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ABSTRACT

The nucleation mechanisms for SiC thin films on Si were investigated by interrupting the growth at very brief times
(~1to 10 s) using rapid thermal chemical vapor deposition in conjunction with Igrdrocarbon carbonization. The resulting

SiC nuclei and fi

s on Si have been studied by scanning electron microscopy an

atomic force microscopy. The hydrocar-

bon partial pressure in the gas stream was found to determine the nucleation mode. Low precursor concentration results
in initial three-dimensional (island) growth which enables the study of trench and void formation. Voids were observed to

initiate when two neighboring nuclei come in contact. Trenc
trench depth increasing with the diameter of the island. Si

hes in the Si substrate surround each isolated nucleus, with the
C films grown for a nominal reaction time of 1 s indicate that

increasing the propane concentration results in decreases in SiC grain size and surface roughness and an increase in the
nuclei density. A model is proposed for the nucleation process of SiC growth on Si by carbonization consisting of the
following key steps: (i) the initial nucleation density is determined by the precursor concentration; (i¢) lateral and vertical
growth of individual nuclei proceeds by consumption of Si atoms around their periphery, forming trenches in the substrate;
(iii) Si voids are formed in the Si substrate near the SiC/Si interface when nuclei grow large enough to come in contact and,

thus, restrict the supply of Si atoms.

Introduction

The growth of SiC thin films on Si is one of the most
difficult challenges of heteroepitaxy due to the large mis-
matches in lattice constant (20%) and thermal expansion
coefficient (~8%) between cubic (3C) SiC and Si. Relatively
thin SiC layers can be formed on Si by carbonization, in
which the Si surface is exposed to a C containing precursor
at high temperature and is converted into SiC. This process
is intrinsically selective on Si with an SiO, mask and en-
ables a relatively simple and direct incorporation of SiC
‘into the mature Si processing technology.

Early SiC films formed by carbonization were found to
be polycrystalline by some authors' and crystalline by oth-
ers** when grown beyond a certain thickness.® It was found
that thicker films can be formed at lower temperatures us-
ing very low pressure growth.

Thicker SiC films can be obtained on the converted layer
by chemical vapor deposition (CVD) growth with both C
and Si containing precursors in the gas stream. This pro-
cess has been employed by many researchers®! to grow SiC
films. The carbonized layer, also known as a buffer layer, is
relatively thin (<1000 A) and plays an important role®*®*
in the subsequent bulk growth. Temperature ramp-up dur-
ing carbonization was found necessary for single-crystal
growth.®® Initially the buffer layer was thought to be a
transition layer, however, detailed high-resolution trans-
mission electron microscope (HRTEM) studies'®!” later in-
dicated that even Si and C atoms at the SiC/Si interface
take the bulk SiC arrangement.

Even though monocrystalline SiC films have been ob-
tained by this two-step CVD technique, the SiC/Si inter-
face has been plagued with the concurrent formation of
voids in the Si substrate.*® The voids are usually hollow
inverted pyramids lying just beneath the film. This poses a
severe problem in device applications of SiC films on Si.
For example, one of the most promising applications of
SiC, the wide bandgap emitter SiC/Si heterojunction bipo-
lar transistor (HBT), requires an excellent interface. It has
been shown'®*? by the present authors that void-free
SiC films could be formed under certain growth condi-
tions, with the propane partial pressure being the deter-
mining factor. This observation relates strongly to SiC nu-
cleation on Si. It is the main objective of this paper to dis-
cuss the nucleation mechanisms based on observations
regarding SiC growth on Si from our experiments and from
the literature.

* Electrochemical Society Student Member.
** Electrochemical Society Active Member.

