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Surface roughening during low-temperature Si epitaxial growth on singular
vs vicinal Si(001) substrates
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The evolution of surface roughness on epitaxial Si films grown at 300 °C by ultrahigh vacuum ion-beam
sputter deposition onto nominally singulft00]-, and[110]-miscut S{001) is inconsistent with conventional
scaling and hyperscaling laws for kinetic roughening. Unstable growth leading to the formation of mounds
separated by a well-defined length scale is observed on all substrates. Contrary to previous high-temperature
growth results, the presence of steps during deposition at 300 °C increases the tendency toward unstable
growth resulting in a much earlier development of mound structures and larger surface roughness on vicinal
substrates.

I. INTRODUCTION The presence of a diffusion bias during growth in the

step-flow mode is predicted to stabilize smooth growth sur-

The dynamics of surface morphological evolution duringfaces due to a substrate-tilt-dependent diffusion current,

film growth from the vapor phase have been of increasingvhile terrace nucleation destabilizes the growth surface by

technological and scientific interest over the last severaleducing the current and leading to layer-by-layer growth
years. Thin-film applications demand ever lower growth temWith  the ~ production of moundlike or pyramidlike

peratures in order to, for example, obtain abrupt interfaces iftructures: > Such growth mounds have been reported dur-

multilayer devices, minimize alloy and dopant interlayer dif- N9 the elevated-temperature layer-by-layer molecular-beam
fusion, and inhibit phase transitions in metastable material€Pitaxial (MBE) growth of GaAs on near-singular

However, low-temperature growth has generally been foun@aAs{OOl) substrates, but were not observed during deposi-

to lead to surface roughening. This, in turn, has sparked inlon on vicinal substrates where the presence of additional
steps inhibited nucleation on the terraces and resulted in

tensive theoretical investigation of kinetic roughening during . .
epitaxial growth. Much of this work has been based on theSteD flow growth with smooth surfacésn this case, steps

tion that heni b deled usi i stabilized the growth surface.
assumption that roughening can be Modeled UsIng Scaling 1o pjjities leading to the formation of mounds have also
theory applied to growth surfaces which exhibit self-affin

= ; ; €heen reported during low-temperature MBE of @ef. 17)
characteristics. Under this hypothesis, roughness evolveé‘hd Ge(Ref.18 in the two-dimensional2D) multilayer®
with @ temporal and scale-invariant structéréWhile many  growth mode on near-singuléd01) substrates. However, the
experiments on surface roughening during film growth havgoje of steps in influencing the evolution of surface roughen-
been interpreted in the context of the dynamic scaling hying in this growth mode, where high terrace nucleation rates
pothesis, no consensus has emerged concerning the relatiqiinimize substrate-tilt-induced diffusion currents, has not
ship between roughness and growth exponents appropriate f@en addressed. In this paper, we show, using atomic force
a given growth process?? microscopy (AFM), that, surprisingly, and contrary to the
Villain* pointed out the potential importance of diffusion high-temperature step-flow case, the use of vicinal substrates
bias in influencing the evolution of surface roughness. Theluring low-temperature epitaxy of ®01) enhances growth
term refers to the fact that the adatom diffusion current on anstabilities leading to earlier development of growth mound
vicinal surface is not zero if there is an asymmetry in thestructures and larger surface roughnesses. The films were
attachment probabilities at ascending and descending steggown from hyperthermal Si beamsgaverage energy/
Such an asymmetry has been shown by Ehrlich and coparticle =18 eV) provided by ultrahigh-vacuun{UHV)
workers, using field ion microscopy, to exist on(141) (Ref.  Kr *-ion-beam sputtering. The technique was chosen since it
11) and (111 (Ref. 12 surfaces in the form of barriers to was previously shown to yield critical epitaxial Si thick-
adatoms crossing over descending steps and trapping sitagsses which are approximately an order of magnitude larger
for terrace adatoms approaching ascending steps. The expetitan those obtainable by MBE over the same temperature
mental evidence for ascending/descending step attachmentnge?° thus allowing roughness measurements to be carried
asymmetry is not as clear for surfaces on diamond-structureut over a much wider range of layer thicknesses.
semiconductors. However, differences in adatom sticking
probabilities atA andB steps on SD01) have been observed
by scanning tunneling microscopy.Moreover, computer
simulations show that there is a much larger activation en- All film growth experiments were conducted in a three-
ergy for adatoms diffusing to descendirg steps than to chamber load-locked 3 10 °-Torr UHV system with fa-
descendind® stepst*'°and total-energy calculations predict cilities for reflection high-energy electron diffraction
that while there is a strong reflecting barrier at descendingRHEED), residual gas analysis, and Auger-electron spec-
A steps, the barrier at descendiBgsteps is much smalléf.  troscopy (AES).2%?! Sputtering was carried out using an

