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Dynamic change in the surface and layer structures during epitaxial growth of Si
on a S(111)-7X7 surface
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In order to investigate the dynamic process during growth of a Si layer on th&15i7 X 7 surface held at
380 °C, the rocking curve of reflection high-energy electron diffractRHEED) is continuously measured at
0.5° to 6° at intervals of 0.05° to the glancing angle of the incident electron beam which takes 18 sec. At the
initial growth stage, the multilayer islands are grown on the natix& Gsurface with broader Bragg peaks in
the rocking curve than those from the native surface. The sharpness of the Bragg peak is subsequently
recovered after the thickness of the Si layer reaches 3 BL (2®81 nm), at which the growth transforms to
layer-by-layer growth. The comparison of the measured rocking curve with the calculated one based on the
dynamical theory of RHEED intensity is also performed by optimizing each atomic position in the growing
layer so as to minimize the difference between both curves. The space of the double layefldfith@ane
in the multilayer islands expands and is restored to the normal spacing after the growth mode transforms to the
layer-by-layer mode. The broadening of the Bragg peaks at the initial growth stage relates to the rearrangement
process of a stacking-fault layer in thex7 structure on the substrate surface.

I. INTRODUCTION morphology change during growth at an elevated tempera-
ture is very interesting, because the abnormal behavior in the
We have studied the homoepitaxial growth process of Sintensity oscillation of the RHEED! which is related to the
layers on the X7 superlattice surface of the($11) sub- growth of three-dimensional3D) islands at the initial
strate held at temperatures below 400 °C with low-energy@rowth stage, increases remarkablyTat 380 °C*
electron diffractioh and scanning tunneling microscopy In this study, we will show the RHEED rocking curves
(STM) (Refs. 2—5 in terms of clarifying the growth mecha- Measureduring growthof a Si layer on the $111)-7X7
nism. Since the substrate temperature is relatively low to gUrface held at 380°C. These curves are compared with the
normal epitaxial condition, some works have been publishe§@/culated intensity under one-beam colr;dmon in RHEED
with a title containing ‘low-temperature epitaxy &’ Under dynamical theory de_veloped by 'C_h'm'f’%‘- We propose a
the low-temperature epitaxy condition, the initial growth struc_tural model_esnmated by optimizing _each atomic posi-
progresses by a three-dimensional nucleation and growt on in the growing layer so as to minimize the difference
. . . etween both curves by using the Levenberg—Marquardt
process until the native X7 superlattice surface of the method415
Si(111) substrate is completely covered with a Si lafér. '
The reason why the lateral growth of two-dimensio¢zD)
islands_ is restricted, is _the necessity for rearrangement of Il EXPERIMENTAL PROCEDURE
atoms in the stable X7 dimer-adatom-stacking-faulDAS)
structuré to the Si bulk structure when thex77 DAS struc- The substrates used in this study were Si barx 25
ture is covered with the growing layer. On the other hand,x 0.4 mn¥) cut from a mirror-polished commerciak-type
the lateral growth of 2D islands on the growing layer is notSi(111) wafer(1.0-4.0Q cm). The substrate was heated by a
restricted and follows the layer-by-layer growth, because thélirect current flow with the following step$1) heated up to
surface on the growing layer is composed of small domaind150 °C fa 3 h and then(2) flashed at 1200 °C for a few
of the metastable surface structures, which are easy to Bginutes at a pressure below<30 °Pa. We deposited the
rearranged. The transformation of the growth mode wasi layer on the Sil11) substrate held at 380 °C by an elec-
clearly shown by a sequence of STM images after quenchin§fOn beam evaporator. The deposition ratwas monitored

at each growth stage. with a quartz oscillator and kept=0.27 BL/min, where 1
We considered that the surface morphologyring ~ BL means 0.31 nm in mean thickness. . _
growthis different fromafter growth In order to confirm the We used a homebuilt RHEED apparatus equipped with a