The SiC films employed in this study were grown by
rapid thermal CVD (RTCVD). The RTCVD technique uses
continuous gas flow of appropriate precursors in conjunc-
tion with the rapid heating and cooling capability of low
thermal mass rapid thermal processing equipment to con-
trol the growth process. Growth takes place only during the
limited period the system is at high temperature. A heat-
ing-up rate as fast as 250°C/s is achievable in the system
used in this work. Due to fast temperature switching and
the precise control over the temperature profile, RTCVD
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Fig. 1. SiC film thickness vs. (a) C;!Hs concentration at 5 and
760 Torr; (b) growth reaction pressure in the milliTorr range with a

fixed flow of 39 sccm C;H,.
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760 Torr : 5Tor

Fig. 2. Surface morphology of films grown at 760 and 5 Torr with
different propane flow rate: (a) 4, (b) 7, {c] 30 scem and additional
0.9 lpm H,; (d) 10 sccm and 0.9 Ipm H;, (e) 100 sccm and 0.9 Ipm H,,
(A 100 sccm.

can effectively “freeze” the growth at the desired tempera-
ture and reaction time. Therefore, RTCVD provides an
ideal technique for creating SiC films at various stages of
nucleation on Si.

Atomic force microscopy (AFM) was employed for char-
acterizing the carbonized Si surface obtained under vari-
ous growth conditions. AFM is a powerful, yet relatively
easy to use, technique for surface topography analysis.®"**
Surface analysis with nanometer-scale vertical and hori-
zontal resolution can easily be obtained by AFM. Along
with the RTCVD growth technique, this makes AFM an
ideal tool for accomplishing the main objectives of this
study, namely, the understanding of initial nuclei forma-
tion during SiC growth on Si, SiC nuclei growth, and coa-
lescence into a thin film, and concomitant formation of
voids in the Si along the SiC/Si interface.

Experimental Procedures

Detailed information on the growth technique and the
RTCVD system can be found in Ref. 18. 5i (100) wafers were
used as substrates for all SiC growth experiments reported
here. The SiC films studied here were formed by a two-step
process after loading in the growth chamber: in situ HCI/H,
cleaning and carbonization. In situ cleaning was carried
out at atmospheric pressure at a temperature of 1200°C for
2 min. Typical carbonization conditions were: reaction
time of 90 s, temperature ramp rate of 50°C/s, 0.9 slpm H,
carrier gas, growth temperatures from 1100 to 1300°C. C;H,
and CH, (both diluted to 5% in H,) with flow rates from 4
to 100 scem were used at both atmospheric and low (5 Torr)
pressures. These conditions give rise to SiC films with
thicknesses from about 100 to 2500 A. The thickness was
measured by cross-sectional scanning electron microscopy
(SEM). Relative thickness measured by ellipsometry was
used as a reference.

A Digital Instruments (DI) Nanoscope II STM/AFM sys-
tem was used to study the surface topography of the grown
SiC films. A long AFM scan head, with 70 X 70 pm scan
area, was used to study large 3-D SiC islands formed at low
hydrocarbon partial pressures. A short AFM scan head
(0.4 > 0.4 um scan area) was used to study the initial SiC
nucleation after a very short reaction time.

Experimental Results

We have previously reported*®* that SiC films grown on
Si by carbonization are strongly affected by the precursor
concentration in the gas stream in two major aspects:
thickness and void formation. The film thickness wvs.
propane concentration for a fixed reaction time indicates
that there exists a transition concentration for maximum
film thickness, as shown in Fig. la. Contrary fo conven-
tional CVD behavior, films grown at higher propane con-
centration are much thinner than those grown at or near
the transition concentration. In the case of even lower pres-
sure growth (in the milliTorr range), the film thickness de-
creases with increasing growth pressure with a fixed C;H,
flow rate, as shown in Fig. 1b. This behavior can be seen to
be essentially the same as that seen in Fig. 1a where we use
C,H, partial pressure as the variable parameter, since the
latter is the product of C,H; concentration in the gas and
the system pressure. Concurrently formed with thicker
films at around the transition concentration are hollow
spaces underneath the film in the Si substrate. These empty
spaces, also known as voids, take the shape of inverted
pyramids with faces parallel to the <111> crystallographic
planes.

