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Step bunching caused by annealing vicinal GaA®01) in AsH; and hydrogen ambient
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The growth of step bunches on vicinal G4681) annealed in Ask/H, ambient stops after the step bunches
reach a particular size. The surface has reached a stationary state with thAahhbient. In this paper, we
report how the surface morphology of step bunches in the stationary state depends on the annealing conditions.
The fact that step bunching always occurred when vicinal G0% substrates were annealed in AgH,
ambient led us to conclude that AghH, is directly related to its cause. In order to understand the formation
mechanism of this step bunching, we develop a microscopic theory that describes step dynamics during
annealing. Based on this theory, we propose a formation mechanism that attributes the cause of step bunching
to AsH, attached to step edges. We assume that,Aestthched to step edges induces irreversible detachment
and incorporation processes for Ga atoms terminating step edges, generating a net upward mass transfer across
step edges. This results in the formation of step bunches. By assuming a reasonable coverageab&iegH
edges the complicated dependence of the size of the stationary step bunches on annealing conditions can be
explained [S0163-182698)08408-3

I. INTRODUCTION direction of the substrate. The annealing conditions studied
cover most of the conventional ambients in which MOCVD
A regular monostep array can become unstable and bre#pitaxial growth is executed. Under all of the experimental
up into regions with high step density and regions with little conditions, and on all _of the substrates studied, we always
or no steps; this is the phenomenon called step bunchin@Pserved step bunching, not a regular monostep array.
Recent studies show that step bunching is a very commo herefore,_ we conclude that the surface of vicinal Gaas)
phenomenon observed on many surfdces/icinal a_nrjealed in AsklH, ambient has a general tendency to ex-
GaAg001) is not an exception, and step bunches were obhiPit step bunches. .
served on layers grown by metal-organic chemical-vapor, Based on that finding, we conclude that AgH, is the
deposition(MOCVD).2~® The characteristics and dynamics dlrect_ cause of step bunching. In or_der to u_nderstand the
of this step bunching have been studied extensit&lyno- experimental results, we propose a microscopic thebiyl

tivated by the expectation that step bunches mav serve model: detachment, diffusion, and incorporajievhich de-
y pects P ; y Leribes step dynamics during annealing. Based on the DDI
templates for fabricating nanostructufetn spite of these

model, a formation mechanism of step bunching is proposed,

studies, a general consensus concerning this step bunchipg..
9 9 P D Which assumes a net upward mass transfer across step edges
has not been reached. Even the formation mechanism re-

mains an open questidn® This is because epitaxial growth, fnduced by Askf attached to step edges. This model enables

in which many factors influence the dynamics, is very com--> to understand the complicated dependence of the step
y y ' y bunch sizes on annealing conditions, by assuming a reason-

plicated.
In a previous papéetwe showed that step bunches similar able coverage of Asfiat step edges.
to those observed on layers grown by MOCVD form upon . EXPERIMENT

annealing vicinal GaA$901) in AsH;/H, ambient. The char-
acteristics, surface morphology, and dynamics of these two We used three types of vicinal substrates miscut toward
types of step bunches are very similar; thus we conclude thgti00], [110]A (A substrates and[110]B (B substrates
they are due to the same cause. Foregoing studies revealedth the miscut angle of 2.0° fixed in this study. Studies
that the growth of this step bunch stops after it reaches aoncerning other miscut angles can be found in other
particular siz€. The surface reaches stationary statein  work.>® Substrates were Si-doped with a carrier concentra-
AsHs/H, ambient. Step bunch in its stationary stage is mostion of 4x 10'” cm™3. Dopants are shown to have no influ-
suited to characterizing its dynamics. ence on the formation of step buncH@&he annealing pro-

In this paper, we report on how stationary step bunchegess is very similar to that of MOCVD growth; the only
depend on the annealing conditions such as the partial predifference is that no Il species is exposed; thus there is no
sure of AsH (PAsH;), annealing temperature, and miscut crystal growth. Before annealing, the sample was cleaned by
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H,SO,, followed by chemical etching in an 100 T T I T =
H,SO,:H,0,:H,0=4:1:1, solution. Next, the substrate was Size of Step Bunching

placed on a GaAs-coated carbon susceptor and annealed t Terrace

the growth temperature by radiation field heating. The total Face 600°C

pressure during annealing was %.80* Pa, and the typical
flow rate of H, was 4000 SCCMSCCM denotes cubic cen-
timeter per minute at STP The rates of increase and de-
crease of temperature were 50 °C and 100 °C per minute.,
During cooling, the sample was exposed to A#H}.

