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Role of steps in deposition rate in silane chemical vapor deposition on @il1)
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Si(111) homoepitaxy using silane chemical vapor deposition was studied during growth with scanning
tunneling microscopy at high temperat@30 K). The initial substrate corresponds to the 7 reconstruction
while the layers grow in a X 1 structure partially hydrogenated. The layer distribution is directly measured
and shows a higher deposition rate on the Il surface than on the>?7 surface. We show that the regime of
incorporation of silicon at step edges influences the reactivity of the surface.
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[. INTRODUCTION drogen steady-state coverage is driven by H desorption, the
deposition rate depends on the mechanism, and therefore on
Over the last few decades, numerous theoretical and exhe surface structure, which can be involved in this process.
perimental investigations have been performed to improvén this paper, we show that, in addition to these chemical
our knowledge on the phenomena of the early stages dkatures of the surface, silicon incorporation into the crystal
growth. A thermodynamic and kinetic atomic scale descripvia mechanisms of attachment at step edges also affects the
tion of the growth processes was given by Venableithin  deposition rate. For this study, we have performed the
the framework of vapor deposition. This author gave angrowth of a silicon film during silane ultrahigh vacuum CVD
atomic view of the basic growth processes and introducedUHV-CVD) on 7X7 substrate at a fixed temperature
relevant corresponding energies such as adsorption, diffy730 K). At this temperature, the surface of the grown film is
sion, and pairbinding. This atomic picture was successfullycovered by a disordered phase corresponding to SiH species
used to interpret some growth experiments, especially on urtiffusing on a partially hydrogenatedxi1 surface® Thus,

reconstructed surfaces. More recently, more complex phehe first layer grows on the ¥ 7 structure while the upper
nomena involved in growth have been addressed. For il’]ayers grow on a unreconstructed surface.

stance, on reconstructed surface, the conversion of the

surface 'rgconstruction intq an unreconstructed structure is.a Il EXPERIMENT

prerequisite to the nucleation and growth processes. Thus, in

some cases, the destruction of the surface structure deter- The experiments were performed in an ultrahigh vacuum
mines the behavior of the growth. As an example, Voi-system with a base pressure 0k207° Torr, equipped with
gtlander and Weber have characterized, using a scanning tua- commercial scanning tunneling microscopéT STM
neling microscopé€STM), the atomic growth processes of Si Omicron able to work at a fixed high temperature. Samples
islands on Sil11) during molecular-beam epitax¢MBE) are As-doped(0.15-0.220) cm) Si(111) oriented with a
experiments in 500-900 K temperature range and havaiisorientation angle of less than 0.2°. The samples were
shown the influence of the X7 reconstruction on the heated by resistive heating on both the cleaning manipulator
growth processesHowever, despite the variety of pnenom- and the STM. The typical dimensions of samples were
ena that may be involved in the growth processes, the dep® mmX1 mmXx0.5 mm in order to reduce the heating
sition rate in MBE is equal to the atom flux incoming on the power during experiments. The($11) 7 X 7 substrates were
surface as the sticking coefficient is close to 1, when ngrepared byin situ thermal treatment described elsewhtre.
evaporation occurs. In other words, in MBE, the depositionThe cleanness of the initial substrate was systematically con-
rate does not depend on the surface features and is ontyolled before exposure. The growth experiments were per-
driven by the vapor atom flux. On the contrary, in chemicalformed as follows: after the surface cleaning, the sample was
vapor deposition(CVD), the deposition of matter results heated on the STM at a fixed high temperature. After 1 h, the
from the decomposition of molecules of the precursor gas othermal drift was sufficiently low to achieve atomic resolu-
the reactive sites of the surface and so the deposition rat@on with STM. Then, high-purity silane was introduced into
drastically depends on the density of these sites. In silanthe chamber through a leak valve. The ion pump was
CVD on silicon surface, Si adatoms, silicon hydride speciesswitched off allowing the experiment to proceed in the
and H atoms are released onto the surface under the dissbg™ Torr range. The surface was continuously imaged dur-
ciative adsorption of Sild The presence of these species oning the exposure to observe its evolution during growth. The
the surface can modify the reactivity of the surface and ssample temperature during STM experiments was deter-
the steady-state density of these different species may affentined by a calibrated heating-power-temperature relation-
the deposition rate. For example, hydrogen is well known tcship established with an ir pyrometer during sample cleaning
inhibit the reactive sites of the silicon surface leading to aon the manipulator. As mentioned in a previous papie
lower deposition rate at higher H coverage. Because the hytip acts as a shield during the silane exposure increasing
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FIG. 2. The coverage in each layer and the total coverage is
plotted versus time. The data points markeg-(d) correspond to
the images in Figs.(&)—-1(d). The dashed lines are an eye guide for
the linear behavior of the total coverage. The slope is
0.046 ML/min at low coverage and 0.073 ML/min at higher cov-
erage. The abrupt change in the deposition rate is also indicated.

