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Reconstruction transitions during molecular-beam epitaxy on GaA&111)B vicinal surfaces
studied by scanning electron microscopy
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Real-time imaging of reconstruction transitions during molecular-beam epitaxy on a GaAs surface has been
performed by scanning electron microscopy in the secondary-electron mode, and reconstruction-transition-
associated step bunching as well as debunching behaviors were investigated. On tlig1BBAsurface
inclined 1° toward thé1 12] direction, uniform motion of atomic steps was observed at 620 °C with a growth
rate of 0.1 ML/s under/19x /19 reconstruction. When the growth temperature was raised to 625XC, 1
high-temperature reconstructigril X 1),r] was found to appear from the step edges and step bunching
occurred immediately. It was found that the average macrostep spacing increases in accordance with the
domain sizes to a saturated value at a certain temperature. With an increase of the growth temperature,
macrostep spacing was increased to cover hundreds of monatomic steps until the surface became a pure
(1X 1)y reconstruction. However, as soon as the growth temperature was lowered down to 620 °C, step
debunching occurred immediately in a few minutes with remarkable step motion.

Studies concerning the behavior of atomic steps duringlebunching behaviors related to the reconstruction transi-
the evolution of semiconductor surfaces, such aéRef. )  tions were studied, and the step bunching mechanism is dis-
and GaAs(Refs. 2 and B is of great fundamental interest cussed.
and technological importance. An understanding of the step The u-RHEED/SEM MBE system used for this study
bunching mechanisms is essential to modify the surfaces fazonsists of a SEMHitachi S-800 and a specially designed
thein situ fabrication of novel materials structure8Many ~ MBE chamber with Knudsen cellé. The substrates are
origins have been proposed to give rise to step bunchingiisoriented GaA411)B inclined 1° toward th¢1 12] direc-
caused by, for example, asymmetric incorporation of atoms$ion, or the average monatomic step spacing on the
from the upper and lower terraces into the atomic stepssurface is 18.7 nm. After cleaning and etching by
known as the Schwoebel effettrelaxation of vicinal NHOH:H,0,:H,0=4:1:20 for 2 min, they were mounted
strained layer§, phase-transitioh and impurity con- onto the Mo block by indium and transferred into the growth
tamination® It is crucial to find the mechanisms as well as to chamber. During the observation, a 25-keV electron beam
evaluate and complement the present theories and explan#om a field emission gun is focused onto the sample surface
tions by experimental evidence, especially by direct microby & glancing angle of 10° with the azimuth along {f¢0]
scopic observations. In recent years, the combination of eledirection, and the secondary electron image of the surface is
tron microscopy, scanning tunneling microscdyr M), and obtained on the screen in real time. The scanning time for

atomic force microscopy(AFM) with the vapor-phase- takiljg a photograph i$ 80 s, so that the time-dependent step
epitaxial systems has made it possible to obsémaitu the motion or reconstruction transition can be recorded. In order

to enhance the resolution of atomic steps, a tilt compensation

growing or grown surfaces in atomic scale. Among them’of 70° was applied so that the step height is amplified by a
only scanning reflection electron microsc8py(SREM) and factor of 6. After a GaAs buffer layer was grown, surface

. . '12 . _
scanning electron microscopy**(SEM) are practically ap reconstruction transitions and the transition-associated step

plicable in the growth ambient, such as molecular-beam ePhehavior during MBE growth were studied by changing the

!taxy (MBE)’ without interrupting the growth. Only SEM rowth temperature under a constant growth rate of 0.1 ML/s
images in the secondary electron mode have been able d an arsenic pressure o020 ° torr. The equivalent

resolve monatomic steps and islands on the Ga@B As/Ga flux ratio is 10.