The tunneling current and voltage were in the range of
0.9-3 nA and—1.8 to — 3.0 V, respectively. Similar scan-
ning tunneling microscopySTM) images were obtained
with the tunneling voltage and current in this range. The
resolution of our STM observations is sufficient to resolve a
single step if it is located on a very wide terrace, but not if it
is in the bunched regions. On GaA80 surfaces, a single
step is observed by atomic force microscdgyM) in air
ambient. These results imply that a single-step corrugation
remains, even on an oxidized surface, which is observable by
STM and AFM. Deterioration of the resolution of STM due 20
to contamination is common when observing atoms in ultra- T70 20 40 60
high vacuum, though when observing large-scale objects, Size of Step Bunching(nm)

| | |

such as these step bunches, it does not seriously influence th : '
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Ill. RESULTS—STEP BUNCHES IN ITS STATIONARY

STATE FIG. 1. The mean size of step bunches vs annealing time

(squares 600 °C; triangles, 700)°®AsH;=1 Torr. The mean size
To confirm that we are not observing an intermediateof step bunches was deduced from a Gaussian curve fitted to the
stage, the time evolution of step bunches was investigated tistogram of step bunches sizes, as shown in the inset. The solid
determine the annealing time necessary to reach a stationage is drawn as a guide for the eye. STM images on the right show
stage. Figure 1 shows the time evolution of the mean size dhe evolution of step bunches on G&881)-[100]2° at 600 °C with
step bunches of GaAB01)-[100]2° annealed at 600 and the annealing time shown on the images. Scale is 1000
700 °C with PAsH=1 Torr. What we refer to as the size of *1000 nnt.

a step bunch is shown in the inset of Fig. 1. Fig%re 1 shows (1) Besides the facets, STM images in Figs. 2 and 3 show
that the growth of step bunches stops at a certain's&@sed  pranches connecting two facets, making the surface resemble
on this time evolution, we determined that step buncheg mesh. These branches are not single monosteps but are
evolve to a stationary stage with an annealing tih® e at  composed of several monostép$hese branches were ob-
700 °C and 40 min at 600 °C, respectively. To ensure thagerved on all of the substrates under most of the annealing
the surface has reached the stationary stage, we prepared teonditions in this study and are thought to comprise a basic
substrates, annealed® s and 20 min at 700 °C, and for 40 component of this step bunching. More detailed discussions
and 60 min at 600 °C for every set of experimental condi-regarding the appearance and alignment of these branches
tions, and compared their surface morphologies, to chechre presented elsewhére.
that there was no major difference between them. This con- (2) Step edges of the facets of step bunches are not
firmed that the surface had reached a stationary state. completely straight. The degree of fluctuation depends on
Figures 2 and 3 show STM images of stationary stepthe annealing conditions. The straightest step edges were
bunches on substrates miscut towgid 0]A, and[110]B, observed onB substrates annealed in the HT-HP region
with PAsH; of 1X1072 low pressure(LP), 1X10 ! me-  (PAsHy~1 Torr, 700 °Q. Similar annealing conditions are
dium pressuréMP), and 1 Torr high pressut@iP) annealed actually used to fabricate fractional layer superlatties.
at 700 high temperaturéHT) and 600 °C low temperature In the HT-HP region, step edges on tH2 substrates
(LT), respectively. Periodical strips, observed on the image(B step$ are straighter than those on the substrates
running against the miscut direction represent facets comiA steps, while in the HT-MP region(PAsH~1 Torr,
posed of several monostepslo or few steps exist between 700 °O there is no conspicuous differences, and in the
these facets and this region is assumed to HE8) terrace. HT-LP region(PAsH;~1x10"2 Torr, 700 °Q A steps be-
Step bunching is observed. These STM images clearly dencome straighter. Generally, it is believed tHatsteps are
onstrate that the surface morphology of stationary steptraighter in MOCVD ambient;however, our STM images
bunches depends on annealing conditions. Various steghow thatA steps become straighter th@h steps in the
bunches differing in size and shape are observed. We analy##T-LP region. On the other hand, at 600 °B, steps are
this dependence from three standpoint®) existence of slightly straighter tham\ steps.
branches(2) degree of fluctuation of step edges, dBilthe This can be explained by combining experimental results
variation of the step bunches size. of reflectance difference spectroscbpgRDS) and STM?14
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FIG. 3. STM images showing the surface morphology of sta-
tionary step bunches on vicinal Ga@81) annealed at 600 °C. The
left and right rows show the surfaces of G&®@&1)-[110]2° and
[110]2°, respectively.(a), (b) PAsH=1x10"2Torr, (c), (d)
PAsH,=1 Torr scale is 908 890 nnt.

bunches on théA substrates annealed at 700 °C increases
with PAsH;, while that onB substrates increases once in the
MP region and then decreases in the HP region. On the other
FIG. 2. STM images showing the surface morphology of sta-hand, at 600 °C, the size of step bunches negligibly depends
tionary step bunches on vicinal Ga@81) annealed at 700 °C. The gn PAsH for both the A and B substrates. Also, step

left and right rows show the surfaces of Ga@31)-{110]2° and  pynches on thé substrates is always larger than that on the
-[110]2°, respectively.(a), (b) PAstb=1x10"2Torr, (c), (d) B substrates at 600 °C.