FIG. 1. STM image$(256 nm?] of the growth of Si on SiL11)
by UHV-CVD at T=730 K and Pgj,,=4.5% 10°* Torr. Images )
(a)—(d) were recorded at 0.25, 0.66, 1.16, and 1.77 ML grown onlayer and the total coverage, expressed in m‘?no'ayef
the initial 7X 7 substrate, respectively. I@), islands(1) and (2) (1 ML=1.56X 10'° atoms/cm), are plotted as a function of

are, respectively, single-layer and double-layer islands. time in Fig. 2. Since the difference in atom density between
the 7X 7 surface and the grown surfat®H species diffus-

locally the surface temperature of about 50 K. As a conselnd On @ 1x 1 surface partially hydrogenatet 0.1 atoms

i 35 -
quence, the amount of deposited matter is slightly higher anfer 1x1 unit _ceII, 5% has been ad<_jed to each measure
the nucleation density is lower on areas under the tip. Th&Nent concerning the f|rst layer growing on thex7 sub-
effect is not awkward if the same area is imaged all along apurate. For coverage higher than two layers, the growth mode

experiment. The accuracy of the temperature measurement'& V€Y close to a layer-by-layer growth, when one layer is
+25 K and its reproducibility is +10 K. All STM images illed linearly up to one layer before the next layer starts to
grow. For lower coverage, we clearly observe the double-

were obtained in the constant current mode witha 1 V nega] h X ST
tive sample bias voltage and a tunneling current of 100 pA!2Yer growth mentioned above. The slopes in Fig. 2 corre-

spond to the growth rate of the layers. The total coverage
Il. RESULTS versus time can be fitted by a linear variation. Interestingly,

. e . we observe a jump in the total growth rate, denoted by depo-
To study the growth behavior of Si/Sil1) epitaxy by sition rateR hereafter, from 0.046 to 0.073 ML/min. YR
UHV-CVD, we have repeatedly imaged the same area by

STM during growth at 730 K an@gj,n=4.5X 1074 Torr. A
_movie of 50 STM_images was record_ed at a fre_:quency (_)f 1 IV. DISCUSSION
image/87 s, showing the growth of a five-layer film. A series
of selected images from the movie is shown in Figs. At low coverage, before coalescence of islands, single-
1(a)-1(d). In Fig. 1(a), islands of triangular shape have layer and double-layer islands grow simultaneously. The pro-
nucleated on the bare>77 substrate and have started to cesses of nucleation on the<7 substrate and on top of the
grow. A preferred nucleation along lines that correspond tdirst 1X 1 layer occurred in the early stage of the exposure.
7x 7 domain boundaries is observed. Nucleation on top ofrom Fig. Xa), we find that the probability of nucleation on
several first-layer islands has also occurred, leading to thtop of the first layer is at least 2.5 higher than the probability
formation of double-layer islands. Figuréol corresponds to  of nucleation on the X7 initial substrate. We have also
the coalescence of most islands of the first layer. In Fig), 1 observed that the coverage of the second layer rapidly
first layer islands almost completely coalesced while singlecatches up with the coverage in the first layer and the density
steps of the second layer, generated upon coalescence @fsingle-layer islands step edges of the second layer is very
single-layer with double-layer islands, have started to movéow. This indicates that, as one can expect, the step edge
onto the first layer. We can notice that nucleation of second@dvances faster on the unreconstructed grown surface than
layer on top of first layer does not occur. In Figd), the on the 7X7 structure. This behavior has already been ob-
substrate is nearly completely covered. The coverage in theerved on SiLl11) with STM during MBE experiment8/ In
second layer has almost caught up with the coverage in thiaese experiments, the initial substrate and the growing lay-
first layer. For higher coverage, the growth mode turns to &rs corresponded to theX77 reconstruction. The authors
layer-by-layer growth. correlated this behavior to the higher density of domain
From STM images of the movie, we have measured thdoundaries on the grown substrate than on the original one,
deposited material in different layers. The coverage in eaclwhich would enhance the nucleation and growth. These fea-
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0.10 experimental data. In particular, the calculated deposition
. rate increases gently and does not exhibit the observed jump.
£ 008 e Thus, we conclude that this jump cannot be solely due to a
§ 006 L zghreccttid variation of surface two-dimensiondPD) properties be-
ren bo0l% ‘e tween the X 1 disordered phase and the<7 structure.
® 0.04] fae" ""s Lot To explain the experimentally observed behavior of the
g ALanasa, . . deposition rate, we have been interested in the movement of
2 0.024 “: t, the different kinds of steps on the surface. Using the cover-
. } P age of the first and second layer as a function of time shown
0.00 EER KL . in Fig. 2, we have studied the deposition rate at the different
o 5 10 15 20 25 30 3 kinds of step edges of the first two layers. Let us Bal} and
time (min) Res> the growth rates originating in the advancement of