view, we constructed the system farsitu observation of the ~magnetic deflector composed of two pairs of magnetic coils
rocking curve of reflection high-energy electron diffraction as reported previousf/We controlled the glancing ang(@)
(RHEED).® In the previous study, we measured RHEED of the incident high-energy electron beam, which was accel-
rocking curves continuously during growth at a temperatureerated at 10 kV, from 0.5° to 6° using steps of 0.05° for 18
(T of 250°C. We showed that the presence of a two-S€c. We chose the azimuthal angle of the incident beam at
dimensional atomic gas on the surface during growth is es?.5° from the[112] direction in order to avoid the diffrac-
sential by comparison with the calculated intendtyThe  tion condition, under which the simultaneous reflections for
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(the so-called “one-beam potentigl®° The wave field is
influenced by the three-dimensional potential within the co-
herent length of primary electrons, which is about a few
hundred nm at#<6°. The coherent length is much larger
than the island size and mean distance between islands. Un-
- der the one-beam condition, the effect of the simultaneous
1 reflections is suppressed, so that the periodicity of the poten-
tial parallel to the surface can be ignored. The one-beam
potential depends only on the atomic displacements normal
to the surfacdthe zeroth term of Fourier series of the crystal
potential parallel to the surfage
The STM observation shows that thexs and 9<9 DAS
structures coexist with theX¥7 DAS structure on the grow-
FIG. 1. Coverage occupied by each layer as a function of meaf'9 surfacé* quever, We assume that the structure on the
thicknessd. The closed circle, triangle, square, and reverse triangl&U"face of growing layer is the same as the 77 DAS struc-
show the coverage of the first, second, third, and fourth layer, refure, because the one-beam potentials ofS5and 9x<9
spectively. Each value was estimated from the STM images ifPAS structures are very close to that of the 7 DAS struc-
Ref. 4. ture. The difference among the calculated rocking curves for
the 7X7, 5X5, and 9x9 DAS structures is very small, and
many lattice planes are formed, in particular, the diffractedthe R factors of the X5 and 9x9 structures to the X7
waves propagate parallel to the surface. Such a diffractiostructure are smaller than 1%, which is much smaller than
condition is called “under the one-beam condition®Each  the experimental error of 3%.
RHEED pattern recorded at every 0.05° step imas imaged
with a TV camera and stored on a laser video disk during
growth. We obtained the integrated intensity of each spot on V. RESULTS AND DISCUSSION

the (00) rod through a flame memory and plotted a rocking  Figure 2 shows a sequence of measured RHEED rocking

curve. curves during growth up ta=4BL. We measured 12
RHEED rocking curves for the growth of 1 BL. The mean
. RHEED INTENSITY CALCULATION thicknessd is labeled on the right-hand side of each panel.

, , ) . The features of the rocking curves are as follows.
We calculated the RHEED intensity according to dynami- (1) The peak at9=1.3° gradually shifts to lower angle

cal theory**®under the one-beam condition. The reliability 4.4 the peak height decreases with growth. The peak disap-
of the RHEED intensity calculated by using a model poten-

; - ) _ pears wherd reaches approximately 2 BL.
tial was v_e_r|f|ed to compare Wlth the experimental result. (2) The peak a=1.8° appears at~0.4 BL, and gradu-
The reliability factor(R) was defined as,

ally shifts to lower angle with growth.

50

Coverage of each layer (%)

d (BL)

\/W (3) In further growth, these peaks seems to construct one
R=— % % © %100[%] peak atd=1.3° with growth ofd=3 BL.
D Wi ’ (4) The 333, 444, and 555 Bragg peaks become broader
with growth, and subsequently become sharp wheap-
D s proaches 3 BL. The growth stage showing the broadening of
“:W* the Bragg peaks corresponds to the growth period of 3D

islands on the substrateee Fig. L For growth over 3 BL,
where andl‘;aI were the measured and calculated inten-the growth mode transforms from 3D island growth to the
sity at the glancing angld), respectively. All data measured layer-by-layer growtfiand the rocking curve shows a regular
at everyd (about 110 pointswere included to calculate tie¢  oscillation with a period of 1 BL.
factor. To highlight intensity changes with growth, we plot the
The potential in this calculation was estimated from theintensity at arbitrary glancing angles in Fig. 2 as a function
surface morphology, which was determined by the coveragef deposition timety, as shown in Fig. 3. The mean thick-
of each layer and the structure model on the surface of thaess corresponding tg during growth is also indicated on
growing layer’'® The coverage of each layer was deter-the top of Fig. 3. The intensity clearly displays a regular
mined from the STM images measured in the previousscillation after the growth of 3 BL, which relates to the start
study? Figure 1 shows the relationship between the coveragef layer-by-layer growth, instead of 3D island growth,
and the mean thicknegd) at Ts=380°C. For example, we where the phase of the regular oscillations also changes with
can determine that each coverage of the first, second, anil
third layer atd=1.25BL is 85%, 45%, and 5%, respectively.  Figure 4 shows the calculated rocking curves picked out
We assume that the atoms in the growing layer are posievery 0.5 BL ford<4 BL, in which the solid and dotted
tioned at the same positions as the substrate surface, dines indicate calculated and measured curves, respectively.
which the 7x7 DAS structure is formed. In the one-beam We see that the difference in the peak position between both
calculation, the potential for the structure model is detercurves is very large at a low glancing angte2.5°), except
mined by the normal componer#;| of atomic positions and for the curves ad=0 BL andd=4 BL. We also note that
the number densityp) of atoms atZ; in the 7X7 unit cell  the width of Bragg peaks in the measured curves is much
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§ /\/\/LM”O Wz.so a function of the deposition timg;. The mean thickness corre-
; MZM L /\/Win sponding toty during growth is also indicated on the top of the
: %ii AV S
z : .
- 217 I Wll?
208 M&os ing layer showing the notation of each atomic position is
200 3.004 drawn in Fig. 6a). The numbers labeled in the figure corre-
o 2 3 4 5 ¢ 7 o 1 2 3 s 5 6 7 spondtoeach atom classified into nine groups according to
6 (deg) 0 (deg) their Z coordinate(see Ref. 9 In Fig. 6b), nine solid lines