PAsH,=1x10"1 Torr and (e), (f) PAsH;=1 Torr. Scale is 900

X 890 nnf.

IV. DISCUSSION—CAUSE OF STEP BUNCHING
The phase diagram of GaAs as a function of PAsid A. Basics of the DDI process
annealing temperature measured by RDS is displayed in Fig. Since step bunches always form when vicinal G@a3%)
4 along with our annealing conditions, which are marked bysubstrates are annealed in AgH, ambient for a very wide
crosses. At 700 °C the surface reconstruction is a mixed

structure ofc(4x 4)/d(4x 4) and (2x4) in the HP region. Annealing Temperature
As PAsH; is decreased, it switches to X2). STM obser- 700°C 600°C
vations indicate that the two reconstructions have different PAsH;

types of straight step edges; theX2) reconstruction has
straightA and roughB step edge$ while the opposite holds
true for thec(4x 4) reconstructiorf. Thus, the observed re-
versal of straight step edges is indirect evidence that the sur-
face reconstruction i€(4X4) in the HT-HP region and —

CX © D*
: o o :
cldxd) |

switches to (% 4) in the HT-LP region. The reason why :
these reconstructions have different straight steps is 2xdy | 1
unknown'® e I I

X

(3) The size of stationary step bunches depends on the —
annealing condition in a complicated fashion. This is illus-

trated in Fig. 5, which shows the size of stationary step Fg 4, phase diagram of Ga®©1) vs temperature and PAsH
bunches orA and B substrates versus PAgtat 600 and  measured by reflectance difference spectrosd@sf. 13. White

700 °C. Several important points are observed in Fig. Sand black circles represent toé4x 4) and (2<4) phases, respec-
First, it is easy to see that when all of the annealing conditively. The crosses indicate the annealing conditions of the surfaces
tions are the same, except the annealing temperature, the siggown in Fig. 2(left three crossésand Fig. 3(right two crosses

of step bunches on a substrate annealed at 600 °C is alwayste the phase transition of(4x4)<(2x4) occurs in the
larger than that annealed at 700 °C. Second, the size of stepr-MP region(700 °C, PAsH=0.1 Torp.




57 STEP BUNCHING CAUSED BY ANNEALING VICINAL . .. 4503

H 600°C: A substrate
A 600°C: B substrate ut

[ 700°C: A substrate
_ A\ 700°C: B substrate %_M(\‘ ‘
X ] o
2| ¥ ( > O
=
Q
A T ' C§> O
M el
g -~ - - - — - - — =
Qak T s ] (a) Cross Section
o el ~\4
N
w
= 20 ] A
(3]
=
P VR A " ) Esc
Partial Pressure of AsH; (Torr)
Edow EMP
FIG. 5. Mean size of stationary step bunches vs PAsiineal-
ing temperaturgblack, 600 °C; white; 700 °Cand miscut direction E...
of substrategsquaresA substrates; triangle® substrates E E diff
down up
range of experimental conditions, we conclude that 4&H
is the direct cause. Based on this conclusion, we propose & *
formation mechanism of step bunching to explain the experi- E E
mental results. gain gain
Basically, our model treats the surface of the binary com-
pound GaAs as a quasisingle element system. Only migra- * v *

tion of Ga atoms on the surface is considered. This is be- -
cause As atoms released to the surface from step goges (b) Potential Curve
terracegwill desorb easily to the ambient. Ashwvill act as a With AsH
source for As, and once Ga is released to the surface, it is ! SUxX
stabilized at some place by As coming from the Asithbi-

ent. The effect of As is embodied in our model via sponta-
neous desorption of unessential As to the ambient and ad-
sorption of As to stabilize the diffusing Ga. Desorption of Ga
atoms is considered to be negligible because it has been re
ported that nominal desorption occurs even under annealing
conditions at which desorption is far more likely to occur
than in our experiments.