surface’* _ o During the growth of the buffer layer at 620 °C, the sur-
We employed a microprobe reflection-high-energy electace reconstruction isy19x y19. Real-time observation
tron diffraction (u-RHEED/SEM MBE system which is  ghowed that under a growth rate of 0.3 ML/s, there always
similar to Ref. 11 for the real-time and real-space investigaappeared macrosteps of a few monatomic layers and the
tion of the step behaviors on MBE GaA41)B surfaces. I macrostep edges are rough. A typical photograph taken dur-
the previous papér we reported the real-time observation ing the growth is shown in Fig.(&). Steps proceed down
of transitions between/19x /19 reconstruction andX1  from the left to the right. The average macrostep size is about
high-temperature reconstruction, known asX@)yr, on 3.5 monatomic steps. After the growth rate was reduced to
GaAg111B vicinal surfaces under annealing without inten- 0.1 ML/s without growth interruption, step edges became
tional growth. This paper reports the real-time imaging ofstraight and uniformly spaced in a few minutes, as shown in
reconstruction transitions on the GdA$1)B vicinal sur- Fig. 1(b). The resolved average step size was reduced to be
faces during MBE of GaAs. Step moving, step bunching,andibout 2 monatomic steps. Because it takes 80 sec for the
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FIG. 1. Step structures during MBE of GaAs
on the misoriented GaA$11)B surface inclined
1° toward the[1 12] direction undery19x 19
reconstruction. The growth temperature is 620 °C
and the As pressure X210 torr. (a) Growth
rate of 0.3 ML/s(b) Growth rate of 0.1 ML/s, the
tilts of step edges from thgl10] direction are
related to the step motion while taking the pho-
tograph.

[110]
[112]

electron scanning of one photograph, the tilt of the stedges was obtained, as shown in Fi@)3The average mac-
edges from[110] orientation is related to the step motion rostep size has been increased to about 50 monatomic steps
along the[1 12] direction during the time delay for taking the and were stable during the following growth for about 10
photograph. The average velocity was estimated to be abowiin. The endings of macrosteps are easily observed as were
1.5 nm/s. This is very close to the theoretical prediction asindicated by arrows in Fig.(d). The appearance of the mac-
suming step flow with uniformly spaced monatomic steps isostep endings also indicates that monatomic steps are pre-

preserved on the surface. _ _ served on the macroterraces which are not resolvable in the
As the growth temperature was raised to 625 °C whilegpoye photographs.

keeping other growth parameters constant, it was observed The growth temperature was lowered down to 620 °C.
that bright domains appeared immediately from the stegynhen it was passing 625 °C, reconstruction transition from
edges and step bunching oc_curred simultaneously. F'gdright (1x1),r to dark V19X 19 occurred quickly as

ure 2a) was taken after 5 min growth at 625°C. The ghown in Fig. &), followed by remarkable step debunching
V19x 19 reconstructed dark domains were divided intosince those heavily bunched macrosteps became unstable un-
stripes and those bright _domalns were confirmed to bejg, \/1_9>< \/1—9 reconstruction. Figure(® was taken after 5
under (1X 1)'HT reconstruction byu-RHEED. Th_e average min growth under the temperature of 620 °C. The filled tri-
macrostep size was !ncreased to 3.5 monatomic steps. Sorﬂﬁgles indicate the splitting of three major macrosteps. The
macrosteps with straight step edges alond #1€] direction gty debunching process also gave rise to fast step motion
were moving with negligible velocity, while those step edgesy|ong the step_down direction as the step edges were tilted
with some tilts from thg110] direction were probably mov- away from the[1_10] direction due to the time delay for re-
ing quickly toward the[1 12] direction during the time for cording the photograph. After a growth of 15 min, a uni-
taking the photograph. Since the contrast betwe@®  formly stepped surface morphology with an average mac-
X119 and (X 1)yr reconstructed domains differ greatly, rostep size of 3.5 monatomic steps was observed as shown in
monatomic steps moving on the terraces were not resolvegtig. 3d). Complete debunching of the macrosteps is ex-
In 5 min after Fig. 2a) was taken, the change in the averagepected by further growth.

macrostep spacing was inconspicuous. Then the growth tem- As has been discussed in Ref. 14, when the crystal is
perature was increased to 630 °C. Figuré®,2(c), and 2d)  grown at the reconstruction transition temperature, it is ex-
were taken after the growth at 630 °C for 1, 10, and 20 minpected that immediately behind the fast moving steps the
respectively. The average macrostep size was increased figewly formed surface has not reconstructed, or has the phase
markably from 4 monatomic steps, to 10 and 12 monatomigyhich is more closer to the bulk crystal. Then, small recon-
steps, respectively. This means the macrostep spacing éructed regions nucleate randomly on the newly formed ter-
saturated gradually if the temperature is kept constant. Ifaces behind the moving steps. Because the nucleation and
Fig. 2(b), the V19x 19 domains were first shrunk into growth of the reconstructed regions are mainly thermody-
round shapes on the terraces, and other terrace areas hawmically controlled and are relatively slow, these recon-
been transformed into (41),; reconstruction. Although the structed regions may have to be destroyed when the new
surface coverage of19x 19 domains should be mainly layer is forming over them. It is reasonable to assume that
determined by thermodynamic factors, it increased slightlygrowth on the reconstructed regions of the surface is more
due to the increase of the terrace sizes during the continuousfficult than that on the unreconstructed areas. This prob-
growth as we compared Fig(@ with Fig. 2(d). By further  ably makes the monatomic step motion slow down on the
increasing the growth temperature to 635 °C, {i®x 19  reconstructed regions.

