing from 10 to 60. We still gog=1 with a similar columnar the analysis by Auest al. we estimated the truex to be
morphology. More realistically, the value sf should be less around 0.6—0.7. The dynamic exponerz ftbm the experi-
than 1. Assuming that the incident silicon atoms have enements 0.42-0.02 is lower than 0.6% 0.04 obtained from the
gies in the range of 1-10 é¥?? we estimated thas, is  simulations. Taking into account the tip effect, by using a
between 0.56 and 0.76 by simulatidhands,-,=1. Simu-  correcteda~0.65 we obtained the dynamic exponent from
lations withsy=0.65,s,-.o=1 and without surface diffusion the scaling relatioz= o/ to be 1£=0.63, which is close to
gave 8=0.67+0.02 anda=0.50+0.01. We then activated the simulations.
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model withs,=0.65,s,~9=1, andD/F=20 for growth times of g 5 f

t=10, 40, 80, and 10010’ particles. The pictures correspond to Fé

512x 512 subregions of the simulated surfaces. =

10°F (b)
Unagamiet al. observed that as the argon gas pressure is . . . .
increased, the self-bias potential on the substrate is reduced, 10" 10° 10' 102 10°

and the average energy of the ion bombardment is redticed.
They observed that the overall effect of this increase of argon
pressure was to enhance the columnar structure formation. FiG. 8. (a) The equal-time height-height correlation function
They suggest that at higher argon pressures, the incident silit(r,t) curves obtained from the simulated surfaces with
con atoms are scattered more efficiently, and the oblique-0.65,s,.,=1, andD/F=20 as a function of the distanceare
component of the incident Si flux is more pronounced. Thisplotted in log-log scale. The unit of growth timéabeled near each
results in more shadowing effects and therefore more signifiH(r,t) curve is(x 10” particles). (b) The interface widtlw versus
cant columnar structures. We believe that the model we pregrowth timet is plotted in log-log scaleg is extracted from the
sented above can also be used to describe the enhanced toear part of the plot indicated by arrows after whislreaches the
lumnar structure formation. As mentioned above thesaturation level.

?:;Si:sti;feiil:'b'a;'r}gnzt bhc;?r?t()aa:rQL g?ﬁepgisrf';ggs ng %u;gmission of particles, surface diffusion, and uncorrelated
9y 9 : oise effects. For faster computation times, we used Monte

energy ions would reduce the effect of localized temperatur ; ; ; ;
spikes?* and therefore would reduce the diffusion of surface%ar-Io Co_de 0 S|m_ulate the gr_owth process. S_lm_ulatlons with
' a high directionality flux, a first-order re-emission process,

atoms. This corresponds to lowBrF values, and therefore 5,4 surface diffusion gave=0.44+0.01, B=0.42+0.02
higher g values and more pronounced columnar morpholoynq 1#=0.67+0.04. The growth exponéryB agrees ver,y

gies. well with the experimental result. The higher and the lower
values of the experimentally obtained and 1%, respec-
IV. CONCLUSIONS tively, can be attributed to the AFM tip artifact. If the tip
In conclusion, the dynamic growth front roughening of effect is considered, the value is estimated to be0.65 and

a-Si films prepared by a low-pressure magnetron dc sputteli-he 1£ value increases t@0263,_clo§e to the simulated
ing system was presented. SEM pictures showed no colunp-:eh 0_.04. As the surface dlffus,lon_ is removed from t.he_
nar structures. Morphology of the films at different deposi-S'mUIat'or!' columnar structures begin to appear and this is
tion times was measured using AFM. A scaling hypothesié"lso consistent with the experimental observations of others.
has been used to describe the measured exponents83
+0.03, B=0.41£0.01, and 1Z=0.42-0.02. None of the
well-known growth models describes the scaling exponents We thank J. T. Drotar for helpful discussions. T. K. was
we obtained. We used a re-emission model having a nonlocalupported by the Harry F. Meiners Program. This work is
nature to describe our results. The model includes the resupported in part by NSF.

Deposition time ¢ (xlO7 particles)
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