During annealing, steps can mofus step bunches de-
velop), only by exchanging step edge Ga atoms with other
steps. This exchange proceeds by a suc_cessive combinatio (c) Irreversible Potential Curve
of three fundamental stag€édDI proces$. First, a step edge
Ga atom detaches to the upper or lower boundary terrace FiG. 6. Step edge potential curv@ A crystallographic sche-
(detachment procegsSimultaneously, the released As will matic of a stepag, and B, are the probabilities of the Ga atom
desorb to the ambient. Next, this Ga atom diffuses across th@rminating the step edge to detach to the lower and upper bounding
terraceqdiffusion procesk Finally, it is incorporated into a terraces, respectivelyb) The potential energy curve around step
step and is stabilized by As coming from the ambi@ntor-  edgesEgc is Schwoebel’s barrief ¢ is the activation energy of
poration procegs The abbreviation of DDI is taken from the Ga surface diffusion(c) The potential-energy curve showing the
first letters of the three processes. These processes are chiateversible detachment and incorporation processes for Ga atoms
acterized by the energy potential barrier around the step eddgerminating step edges.

shown in Fig. 6. Schwoebel's efféCtis included. We as- fusing atoms becomes quite long; thus we assume infinitely

sume nearest-neighbor step-step interaction, which meal e . . N :
that diffusion across steps is inhibited. Also, noninteracting%fSt diffusion. The appropriateness of this assumption is sup

e X orted by the fact that step kinetics is very slow compared to
diffusing atoms are assumed, which means that we negle¢t.. - L
) . ffusion kinetics.
the formation of islands on the terraces by coalescence o

diffusing atoms. These approximations are the same as t For simplicity, we consider a one-dimensional monostep
9 ’ P f} ain which mimics perfectly straight steps where the loca-

usual assumptions employed in the Burton, Cabrera, an . : ,

Frank—type theory” and are well suited to describing the . - of thentﬁ step is defined as, and the width of thath
e . . . terrace isS,=X,— X,_1 as shown in Fig. 7. The actual de-

characteristics of annealing processes. Since no desorption of

" . ; aree of fluctuation of step edges is determined by a compe-
deposition occurs on the surface, the residence time of difZ,. ' -
tition between the formation energy of kinks and the thermal
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(b) FIG. 8. The rate of Ga atom detachment from step edfes) (

as a function of the activation energl {.;»c) at 600 °C(solid line)
FIG. 7. (8 The three pathways that contribute t®(n and 700 °C(dashed ling combined with the calculated rate of
—1,up—n). The first pathway represents the probability of diffu- AsHs arrival at step edgesl'ss) at each PAskl The effective
sion across thath terrace and direct incorporation into thih step.  rate of AsH arrival at step edges will decrease at 700 °C, as indi-
(b) Four possible pathways for an atom to finally be incorporatedcated by the arrows.
into the nth step. The figures show the actual number of atoms
included in each pathway per unit time. terrace and reach the opposite edge before it diffuses back to
its origin, while P,.(S;) is the probability of an atom to
fluctuation (entropy of the stepswhich is not included in  diffuse back to the origin before reaching the opposite edge
the present form of the DDI model. A series of probability of the terrace and 3 represent probabilities of the occur-
functions(P series is defined in whichP(m,up/down-n)  rence of processes which take place at the lower and upper
expresses the probability of an atom, initially located at thenoundary terraces, subscripts out, in, and ref represent the
upper/lower site in the immediate vicinity of timeth step, to  detachment of Ga atoms from a step edge, the incorporation
diffuse across the surface and finally be incorporated into thef a Ga atom into a step edge, and a reflection of a diffusing
nth step. As shown in Fig. (@, assuming the nearest- Ga atom approaching a step edgey., o, is the probability
neighbor interaction, there exists three pathways which conef the step edge Ga atom to detach and move to the lower
tribute toP(n— 1,up/down-n); bounding terrade By definition, agy+ Bou= 1, @in+ der=1,
and B;,+ Ber= 1. We assume that the diffusing Ga atoms can
P(n—1,up—n)=Pgy(Sy) aint+ Pyo( Sp) areP (N, down—n) be regarded as random walkers. In that caBgy(S,)
_ =1/S,, andPy,(S,)=1-1/S,.
*Poacl Sp) BreP(N—1,up—n), @ A similar equation can be derived fé&(n,up—n), and
wherePy(S;) is the probability of an atom initially placed these two sets of equations can be solved reflexively, giving
at the edge of a terrace of widi, to diffuse across the the concrete value of the series as

Pbacd Sn) Bint[ Pgo(sn) — Ppac Sn) 1Bin et
1= Phac Sh) (et Brer) + [ Ppacd Sn) — Pgo( Sn) ] reibBres