As shown in-Fig. 2, the surface morphology of films
grown with increasing hydrocarbon concentrations un-

Fig. 3. Film morphology vs. growth pregsure in the milliTorr range
with 39 scem C3Hg flow.
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Fig. 4. Voids revealed under cross-sectional SEM for films grown
at: (a) 760, (b) 5 Torr, and (c) 22 mTorr.

dergo a change from dendritic island-like features, to con-
tinuous films with voids, to ultrathin films. This is true for
growth at both atmospheric (AP) and low pressures (LP).
However, in the case of LP growth at 5 Torr, additional
hillock-like features appear on the film surface at high hy-
drocarbon concentration. The voids, usually with a rectan-
gular or square cross section along the basal plane, appear
dark under SEM observation. The average void size de-
creases, while the void density increases with increasing
hydrocarbon concentrations under otherwise same growth
conditions.

The surface morphology of films grown in the milliTorr
range with a C;H; flow rate of 39 scem undergoes a similar
transformation with growth pressure, as shown in Fig. 3.
However, at these low pressures hillocks formed on top of
continuous films. The height of the hillocks decreases with
increasing pressure.

The origin and formation mechanism of voids in the sub-
strate during carbonization have not been fully explained
in the past and deserve further study. Shown in Fig. 4a is a
cross-sectional SEM microphotograph of one such void
present in the Si substrate after an SiC film is grown at
760 Torr. The film over the void is uniform and continuous
in this case. The void base and sides are about 1 pm in
length. The SiC film surface morphology on the substrate
(or “bottom”) side is shown in Fig. 5a, where the Si sub-
strate has been removed in an HNA (HF:HNO;:acetic acid
= 3:5:3) etching solution. The film bottom surface displays
regions of grass-like growth located at void sites. These
regions take a roughly square or triangular shape on (100)

and (111) substrates, respectively. Thin leaf-like growth on
the edge of each region is probably due to SiC growth on the
void sidewalls. SiC films grown at low pressure exhibit
significantly larger density of voids, and hence of grass-
like growth, than films grown at atmospheric pressure. A
cross-sectional SEM photo (Fig. 4b) of a film grown at low
pressure (5 Torr) reveals the downward growth of the grass-
like features into a void, and the formation of very thin
layers on the void walls. For SiC growth at even lower
pressure, 22 mTorr in the case of Fig. 4c, voids form even at
locations into the Si substrate which are separated from the
film/substrate interface by an Si region. The exact mecha-
nism for this behavior is not clear at the present. However,
a change in diffusion coefficient at this low pressure might
be responsible.

While in most cases a completely continuous SiC film
covers the voids, a careful investigation revealed that some
voids are not completely sealed but have a small aperture in
the film. Plan view and cross-sectional SEM microphoto-
graphs of an unsealed hole over a void in the substrate
(dark square in plan view) are shown in Fig. 6a and b,
respectively. An SEM microphotograph of a void which has
just been sealed is shown in Fig. 6c for comparison. As
discussed below, whether and when a void becomes sealed
depends mainly on precursor concentration, growth pres-
sure, and reaction time.

In the case of low pressure growth, we suspect that the
center of each hillock is not sealed. Even though it is diffi-
cult to prove this directly, the cross-sectional SEM mi-
crophotograph shown in Fig. 7a appears to indicate that
there exists an unsealed channel at the hillock center. A
schematic corresponding to the microphotograph is shown
in Fig. 7b. The existence of unsealed channels at the center
of each hillock is vital to the explanation of continued film
growth after a continuous SiC layer has been formed at low
pressure.