Il. EXPERIMENTAL PROCEDURE
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UHV double-grid multiaperture broad ion-beam source with
the extracted beam focused by a postextraction unipotential
electrostatic ion lens. High-purity energetic Si beams, with
average Si-atom energies of 18 eV, were generated by bom-
barding an undoped 10-cm-diameter float-zon@®&i) wa-

fer using a 1-keV ultrahigh-purity Kt ion bean?%?! The
design of the system geometry together with the use of
higher mass Kf ions, rather than Af, minimized energy
transfer to the growth surface from backscattered fOns.
Incorporated metallic impurity concentrations were
below secondary-ion-mass-spectrometry detection limits
(=1x10"%-10% cm~3).%

The primary substrates used in these experiments were
Si(001)2x 1 wafers either nominally singular, with miscuts
as measured by high-resolution x-ray diffraction of 0.16°
toward[110] corresponding to an average terrace widtf
50 nm, or vicinal with miscuts of 4° towarfll0Q] (I=2
nm). The S{001)-4° [100] surface consists of terraces
bounded by single-atom height steps composed of equal
fractions ofA andB edges. A few 4P110] miscut (=2 nm)
samples were also examined for comparison. Substrate
preparation consisted of degreasing followed by a UV ozone
treatment®?! H passivation in dilute HF, degassing in UHV
at 200 °C for 1 h, oxide desorption at 700°C for 10 s, and the
growth of 100-nm-thick Si buffer layers. Buffer layer growth [10]
temperatures were chosen to be 650 and 600 °C on singular L “ '
and vicinal substrates, respectively, in order to obtain com- » 3 .. 50nm ., o 50 nm
parably smooth starting surfaces with nearly equal short- Si(001)-4°[110] g ——  Si(001)-4[110] —
range roughnesses as judged by correlated height-difference (110]
measurementgsee Fig. 2 beloyw RHEED patterns were

s;(:elc'\[,:(tjhbSh:I;pSKAkFul\(/:lhrlnI(Ier;esSL;r:r?%:tz ﬁ::gucﬂrgegro(atﬁa;on S(001) substrates aff ;=300 °C. Substrate miscut direction,
y ) fiim thicknesses, and the black-to-white gray scaleq@rsingular,

using a Digital _Instruments Nanoscope Il with oxide- 500 and 4 nm(b) singular, 800 and 8 nnig) [100], 200 and 3 nm:
sharpened_ SN, tips V\_/ho_se radii were 5-40 nm. TEM and (d) [100], 500 and 4 nm(e) [110], 100 and 7 nm; an¢f) [110], 200
cross-section transmission electron microsco@$TEM) 414 7 nm.

analyses were performed using Philips CM-12 and Hitachi
9000 microscopes operated at 120 and 300 kV, respectivelgn the[110]-miscut surface is similar to that of tH&00]-
miscut surface, except that the mounds exhibit a strong shape
IIl. RESULTS AND DISCUSSION anisotropy along the initigl110] step direction as shown in
Figs. 1e) and If).