domains were completely removed, and a largely spaced The present real-time observation proved the above as-
macrostep morphology with abrupt and straight macrostegumption that during the growth at the phase transition tem-
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FIG. 2. SEM images of reconstruction transi-
tion from 19x 19 to (1X 1),y reconstruction
and associated step bunching during MBE GaAs
on the misaoriented111)B surface inclined 1° to-
ward the [112] direction during raising the
growth temperature(a) After 5 min growth at
625 °C, (X 1)1 reconstructed bright domains
were formed at the step edges and step bunching
occurred simultaneously. Thefb) after 1 min,

(c) after 10 min, andd) after 20 min growth at
630 °C, respectively.

(d)
[110]
4[]_ [112] 0.3um

perature, which is 625 °C in this study, the newly formedof insignificant driving force for the reconstruction transition
step edges are of (1), reconstruction, which is closer in the coexisting condition. Wheg19x /19 reconstruction
tothe bulk phase. When the atomic step spacing is smallecomes unstable and X11),r reconstructed domains de-
enough,\19x \/19 reconstructed nucleation does not occurvelop from the step edges, step bunching occurs and the
on such narrow terraces, so that{1),r reconstruction is macrostep sizes increase until they are confined by other ki-
formed where the step density is high. On the contrary, thosgetic factors such as step-step interaction or the limited sur-
terraces with wide step spacings are transformed intgace diffusion length.

V19x /19 reconstruction. Under this condition, the upper On the contrary, if the temperature is decreased to have
terrace side of a step is under theX(1),7 reconstruction the transition from (X 1),r to 19X /19 reconstruction
while the lower one is under thg19x \/19 reconstruction during the growth, even the newly formed step edges are of
during the step motion on thg19x \/19 reconstructed ter- or transformed intoy19x /19 reconstruction immediately.
races. This kind of anisotropy gives rise to step bunchingUnder this growth condition, step bunches become unstable
Since monatomic steps do not block the development of thand are decomposed quickly during the growth. This also
domains, the/19x 119 domain sizes grow with the increase confirms that the step bunching process in the present study
of the macrostep spacings. This positive feedback acceleratés caused by the presence of X1)y,; reconstructed do-
the step bunching before other kinetic processes take the mazains. It also proves our previous study that by choosing a
jor role. Concerning the fact that once theX(1),r recon- low growth rate and high As/Ga flux ratio under the
structed domains appear on th@x V19 reconstructed \@x @ reconstruction, a smooth GaA41)B surface can
GaAq111)B vicinal surface, step bunching occurs eitherbe obtained?® While selecting a low As/Ga flux ratio for the
during the growth or during the annealifgit is concluded  growth under the/19x \/19 reconstruction, another mecha-
that this kind of step bunching behavior is somewhat similamism such as the Schwoebel effeatay give rise to step

to the impurity-induced step bunching as t{i£9x /19 re-  bunching as has been discussed in Ref. 15 which does not
constructed domains behave as generalized impurities. ~ work in the present study.

At a growth temperature within the reconstruction transi- In summary, real-time imaging of reconstruction transi-
tion region between 625 °C and 630 °C in this study, it istions during MBE on the GaA$11B surface was per-
found that the nucleation of the domains on the differentlyformed by secondary-electron SEM. Step moving, bunching,
reconstructed surface is very slow. This is probably becausand debunching behaviors related to the reconstruction tran-
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FIG. 3. SEM images of the step structures
during MBE GaAs on the misorientel11)B
surface inclined 1° toward tHd 12] direction(a)
when the surface was transformed into (1
X 1)yt completely at 635 °Cb) By lowering the
temperature to 620 °C, reconstruction transition
occurred at the top of the image when passing
625 °C. Ther(c) after 5 min, andd) after 10 min
growth at 620 °C, respectively undefl9x /19
reconstruction. The scales fega), (b), and (c)
represent lum, while that for(d) represents 0.3
am.

sitions were studied. When the growth temperature of atep debunching occurs immediately with remarkable step
V19 \/19 reconstructed surface is raised to the transitionmotion.
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