_ o single-layer steps on the>77 substrate and on the first
I_:IG. 3. le'fere_n_t growth_rates are p_Iott_ed versus time: the ex-grown layer, respectively, arys the growth rate originating
perimental deposition rate, i.e., the derivative of the total coverage, double-layer step advancement. Usually, the advancement

versus time(M); the dep_"?‘“o.” rate given by E) (O); Rs?land of steps is extracted from the difference images, where each
Rssa the growth rates originating in the advancement of single-layet

steps on, respectively, thex77 substratéA) and on the first grown image of the mOVIPT IS Subtractgd from the prewous. 0”‘?- Be-
. o cause the information concerning the layer numbering is lost
layer (®); Rys the growth rate originating in double-layer steps diff . thi thod i t t -
advancement(]). The abrupt change in the experimental deposi-On iierence images, is method 1S no easy. 0 usein o.ur
: : - case, when we study the growth of numerous islands of dif-
tion rate is also indicated. . .
ferent height at different levels. Moreover, the enhanced

. . noise and the drift on difference images prevent accurate
tures are associated with an upward mass transport, consigs

e ; i . h easurements. Indeed, to determiRg; Rssy and Ry, we
ering isotropic deposition. In our CVD experiments, we havey 5 e evaluated the growth rate of the first and second layer,

_al_st_o IObSTtF?’ed’ as iun'\r/]l%E etﬁpelzrimer_]ts, a tran:(i)tior; from thes andR,. The latter growth rates are determined from the
initial multilayer growth(double layer in our ca3éo a layer-  gerivative of the first- and second-layer coverage versus time

by-layer growth mode. This transition is caused by the dif-egpeciively, coverages directly measured on each STM im-
ferent structure between the original substrate and the 9roWhae of the movie and shown in Fig. B, and R, can be

layers. Thus, a preferred nucleation and a higher depositiofitten as follows:
rate on partially hydrogenatedxl1 surface of the top layer '

explain the formation of double-layer islands. When the ini- R; = Rss1t Rys, (2
tial substrate is completely covered by the first two layers,
the surface structure of the growing layer and the layer un- R = Rssot+ Rys: €)]

derneath are similar and a transition to a layer-by-layer Introducing the velocity of advance of different kinds of

growth occurs. . )
The main difference between MBE experiments and ourStepS’ the growth rates can be written as follows:

CVD experiments concerns the deposition rate. We would Res1= UssOssy  Ris=vgddds  Rsso™ Usssso (4)
like to emphasize that the higher growth rate of the second

layer reported in Ref. 7 does not lead to an increase of thl@’herevSSl andussp are the velocities of the step advance of,

deposition rate, which remains constant in MBE, as rnen_respectively, single-layer islands of the first and second layer,
' ' duys is the velocity of the step advance of double-layer

tioned by the authors. We emphasize that the increase in ! ) "
deposition rate in our CVD experiments, i.e., an increase o .Iands'd551 {:md dsso are, respectively, t_he densities of the

the rate of material deposited on the surface, implies an in§|ngle—lgyer |sland§ step edges of the fII‘S.t and second layer,
crease in the reactivity of the surface ' and dgys is the density of the double-layer island step edges.