The velocity of steps is determined from the difference between the rate of atoms detaching from and incorporating into the
step edge which is expressed as

P(n—1,up—n)= 2

tn =N-—N[ BouP(n—1,up—n)+ ay,P(n,down—n)+ B,,P(n,up—n)+ au,P(n+1,down-n)], (3)

a

whereN is the total number of Ga atoms detaching from a step edge per unit time. The origin of each terrBinEshown
in Fig. 7(b). Consider a system in which all of the terraces have the same widtkcept for thenth terrace with widthd
+Ad. In this case, the time evolution equation of ti terrace becomes

1ds, 1 1
a dt = (oufin ™ ourt) ainfin(d+Ad) + ain+Bin—2einBin  ainfind+ aint+ Bin—2inBin| “@
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This time evolution equation shows that step bunching

occurs when

(DDI factor), (5)
becauser;,8,,>0 and ain+ Bi,—20a;,Bin>0. Equation(5) is
similar to the results obtained by Schwoebel’s and ShipSey.
(They considered the case of crystal growth, givilg>a;,

as a criterion for step bunching to occur which correspond
to the case oty =1 andBy,=1.) Equation(5) shows that

ouiBin— Bou@in<0

STEP BUNCHING CAUSED BY ANNEALING VICINAL . ..
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B. The DDI model

The DDI factor can take nonzero values in particular situ-
ations. We propose that Ga atoms follow an energy potential
curve different at step edges from the usual one when,AsH
is attached to the Ga atoms. Agliepresents by-products
produced by dissociation of Agtat step edges. A Ga atom
detaches from or is incorporated into step edges according to
the dashed potential line when Aglt attached to it, and
®therwise follows the usual potential curve indicated by the
solid line, as shown in the schematic in Figc) Strictly

step bunching occurs when an upward net mass transfejpeaking, Asi influences both the upper and lower energy

across step edges exists becawggB, and B,.in represent
the downward and upward mass transfers across step edg

potentials at step edges; however, for simplicity, we assume
@%at AsH, influences only the upper energy potential in our

respectively. Step bunching occurs even on an initially permodel. We make the assumption that the activation energy
fect monostep train because the thermal fluctuation, howeveequired for Ga atoms to detach frofto be incorporated

small it is, will be constantly enhanced, as E5).shows, and
finally result in step bunching.
The four probabilities in Eq(4) are characterized by the

into) the upper terrace with AsHs lower than the usual case
with no AsH,. In this case, the averaged DDI factor be-
comes negative, and an upward net movement of atoms

ideal energy potential around the step edge shown in Fig. &cross step edges emerges, which leads to step bunching.

as
_ exp— Eqown/KT) ®
U™ exp( — Egown/ KT) + Xp( — E p/KT)’
exp(— Eyp/kT)
Bout= _ — , (7)
exXpl — Egown/KT) + exp( — Ey,/KT)
exp(— Eic?owr{kT)
Y exp(—EM IKT)+ exp(— Eggr /KT)
~exp{ — (Eown— Eair) /KT)}, (8)
exp( — Eji/kT)
Bin= exp(— Egy/kT) +exp( — Egir /D)
~exp{ — (Ej,~ Eqi)/KT}, ©)
where ET ., EL“p, Egain: Edown, @nd Ey, are the energy

heights shown in Fig. 8, andandT have their usual mean-
ings. Another important property of the DDI factor is that
aouBin and By ain have a general tendency to cancel out,
thus the DDI factor is usually very small, in fact, close to
zero. This can be understood by considering

ﬁ _ exp{ —( Eic?own_ E it /kT)}
Bin  exp{— (Eyp—Egir /KT}
_ exp{— ( Eic?own"' Egain) KT}
~exp{— (B, + EgaidkT}
_ expl — Egown/KT) _ Qout
EX[X - Eup/kT) Bout.

(10

This is because Ga atoms terminating step edges reside there
for a long time, compared to the time the diffusing Ga atoms
stay at step edges before incorporation, and thus have a
greater possibility of Askattaching to them. This effect is
incorporated into the DDI factor as a larger amount of in-
crease offBy, (due to the decrease in the energy barrier
heigh) compared tg3;, resulting in a negative DDI factor.
This proposal is analogous to introducing irreversible detach-
ment and incorporation processes at step edges. We use the
term stationary instead of equilibrium because of this irre-
versible process; the surface is not actually in its real equi-
librium because of the presence of AsH, ambient, and
kinetic effects induced by this ambient can influence the sur-
face morphology. Our model can account for the observed
bunching when the substrate is annealed in AsH ambient
and the debunchinot shown when a bunched substrate is
annealed in ambient other than AgH..