To determine whether unsealed channels exist in each
hillock of SiC films grown at 5 Torr we have anodically
etched the SiC/Si substrates. Anodic etching is known to

" W12, Ba

Fig. 5. SEM microphotographs of boﬂom surface of films grown on
(100} Si at (a) 760 and (b) 5 Torr.
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Not Sealed

\ Just Sealed

Fig. 6. Unsealed channels above voids in films grown at 760 Torr:
(a) d|:>It:|n view SEM, (b) cross-sectional SEM, (c) a just-being-sealed
void. ;

form a porous Si layer at the exposed Si surface.** The
anodic etching for SiC films on Si was performed at a cur-
rent density of 4 to 9 mAjem® in a solution of 1:2:1
HF:ethanol:H,0. The formation of a porous layer on void
walls and at the void apex as shown in the SEM micro-
graphs of Fig. 8a and b indicates that anodic etchant must
enter the void, most likely by way of the unsealed channel
at the hillock center in the film.

In order to study how SiC nuclei and Si voids are pro-
duced, growth was performed at a low precursor concen-
tration to form individual SiC islands on the Si surface.
Shown in Fig. 92 is a plan view SEM microphotograph of
SiC islands formed on Si after growth at 1300°C for 90 s
with low C,H, partial pressure (4 scem C;H, and 0.9 slpm
H,). Each SiC island consists of dendritic features radiating
from its center. Trenches are present in the Si substrate
where islands are beginning to touch, as revealed by the
corresponding cross-sectional SEM microphotograph in
Fig. 9b. These trenches at the island boundaries are actu-
ally emerging voids in the Si substrate. Special attention
should be paid to Fig. 9b because it exhibits a cross section
obtained by cleavage through the center of two adjacent
SiCislands. No voids or pits exist under the center of either
island, whereas a void is observed being formed where the

W281-/0X.AS

Fig. 7. Unsealed channel at the center of hillock in films grown at

'5 Torr.

two islands are touching. This phenomenon of void forma-
tion along the boundaries between islands has been ob-
served in all our carbonization experiments.

More quantitative information on the size and height of

SiC islands was obtained by AFM. A typical AFM image of
SiC islands on Si is shown in Fig. 10a. The gray scale z-axis
(depth) is from 0 to 800 nm. It can be seen that the center of
the island is at the highest point. The regions between is-
lands are much darker, indicating the existence of deep

(a)

porous Si
layer

e Y i ()

Fig. 8. Anodically etched SiC-on-Si to reveal unsealed channels in
the film: (a) porous Si layer on void walls, (b) porous Si pores formed
at apex of voids.
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Fig. 9. Void formation along SiC island boundaries: (a) plan view
SEM; (b) cross-sectional SEM.

trenches. A side view AFM image of a SiC film with a lower
island density is shown in Fig. 10b. The flat region between
islands is the unreacted Si surface. Trenches below the un-
reacted Si surface level are clearly observed around each
SiC'island. Line scans over the SiC islands have been used
to quantitatively study the trenches around the islands.

Fig. 10. AFM images of SiC islands: (a) top view, high density; (b]
side view, lower density.
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Fig. 11. Lower density SiC islands on Si: (o) AFM image, (b) AFM
line scan along line indicated in (a).

One such scan is shown in Fig. 11. The indicated trench
depth between the two arrow heads is 192 nm. In general,
we have observed a range of trench depths from ~100 to
~200 nm. The height of the SiC islands above the Si surface
is about 200 nm, which is comparable to the trench depth.

We have previously proposed™ that the SiC nucleation
density is determined primarily by the hydrocarbon partial
pressure during growth. To confirm this nucleation model,
a very short reaction time of nominally 1 s was used to
perform carbonization with different C,H, flow rates and a
fixed (0.9 slpm) H, carrier gas flow rate. The growth was
carried out at 1300°C with a temperature ramp-up rate of
50°C/s. Since the reaction time is extremely short, it is rea-
sonable to assume that the reacted surface reflects the ini-
tial nucleation status. AFM analysis with the short-range
scan head was then performed on each of the resulting