All films used in this investigation were single crystals of  In all cases, the growth mounds we observe are compact
high structural quality with no defects observable by convengobjects rather than fractal in nature, and thus are not ex-
tional or high-resolution TEM and XTEM. That is, film pected to obey conventional scaling models for kinetic sur-
thicknesses were always less than critical epitaxial valueface roughening. Nevertheless, the height difference correla-
tep Which were found to be 1200 nm for growth on singulartion function G(p,t)=(|h(j,t)—h(i,t)|?), wherep is the
Si(001) at Ts=300°CZ and ~800 and 500 nm, respec- separation of positions and j, still provides a quantitative
tively, on the[100]- and[110]-miscut substrates. measure of the evolution of surface roughness. Analyses of

Some typical AFM images of the surfaces of Si films AFM data for films with thicknessessbetween 50 and 1000
grown to different nominal layer thicknesséon singular  nm on singular surfaces and 50 and 500 nnj 100]-miscut
and vicinal S{001) substrates are presented in Fig. 1. Thesurfaces were carried out. The results are presented in Figs.
surface morphology of 50-nm-thick layer@iot shown  2(a) and 2b) as the root-mean-correlated height difference
grown on singular substrate is relatively flat with no detect{G(p,t)]¥? vs p in a log-log plot. With the exception of the
able features. Further growth, however, leads to the developtata fort<50 nm on singular substrates for which no growth
ment of features, linearly anisotropic aloh§jl0] [see, for mounds were observed, the two sets of curves exhibit similar
example, Fig. @ corresponding td=500 nm. Compact behavior.G increases wittp following a power-law behav-
well-defined growth mound are clearly observed on singulaior until saturation is reached for each film thickness. Note
substrates dt=800 nm[Fig. 1(b)]. In contrast, the initiation that, contrary to the predictions of conventional kinetic
of mound formation is already evident &850 nm (not  roughening models assuming self-affine surfaces:(p,t)
shown on the[100]-miscut vicinal surface and the mounds increases with increasingat a given value op in the pre-
continuously coarsen with further deposition as shown insaturation region.

Figs. Xc) (t=200 nm and Xd) (t=500 nmj. The behavior Effective roughening and growth exponeatsind 8 were

FIG. 1. AFM images of the surfaces of epitaxial Si films grown
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FIG. 3. Saturated root-mean-correlated height difference
o (nm) [G(p—,t)]*2 vs film thickness for epitaxial Si films grown at
T,=300 °C on nominally singular 801), Si(001-4° [100], and
————rr —— Si(001)-4° [110] substrates] G(p—,t)]? is defined here as the
10 E Si(001)-4°[100] (b) 3 average of all measure@ values obtained fop larger than that

corresponding to the intersection of best-fit straight lines drawn

= t=50nm through the steeply rising and saturation region§®¢p,t)]*? vs

& 100 nm p data in Fig. 2.

e 200 nm
—_ 1L+ 350 nm
E E v 500 nm >1 for t>500 nm. ast and By values for[110]-miscut
~ F samples were found to be similar to those of {i®0]-
= Lo miscut sample with slightly largefG(,t)]*? values, as
Y v g @ shown in Fig. 3. The exponents obtained from our measure-
O o1k & . ments are all larger than those predicted by scaling theories

F . N ] for the ballistic aggregation “hit and stick”d¢=3,8=1%).2
. L 100 nm buffer layer They also do not agree with the hyperscaling relationship

¢ 1 2a=(alB—2),° derived for deposition under conditions in
1 which deposited adatoms are allowed to relax by surface
diffusion into positions of higher bonding coordination.

The temporal evolution of the lateral spread of surface
height fluctuations can be characterized by the average
mound separation obtained from the first maximum in the

FIG. 2. Root-mean-correlated height differeri@(p,t)]¥2 vs  height-height correlation functioth(i,t)h(j,t)), or the first
the separatiop of positionsi andj on the surfaces of epitaxial Si weak local minimum in[G(p,t)]*? vs p curves, as indi-
films grown at 300 °C to thicknessés 50—-1000 nm or(a) nomi-  cated, for example, by arrows in Fig(t2. The average
nally singular andb) 4° [100]-miscut substrates. Arrows mark the mound separatiod ranged from=34—48 nm for film thick-
average separation between growth features. For comparison, dat@sses between 800 and 1000 nm on singular substrates and
from high-temperature buffer layers are included. =14-40 nm fort=100-500 nm oh100]-miscut substrates,