The driving force of step bunchin@DI force), Fgg, is
proportional to

AsH.

AsH
Fsg* Onsh (@ "By “—

in

AsH, AsH
Bou @in )+ (1= Oasn)

X ( aclean (

lean lean _cleal
out Pi ,38

ut %n '

13

whereeAsHx is the coverage of AsHattached to Ga atoms at

the step edges, and superscripts AsHd “clean” represent
with and without AsH. As mentioned above, the second
term in Eq.(11) is close to zero, thuB gg is proportional to
Onsh,-

If the DDI force is the only interaction among steps, then
step bunches will grow to infinite size. This is because the
DDI force acts as an attractive interaction among st@ps
our mode] and there is no repulsive interaction that counter-
balances it. However, this is clearly inconsistent with the
results of experiments. It is now well established that

Equation(10) represents nothing other than the general unelastic}® and entropic-repulsive interactidfisexist among
derstanding that kinetic effects do not influence the surfacsteps. Both these repulsive forces decrease according to the

morphology in equilibrium. This is true for the surface of
clean vicinal GaA&01), and STM studies suggest that only
weak or no interaction exists among steps on this surface.

power law of~ 1/d?, whered is the distance between steps,
while the DDI force decreases with the power law of
~1/d.?! Thus, the repulsive forces are short ranged com-
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pared to the DDI force. Computer simulations and numerical D. Quantitative analysis
analysis in which the DDI effect is combined with the repul-
sive |nterapt|on§, S,hOW that'the width of the terrace assumptions regarding,gy are reasonable. We calculate
(~50 nm) is primarily determined by the DDI force, the the rate of AsH arrivin atxste daes d the rat
step-step distance~2 nm) in the facet by the repulsive in- ; 9 p edge (‘\SHs) an e rate
teractions, and that the size of stationary step bunches iftf Ga atoms detaching from step edgé%;) to the bound-

A simple quantitative analysis is provided to show that

creases with the DDI forc& ing terraces as a function of the activation energy of detach-
The DDI model indicates that the size of stationary stepNent Egetacd. We assume thaagy is determined mainly
bunches increases with the DDI force, and thus vm',;ghx. by a competition between these two factors. Wﬂ@gHS

>T'ga, We assuméasy ~1, and in the opposite caghsy

C. Explanation of the experimental results _ 1. Assumptions concerningasy, Mt Eqeracn N0 & par
using the DDI model ticular range. Subsequently, we show that the estimated ac-

tivation energy is reasonable, by comparing it with values

We show that the dependence of the si;e of stationar timated by other researchers. This supports the appropri-
step bunches can be understood by assuming a reasona %ness of the DDI model

OasH,- AN important factor that must be considered is the Simple thermodynamic calculations giVEAst%nv_,

atomic structure of steps. Usually, it is assumed thateps wheren is the density an@ is the mean velocity of Askl
are Ga-terminated whilB steps are As-terminated. Since the Lo y : y X
The vibration frequency of Ga atoms is assumed to be

main process that contributes to the formation of step o3 _ _ .

bunches in the DDI model is the detachment of Ga atoms 10 7/S- Figure 8 ShOWSQ the estimatég, as a function of

from step edges, the DDI model is best suited to describin%detach at 600 and 700 °C, combined with the calculated

the characteristics of step bunchesAmsubstrates. Ash, @t each PAshl In the DDI model, we assume that
At a low annealing temperature, 600 °C, the rate of Gafaspy,~1 at 600 °C, which impose§as >I'c, at PAsH

atoms detaching from step edges is low and the residenGgelds of 1x 1072 Torr. This giveSE epme=1.6 €V. On the

time of AsH, at step edges is long, a situation likely to resultother hand, at 700 °C, the DDI model sugge8fg, <1.

in high OasH, We assume thaetAsHX~1 at 600 °C regardless Figure 8 shows thaf g, (E e~ 1.6 €V, 700 °Cl= FASXH at
! 3

of PAsH;. This explains why the size of stationary step PAsH,=1x10"!Torr, which means that in our model,

bunches does not depend on P_,gsaﬂGOO °C for bothA and fasn ~ 1 above this PAsH At first sight, this seems to con-

B substrates. In contrast, at a higher annealing temperature of h . Lo

700 °C, we assume that,,, <1 within the PAsH range tradict the DDI model. This incompatibility is due to the rate
] Sl "