nm 200 300

nm 200 200

Fig. 12. AFM analysis of SiC films Srown at 1300°C for 1 s vs.
propane flow rates: (a) 2; (b} 4; (c} 7; ) 9; (e) and (g) 12; (f} and (h)
920 scem. Vertical scale is 0 to 50 nm for {a)-(f), 0 to 10 nm for (g), and
0 to 8 nm for (h).
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Fig. 13, Cmmﬁﬁnﬁ?&ééwnmﬁ&nsw
pmpmﬁcwﬁwm?g‘is, } high propane flow

films as shown in Fig. 12, where the flow rate is increasing
from 2 scem in Fig. 12a to 20 scem in Fig. 121 The gray scale
in z-axis {depth) is from O to 50 nm for the images in
Fig 12a-f AFM images with a smaller z range {8 to 10 nm)
are shown in Fig. 12g and b for growth with 12 and 20 scem,
respectively. As can be seen, grain size and film roughness
decrease with increasing propane flow rate. The film sur-
faces obtained at high flow rates arve almost featureless.
The grain density, and thus the nucleation density. is ob-
served to increase with increasing propane How rate.

The effect of nucleation on the formation of voids is
elearly shown in Fig. 13. The film thickness of samples in
Fig. 133 and b are both about 10 nm even though they are
grown at 1300°C for 1 and ;E?i} s, respectively. The corre-
sponding flow conditions are 7 scom {~transition concen~
tration) and 30 scem (G>transition concentration) C.H,
with 0.9 slpm H, carrier gas. Two voids in their early stage
of formation are observed even after only 1 s in the film
grown at the transition concentration (Fig. §f§a) However,
in the case of high concentration, no detectable voids are
observed in the substrate even after a reaction time of 80 s,

The evolution of void formation with carbonization time
at low pressure was studied. The surface conditions of films
grown for times from 1 sto~ }. min are shown in Fig. 14, The
surface morphology after 1 s at 1200°C, as shown in

Fig. 14a, m’&?mis a uniform dsst ibution of fine SiC grains.

. ¥ o sgmu%&?mrmaﬁnd%ui
growth fime: o] 1200°C; 1 5; (b} 1300°C, 1 5; 4} 1300°C, 15 55 (i
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hillocks on flm surface

B hvdmmzw ;xax“iwi pressure. :
P transition hydrocarbon partial pressure.

However, after 1 s at 1300°C, Fig. 14b, voids begin to form
while the grains grow larger in size Continued carboniza-
tion at 1300°C for up to 15 s resulted in a smoother surface,
Fig. 14c, which was thought to be due to the coherent ag-
glomeration of fine grains. Openings in the film are ob-
served along with film growth over voids. The surface after
45 s of the reaction is shown in Fig. 14d. Voids (dark fea-
tures in the SEM micrograph) and unsealed holes over most
voids are still observed. The surface morphology is rougher
compared to the previous case shown in Fig. 14¢.
Discussion

The experimental observations presented above con-
tribute to support the argument that SiC thin film growth
by carbonization of Si proceeds in the following sequence:
i} SiC nuclei formation, i) SiC nuclei growth and Si
trench formation, (iii) the emergence of Si voids and the
lateral extension of the SiC Hlm over the void, and (v}
sealing of the void and formation of a continuous flm over
the void. In other words, in our model the void is formed
prior to the growth of the filen which covers i1,

The AFM results obtained on SiC island density as a
function of precursor flow rate (as shown in Fig. 12) are a
direct evidence that the initial nucleation density is
strongly determined by the precursor concentration during
reaction.

This observation along with the growth rate and mor-
phology characieristics in Fig. 1a 2 and 8 can beexplained
based on the classical nucleation rmm E’:s state it briefly,

Table . Comparison of proposed mechanisms.
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Fig. 15, Void formation and nucleation mechanism schemotic dia-
grom: fo} Jow, (b} medium, and {c} high nudleation density.

in a vapor-phase homoepitaxial growth on a single-crystal
substrate, an over-saturated vapor condition ereated by
lowering the substrate temperature leads to two-dimen-
sional growth of thin and smooth films. On the other hand,
an undersaturated condition will lead to thicker film
through three-dimensional growth. In the case of SiC nu-
eleation by carbonization, the minimum CH, concentra-
tion for continuous film formation can be thought to be
the onset of the oversaturated C,H, condition. Therefore,
the highly oversaturated C,H, gave rise to laver-by-laver
growth of thin SiC films, while the undersaturated CH,
condition resulted in cluster (island) formation of thicker
SiC films.