One interpretation of the deposition r&eéehavior could These densities have been directly measured on STM im-

be a variation of the reactive sticking coefficient between thé?9es- For the same reasons mentioned above, the different

1X1 disordered phase and thé&<7 structure. In this case velocities cannot b? ea_sily mea;ured from STM images.
the deposition rate could be written as follows: " However, from the first five STM images of the movie, the

velocitiesvys andvgg; can be evaluated. To determine these
R=Ryx7(1.05-6,) + Ryxy 61, (1)  Quantities, we have measured the growth rate and the step
density of single-layer and double-layer islands that have not
where6, is the coverage of the first layd®;; andR;; are  coalesced. These islands are present in the early stages of
rate constants of the>?7 substrate and>t 1 grown surface, growth [see, for instance, numbered islands in Figa)[L
respectivelyR;,;=0.042 ML/min andR;«;=0.07 ML/min  From theses measurements, we find that the tatigvys is
are given by boundary conditions. The experimental deposirearly constant on the first five STM images:
tion rateR is inferred from the derivative of the total cover- —17 5)
age versus time. The calculated and experimental deposition Uss1= 1. Ugs:
rates, plotted versus time, are shown in Fig. 3. We clearly see If the incorporation of adatoms was only limited by the
the jump of the experimental deposition rate between twaransport of matter, we should hawes;=2v4s This result
values. The deposition rate given by Ed) does not fit the confirms that the destruction of thex77 structure is a rate-
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determining process in material incorporation intotion, the rate of adatom incorporation ak1l step edges is
substrate:’° higher compared to X7 step edges. This higher rate of

In the following, we assume that this relation remainsincorporation leads to an increase of the free reactive site
during the overall growth. The growth raté%,, Rss; and  density on the surface and then can lead to an increase of the
Rys can then be inferred from Eq$2)—(5) and are plotted reactivity of the surface. Thus, the regime of incorporation of
versus time in Fig. 3. We see th&js remains roughly con- matter into the crystal influences the reactivity of the surface,
stant during the growth. We clearly observe that the jump igeading to a higher deposition rate on the unreconstructed
correlated to a rapid increase of the growth rRlg, origi- 1 1 syrface than on the’77 surface. Another mechanism
nating in the advancement of single-layer steps on the firsty, 4 pe responsible for different kinetics of Si incorporation

grown layer. This oceurs when a large part .Of islands of th‘;1‘nto the two types of steps. The species released on the sur-
first layer coalesce, which allows the expansion of the Seconﬂialce under the dissociative adsorption of silane molecules,

layer of double-layer islands on the first grown layer. Thesesuch as hydrogen, could induce such difference. Even if we
features are clearly correlated to the switch from a growth

i i ' . cannot exclude such a mechanism, we rather expect that hy-
mode resulting mostly from incorporation of material at 7

: . drogen does not play a crucial role concerning this point.
X 7 step gdges via deconstructhn to a growth mode WherE’revious publications concerning the MBE growth of silicon
mcorpora_tlon a_t X1 step eq_ges IS pr_eponderant_. Neverthe- n Si111) 7 X 7 show that the growth occurs at a higher rate
less, the jump in the deposition rate is necessarily correlateOn 7% 7 surfaces with a hiah density of defects. Thus. hv-
to a jump in the reactivity of the surface. Thus, the question 9 y ' -y

we have to address is how the properties of the steps Caq{ogen is not necessary to observe different kinetics of Si

affect the reactivity of the surface. The reactivity of the sur-neorporation at step edges. Moreover, as H atoms can easily

face is driven by the density of free reactive sites Wherebe inserted into silicon bondS,we showed in a previous

silane molecules can adsorb and decompose. This denswhcat;grt; that hydrtotgher; Engancesxzhdecogstructltcr)]n. dif
different species released by decomposition of silane on thef ; P yP
surface, which can inhibit these reactive sites. As we hav@' S'€PS:

shown above, the jump of the reactivity is not correlated to a

difference in 2D properties betweernx77 and 1x 1 surfaces V- CONCLUSION

such as the density of reactive sites. Then, this jump must be In conclusion, we have provided experimental evidence
correlated to a variation of the steady-state densities of difdemonstrating that in UHV-CVD, the rate of deposition of
ferent species on the surface. These steady states are conatter depends on the step edges. The rate of adatom incor-
trolled by the kinetics of adsorption and decomposition ofporation at steps drives the steady-state density of silicon
silane on one hand and the void kinetics of each species aspecies released by silane decomposition. Because these sili-
the other hand. Concerning the void of hydrogen, we do noton species inhibit reactive sites, the properties of the steps
expect that H desorption can be drastically influenced by thévolved in the growth influences the reactivity of the sur-
step properties. On the contrary, we expect that the void oface. As a result, independently of considerations concerning
silicon species, i.e., the incorporation of silicon species intche 2D chemical properties of the surfaces, the growth kinet-
the crystal, is driven by properties of incorporation at stepsics using silane CVD is lower on theX7 surface than on

As mentioned above, due to the mechanism of deconstrug¢he unreconstructed® 1 surface.
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