. . . . of AsHj; arriving at step edges not being equal to the rate of
employed in our experiments. This ei<pla|ns why StepAsHX attaching to step edges. These two rates are related via
bunches on substrates annea;led a't 600°C are a'WaYS Iarg[ﬂre sticking probability of Askland the finite residence time
than those annealed at 700 °C. Sinfbgy, at A steps in- ¢ \opy at'step edges, which themselves depend on tempera-
creases with PAsl the size of stationary step bunches in-tyre. When compared to 600, at 700 °C, a smaller sticking
creases with PAskifor A substrates at 700 °C. probability and a shorter residence time are inferred, which

On the other hand, the situation is more ComplicateB at |mp||es a decrease in the rate of As}dttaching to step
steps since they are terminated with As. It is possible thaédges_ In fact, enhanced detachment of Aatistep edges is
similar irreversible detachment and incorporation processe@bserve(f_z This effect is included in F|g 8 as an apparent
induced by AsH occur atB steps. However if this is so, it decrease in the rate of AgHarriving at 700 °C, as indicated
must be a complicated process, e.g., the terminating As atomy, the arrows in the figure. We conclude that it is possible to
must detach from step edges simultaneously with or beforghaintain 6, <1 regardless of PAsHat 700 °C by taking
the Ga atom detaches to the terrace. Also, this (_Sa atom ﬁese factorsxinto account.
bound rigidly to the substrate via four Ga-As chemical bonds The DDI model impose& =16 eV. Unfortunately,

(in the case of an ideal step edgeherefore, we assume that to the best of the authors’ knowledge, there is no direct in-

kinks in B steps, which are fragments &f steps(A-type ; . : - g
. ; ! ; 4 . ormation available on this activation energy. The activation
kinks), provide sites at which the irreversible detachment an({e ! val ! vat 9y vat

: ) ; nergy of detachment is comprised of the activation ener
incorporation process occurB. steps have a low density of 9y P 24

. : : of surface diffusion,Egyy, which is estimatedon various
A-type kinks, which would give a smaller net DDI force, and surfaces to be around 0.5—-1.0 e¥* 28 Schwoebel's barrier

thus smaller stationary step bunches. This explains why step 0.2-0.6 eV(Ref. 27, and the energy gaiE.y,, as
sc M+ : : ! gain»

bunches orB substrates at 600 °C are smaller than those oy 5\ =i Fig. 6b). The only direct measurement of activa-
A substrates, whefiysy ~1 for both substrates in the DDI o energy concerning detachment is of the effective activa-
model. It is also possible to understand the slight decrease gbn energy of step rearrangement o180, 1.3+0.3 eV2®

the size of step bunches @&nsubstrates in the HT-HP region Considering these results, we conclude Bat..=1.6 eV is

for a similar reason. STM images Bfsubstrates annealed in 3 reasonable estimation.

the HT-HP region show very straight step edges and few The activation energy of surface diffusion on G#2Gl)
branches, which means a low density Adttype kinks. We  was determined using reflection high-energy electron-
suppose that this decrease in density overwhelms the iniffraction oscillation a€ = 1.58+nx 0.15 (eV), wheren is
crease offasy due to the high PAsk] thus leading to small  the number of nearest-neighbor sitéghis estimation is an
step bunches in the HT-HP region. effective activation energy that incorporates the average sur-
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(C) 0 (nm) 250 (c) Step Density (d)  Step Density
B B' FIG. 10. Free-energy curve in tH@ HT-HP region, andb)
20 HT-LP region, when step bunching forms. The solid and dashed
104 — (nm) curves represent the free energyagi X4) and 2<4 reconstruc-
I tions. (c) Free-energy curve at the critical point ofx2<c(4
(d)o (nm) 95 % 4), which is in the HT-MP region. No step bunching occus.

_ _ _ ) Overall free-energy curve of three combined phases where the sur-
FIG. 9. (@) High-resolution STM images of step bunching on face reconstruction is (24) with no step bunching.
vicinal GaA$001)-[100]2°. The scale is 180180 nnt. The ordi-
nate scale is also imm. (b) Magnified STM image of the box Ao, thermodynamic faceting can occur when two phases
shown in (a). Scale is 7&70nnf. (c) AA’ corresponds to the  ¢oayict on a surfac®. The surface free-energy curve is ex-

average Cross secpon on the'llne showr_1(al)1 (d) BB’ to the pressed as a function of step density (@as
average cross section on the line showr(ih The cross sections

were taken along the miscut direction.
fourtacd 0, T, Pask,) = Fierd T, Past,) + B"(T, Pagiy,)tan 0
face diffusion processes as well as the incorporation and de- +G(T,Pa)tart 6 (12)
tachment processes associated with step etg&ince s

Egetactr Edit ;h'f‘ .estimati.on.l indirectly Sﬂpportfdetach where the surface reconstruction is represented by the super-
>1.58 eV, which is very similar to our result. scriptn, and %, ..o ., 8", andG", are the total free
energy, surface tension of the terrace, step formation energy,
E. Other possible origins and the free energy of step-step interaction, respectiely.