These observations lead us to the following model for SiC
growth on Si by carbonization: (i} the supply of 5i for the
vertical, as well as lateral growth, of 8iC islands comes
from the exposed, unreacted Si area around each island; (i)
the continuous demand for 8i for the carbonization reac-
tion, along with the fact that the available (unreacted) Si
surface area is decreasing with increasing island diameter
and density, drives the consumption of Si atoms in the ver-
tical direction leading to formation of voids.

As in the case of much thinner film formation at high
precursor concentration, voids have been observed during
carbonization in the past by many other researchers™ "
with various growth systems and growth conditions being
used. For example, Learn and Khan,® Mogab and Leamy,
Khan and Summergrad® observed voids in their high vac-
uum carbonization system using C,H.. Addamiano,” Liaw
and Davis,” Powell et al.® also observed voids with their
atmospheric growth reactor using either C.H, or C,H,. Re-
cent gas source molecular beam epitaxy (GSMBE) studies
of 8iC growth on Si by Motoyama et al. ™ and Yoshinobu
et al.” reported hillock formation on the film surface in
addition to voids in the Si substrate.

Previously, the mechanisms of SiC nucleation and void
formation were incorporated in a model proposed by
Mogab and Leamy.” The M-L model explained many of the
features of 8i carbonization and was widely adopted. For
example, this model has been used by Yoshinobu ez al ™ to
select growth conditions which suppress pits and hillock
formation.

In this work, we have presented new experimental infor-
mation which can lead to & more complete understanding
of the nucleation and void formation mechanisms. A com-
parison of experimental observations and proposed models
of 8iC nucleation mechanism between M-L and the present
authors is shown in Tables I and IL The comparison of
experimental cbservations {Table 1) indicates that similar
results were obtained with regard to film thickness depen-
dence on hydrocarbon partial pressure (P}, for values both
larger and smaller than the transition partial pressure (P,).
At the heart of both models is the common observation of
voids in the 8i substrate In addition, our experimental
observations have confirmed the following salient features
of the carbonization process: 1, inereasing the hyvdrocarbon
partial pressure leads to a decrease in nuclei size and an
increase in their density; 2, trenches in the 51 substrate
surround individual SIC islands during carbonization; 3,

voids occur at trench locations coincident with 8iC inter-
istand boundaries during film growth; 4, the SiC film over-
tyving the void is crystalline, not porous or polvervsialline.
Our model regarding nucleation mechanism agrees with
the M-L model only in that 5iC nuclel grow by consuming
unreacted 5i. The major differences between our model and
the M-L model are: 1, voids, rather than porous material,
are formed at nuclel boundaries when they grow together;
2, thinner filmg and cessation of growth after a certain
resction time at high hydrocarbon partial pressure are due
to the negligible 81 diffusion through a thin, but continu-
ous, SiC layer rather than to the sealing-off of porous de-
feets in the film. This layer is formed quickly by the coales-
cence of the high initial density SiC nuclel. Schematic
diagrams depicting our model are shown in Fig. 15 for cases
of low, medium, and high nucleation density.
Summary

Based on SEM and AFM analyses of SiC films grown on
Si by RTCVD, a model for void formation and SiC nucle-
ation has been proposed, consisting of the following main
points: (i) the initial nucleation density is determined by
the precursor concentration in the reaction gas; {if} each
nucleus grows larger both laterally and vertically by con-
suming the 5i around it; (#) voids are not located at the
original nucleation sites, but rather are formed when nuclet
grow to the point of contact,
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