_ ) ) show the change of each atomic position with increasing
FIG. 2. RHEED rocking curves of the Si{$LL1) surface during  gnqd the dotted lines indicate the atomic position before the

growth atTs=380°C andr=0.27 BL/min: (@ d=0—-1BL, ()  gptimization, i.e., corresponding to atomic positions of the
d=1-2BL, (¢c) d=2—-3BL, and(d) d=3—-4 BL. The acceler-

ated voltage of incident electrons is 10 kV and the azimuth angle
deviates 7.5° from th¢112] direction. The mean thicknessis
labeled on the right-hand side.

wider than that in the calculated curves at<0<2.0 BL.
Although we have tried to calculate rocking curves consid-
ering the two-dimensional atomic gas, we cannot explain the
large difference at low glancing angle and the broadening of
Bragg peaks at the initial growth stage. As a possible model
to explain the broadening of Bragg peaks, we considered the
deviation of atomic position from that of DAS structure on
the growing layer. Thus we tried to optimize atomic posi-
tions in the growing layer bkeeping the coverage of each
layer a certain value so as to fit the measured curve. We
performed the optimization of the atomic positions of all
layers by using the Levenberg—Marquardt mettbt.

Figure 5 shows the calculated rocking curves after the
optimization of the atomic positions in the DAS structure, in
which the solid lines indicate the calculated curves and the 01 2 é
dotted lines are the measured curves. The intensity at 0 (deg)
<2.5° ford=0.5—-3.5BL and the width of the Bragg peaks
are improved, and the calculated curves represent the char- FiG. 4. Calculated rocking curves determined from the surface
acteristics of the measured curves during growth. For all calmorphology which is estimated from the coverage of each layer in
culated curves, thR factor judging the goodness of the fit is Fig. 1 and the DAS structure @he same atomic position as the
smaller than 3%. The optimized atomic positions at eaclsubstrate Nine rocking curves are selected from the growth up to 4
growth stage are shown in Figs. 6. A model of the first grow-BL. The measured rocking curves are also plotted by dotted lines.

Intensity of 00 spot (arb. units)
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FIG. 5. Calculated rocking curves determined from the surface
morphology when the atomic positions in DAS structure are opti-
mized. Each calculated rocking curve is consistent with the mea- "o 1 2 3
sured curves plotted by dotted lines. d (BL)

o
o

7X7 DAS structure. A thick line in the lower part of Fig.
6(b) shows the change in the unoccupied area with the sec
ond layer on the first layer, i.e., the naked area. We note tha
the change of atomic positions in each layer must have &5

3
great effect on the calculated intensity, when the naked are& z g z
becomes maximurfi.e., atd=1 BL in Fig. 6b)]. From this & & 7 g
result, we note that the space between the upper ldger 2 | _~ /N | g z §
beled 3 and the lower layeflabeled 4 and Bof the first T S\ i W S I i S
double layer expands at=1 BL, as indicated by the arrow 2 —, 2 sl —_