We discuss whether or not other known formation mecha!:rom the phase diagram in Fig. 4, we sele(dx4) and

nisms of step bunching can explain our experimental resultg2><4) phases as ihe two coexisting reconstructions. Indeed,

consistently. Possible causes of step bunching are fac@ting our STM Images shpw that the mean distance among steps in
coexistence of different reconstructiofssrank impurities: the facgted region is around four times the length of the 1
electromigratior? and pinning®® Several of these can be X 1 unit cell. Details qf the shape of the free-energy curve
eliminated bya priori conditions. We can exclude electromi- for these _reconstructlons are not known, though, in the
gration since our substrates are annealed by radiation and %T'strfg'oc?thﬁ surface recopxs}ruczf4';o4§i§éx4) phase,
direct current was applied. Also, Frank impurities can betlUs fier >feer - Similarly, fig,"<fg,™ ™ in the HT-LP
safely excluded, because it basically considers crystal growtff3!on. _
and the doping level used in this study does not influence the Step bunches form when the two free-energy curves in-
surface morphology. Also dopants are directly shown not tdérsect and form an overall nonconvex curve in the manner
be the cause of this step bunchigPinning is eliminated displayed in Fig. 1@ for the HT-HP region and in Fig.
because, unlike in our case, step bunches formed by thitd(b) for the HT-LP region. Regarding the RDS phase dia-
process are not periodic. gram shown in Fig. 4, .t.he 'cr|t|cal point of the(4.

The most well-known cause of step bunching is><4)<_:>(2><4) phase transition is near the HT-MP region.
faceting®® Since the free energy of the facéunched re- Th|s is also supported by the fact that the degrees of fluctua-
gion) is relatively low, from a microscopic standpoint, gen- tion of step edges of step bunches on #handB substrates
erally they form a well-defined plane with a relatively low are similar in this region. At the critical pointff;*®
Miller index.3° However regarding this step bunching, high- =f&#; thus it is impossible to form an overall convex
resolution STM images indicate that the facet edges are naurve as shown in Fig. 16). Step bunching does not occur
sharp and steps in the facet are not regulated periodicallgt the critical point. However, this prediction completely
which means that the facets do not form a well-definedconflicts with our experimental results.
plane, as displayed in Fig. 9. The cross sections of the ter- One way to overcome this incompatibility is to introduce
races and facets shown in FiggcPand 9d) show that the another reconstruction, e.g., th&x1 phase. In this case we
steps are bound loosely in the faceted region, forming amust consider a combined free energy of three or more
gentle slope rather than a well-defined sharp facet. curves. However results of various STM studfe$ show
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that a regular monostep array forms on the vicinal surfac@amics during annealinghe DDI mode). The DDI model is
reconstructed to (24), which means that the free-energy particularly appropriate for describing step dynamics under
curve of the (2 4) phase does not intersect with the free-conditions with no desorption or deposition. The time evolu-
energy curve of other reconstructiofiit does, step bunch- tion equation of a step array was deduced by estimating the
ing should occur This aspect is shown in Fig. i). There-  total balance of the number of atoms detaching from and
fore, this mechanism cannot explain why step bunchingeing incorporated into the step edges, which shows that step
occurs on substrates annealed in the HT-LP region where thqnching occurs when the DDI factor is negative, which cor-
surface reconstruction is (24). responds to the existence of an upward mass transfer across
step edges. Based on this result, we proposed that AsH
V. CONCLUSION tached to Ga atoms terminating step edges induces an irre-

We systematically studied the characteristics of stationary©rsible detachment and incorporation process for these Ga
step bunches formed on vicinal Ga@81) in AsHs/H, am-  &toms, resulting in a negative DDI factor. This model can
bient under a wide range of annealing conditions, and foundccount for the formation of step bunches when the substrate
that stationary step bunches strongly depend on the annead® annealed in AskfH, ambient and for the debunching ob-
ing conditions such as annealing temperature, PAsthd served when the bunched substrate is annealed in ambient
the miscut direction of the substrate. Since step bunchingther than Ask/H,. AsH, is an indispensable factor for this
always occurred when vicinal Gaf®$1) was annealed in step bunching to occur. Using this model we can understand
AsH3/H, ambient, we concluded that AgHH, is the direct the complicated dependence of the size of step bunches on
cause of step bunching and modeled the formation mechannealing conditions under the assumption of a reasonable
nism based on a microscopic theory that describes step dgoverage of Asklat step edges.
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