consistent with the finding that during growth in the 2D
determined from the data in Fig. 2 using the scaling relationmultilayer mode, the mounds coarsen much faster on vicinal
ships G(p,t)xp?* for small p and G(p,t)=t?# for p—c.  than on singular surfaces. The relationship betweemdt
Physically,a is a measure of how well the roughness can befor growth on[100]-miscut substrates followed a power-law
described by a single lateral length scéteg., a periodic dependencej«t?, wherey=0.7.
surface roughness correspondsate 1), while 8 is a mea- The instability giving rise to the development of the ob-
sure of how fast the roughness develépdn Fig. 2, served growth mounds separated by a well-defined length
a ¢=0.85+0.05 for growth witht=200-1000 nm on sin- scale cannot be explained simply by statistical fluctuations in
gular surface and 0.860.05 for growth witht=50—-500 nm  the growth flux®2?* This is easily demonstrated using the
on [100]-miscut surface$® both remarkably similar to the simple model presented in Refs. 4 and 18 to estimate the
value obtained for low-temperature MBE Ge growth onmagnitude of height fluctuations due to noise combined with
Ge(001), 0.80+0.05X [G(,t)]¥? is plotted vs film thick-  surface smoothening by diffusion. Root-mean-square surface
ness in Fig. 3, from which we extract a value of roughness values obtained for a 500-nm-thick film grown on
Be=0.7-0.05 for growth in the saturation range a [100]-miscut substrate are approximately a factor of 30
(t=100-500 nmon[100]-miscut substrates. For growth on smaller than our measured values. Moreover, the use of vici-
singular substrateg.4= 0.6+ 0.05 over the same film thick- nal substrates, in which the average terrace width is of the
ness range followed by a rapid increasedp; to values order of adatom mean free pattestimated, based upon data

001 Lot 0 a0 i
1 10 100

p (nm)
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in Ref. 13, to be 2—3 nm at 300 jOwould be expected to ments at the lower-values were found to give the same
lead toward stable step-flow growth rather than to the growthiesults. The sudden increasefgy ast approached ¢, was
instabilities we observe. predicted by Das Sarmet all® using a stochastic ballistic
We propose that the primary source of the growth instadeposition model which includes adatom diffusion. In their
bility during low-temperature deposition on singular andmodel, the increase iB.; was associated with a sudden
miscut S{001 surfaces stems from the anisotropy in diffu- onset of defect formation prior to the termination of epitaxial
sion along and across dimer rowsombined with adatom growth and the formation of an amorphous phase.
trapping near descending-step edge$? leading to en-
hanced extrinsic island nucleation. In the case of miscut sub- IV. CONCLUSIONS
strates, where the step density is high, we expect that extrin- | Its show that low-t ture Si ep-
sic island nucleation rates will far exceed the rate of intrinsic, " Summary, our resu’ts snow that low-temperature st €p

: D itaxy is unstable on both singular and vicinal surf n
random terrace nucleation, resulting in a larger roughnesfa y is unstable on both singular and vicinal surfaces and

and a much earlier development of growth mounds. Thi eads to the development of well-defined growth mounds

tendency is consistent with both our AFM images and theWhiCh coarsen with increasing film thickness. The growth

resuls in Fig. 2, showing that the absolute values of the TS 22 120 60 SN B0 R SO o
root-mean height-difference correlation functions were large 9 9

at comparable film thicknesses, on the vicinal surfaces. Alll(gfrt('; rr?g\?vr;iglrn?é J]gf c?ﬁi;;mﬁoﬁéizﬁtggﬂpﬁngg tfr:;rs hrie-h-
increase in the rate of surface roughening is also expected {0 ’ ! : y . 9
mperature epitaxy in the step-flow regime, th¢0®1)

result in reduced critical epitaxial thicknesses, in agreemen ) - ;
with our experimental observations in whitla(300 °O de- growth surface is more unstable on vicinal than on singular
creases from 1200 nm on singular substrates to 800 and SOQ'(BIbStrate surfaces during growth in the 2D multilayer mode.

nm on[100]- and[110}]-miscut surfaces, respectively. In ad-
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