in Fig. 6(@. The space of the substrate double layer also oL ] I ]
expands atl=1 BL. In Fig. 6(c), the space of double layer e ¥ N S ——
in the second layer expandsdit 2 BL, at which the naked : : 0 - s 0
area of the second layer becomes maximum and the chanc
of atomic positions should result in the calculated intensity.
In Fig. 6(d), the space of the double layer in the third layer  FIG. 6. Optimized atomic positions in the DAS structure at each
also expands ad=3 BL. However, the space of the double growing layer as a function of mean thickneksga) A model of the
layer in the fourth layer does not expand and is the same &8st growing layer showing the notation of each atomic position.
the substrate, as shown in Figep The changes of atomic position in the first, second, third, and fourth
In order to show an overall change in the atomic positionlayer are plotted ir(b), (c), (d), and(e), respectively. In the lower
during growth, it is very useful to examine how the one-part of each figure, the change in the naked area is also plotted by a
beam potential is changed as given in Fig. 7. The number#ick line.
indicated in the right-hand side correspond to the mean
thickness in BL, i.e., the number 0 indicates the potential ofpulled up. In the similar way, with the decline of the lower
the 7x7 substrate. Even at the small amount df layer of the second double lay&@rrow 2, the upper layer of
=0.5BL, the potential is altered by the growth of the firstthe first double layer(arrowhead 1 is pulled up atd
and second layers on the substrate, as indicated by 0.5 in Fig:2 BL. At d=3 BL, with the decline of the lower layer of
7. The space of the first double layer starts to expand at the third double layefarrow 3, the upper layer of the sec-
=0.5BL and reaches the maximum @1 BL. Since the ond double layefarrowhead 2is also pulled up. However,
thickness showing the maximum alternation coincides withat d=4 BL, both the upper layer of the third double layer
that showing the maximum naked area of the first layer, wearrowhead Band the lower layer of the fourth double layer
can identify that the structure model represents the real stru¢arrow 4 do not change and these spaces are the same space
ture of the first growing layer. The lower layer of the first as the substrate. From these results, the double layer of grow-
double layer is formed at low positio@rrow 1) compared ing layer systematically changes during the growth upl to
with the ideal position indicated by a dotted line. With this =3 BL.
decline of the lower layer of the first double lay@rrow 1), We should note that the expansion of these double layers
the upper layer of the substrate double lag@rowhead Pis  relates to the growth mode. In other words, the expansion is
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substrate  1st  2nd  3rd  4th vicinity of the island edge. In 3D island growth, since the
| | R d (BL) islands are composed of multilayers, the edge occupies a
| | - 0.0 large part on the surface compared with the Si layer formed
l ; } } by the layer-by-layer growth. Unfortunately we cannot con-
\ T 0.5 firm this view, because the one-beam potential gives only an
| | 1.0 average value in a plane parallel to the surface. To confirm
this view, we are going to measure RHEED rocking curves
15 at a certain incident condition and to analyze this by using a

many-beam calculation. From the analysis, we will be able to

clarify in the near future the intermediate structure during the

2.5 growth of 3D islands on the &i11)-7X7 surface.

It is expected that the double layer structure changes after

2.0

One—beam potential (arb. units)

3.0 growth. Then, we are studying the change of the expanded
35 double layer after the growth.
4.0 V. SUMMARY

We have measured RHEED rocking curves continuously
during homoepitaxial growth on the (811 surface atTq
=380°C. The features of the measured rocking curves are
as follows:(1) The peak a®=1.3° shifts to lower glancing
angle and subsequently disappeard-a BL; (2) The peak
at #=1.8° appears atl~0.4BL, and gradually shifts to

FIG. 7. Changes in the one-beam potential during each growtlluower angle with growth(3) In further growth, these peaks

stage. The vertical dashed lines indicate the ideal positions of thONStruct one peak at=1.3° with a growth oid=3 BL; (4)
double layer. A curve ati=0.0 BL indicates the potential of the FOF notable features, the width of the 333, 444, and 555

substrate. Bragg peaks becomes broad with growth, and subsequently
becomes sharp at=3 BL. The change in the rocking curve

measured only when the 3D islands are grown on the SubCJUrmg growth can be explained by considering that the space

strate atd<<3 BL. Moreover, we note that the space of the of the double layer ir.' t.h.élll) plane of the multilayer is-
substrate double layer intensely expands at@5 2.0 BL lands expands at the initial growth stage, and the space of the
at which the Bragg peaks strongly broaden in tﬁe e)’(peri_double layer is restored to the normal spacing after the layer-

L . br,}/—layer growth starts. Moreover, it is considered that the
ment. Therefore the broadening is caused by the expansi roadening of Bra eaks at the initial growth relates to the
of only the substrate double layer. When the nucleation an 9 99 p 9

growth of Si islands progresses on the substrate surface, tri ?art?g%?frgfgt process of stable DAS structure on the sub-

atoms constructing the>¥7 DAS structure in the substrate '

must be rearranged. Therefore it is considered that the broad-

ening of Bragg peaks at the initial growth relates to the in-

termediate structure in the rearrangement process of DAS This work was partly supported by Takahashi Industrial

structure on the substrate surface. and Economic Research Foundation and the Grants in Sup-
We consider that the expansion of the space in the doublport of the Promotion of Research at Yokohama City Uni-

layer does not spread to the whole layer but localizes in theersity.

Height along [111] direction (1/4BL)
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