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Atomic-resolution study of steps and ridges on arsine-exposed vicinal GE0)
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Scanning tunneling microscope images of steps onjfestposed vicinal GE00) show very clearly that
As/Ge steps reconstruct. A variety of As/Ge structures based on a “double-row” step reconstruction has been
observed. We present and discuss some examples, and propose a structural model for a representative two-
layer double-row As/Ge step. Under some conditions, we find that atomic-scale ridges are formed at the edges
of terraces. These ridges are formed when arsine etching preferentially removes terrace atoms, leaving the steps
intact. The resulting ridges are therefore simply the remnants of etch-resistant steps. An atomic-scale model for
this process is proposed, and some consequences of ridge formation are difS&E88-18209)06727-2

[. INTRODUCTION ridges provides some valuable insight into the structure of
As/Ge steps.

GaAs/Ge is a nearly ideal choice for studies of polar/ Although we have observed differences in step structure
nonpolar heteroepitaxy. Because GaAs and Ge are latticgs a function of arsenic sour¢@sH; (arsing vs As,, for
matched and have nearly the same coefficients of therm&xampld, in this paper we will limit our discussion to
expansion, it is possible to grow nearly perfect interfaces. If\sHz-exposed Ge.
particular, vicinal GELOO) should provide a good template
for GaAs growth. However, even after 30 years of stldy, Il. EXPERIMENTAL DETAILS
there is still no fundamental understanding of the nucleation : ; °
of GaAs on Ge. Instead, peculiar dependencies associat ECommermaI G0 substrates miscut 2
with growth chamber design and substrate processing histor,

-5
arerbservea% he i | or sh . __Fitzgerald et al®> They were then loaded into a MOCVD
that sur\I/ey OI the lterat_télre frev':ahas tW?c major_?hor]fpotmeSChamber and annealed under 1.2-torr Asluted in 70 torr
Ier?‘l éiisreihzt{g\?e):ﬁiﬁgnizl kﬁm(/)vrn z;f)gl:)tnsuusrlf(z)agés i?] :irsmpertgl-bf H,-carrier gas flowing at 6 standard L/min. Reflectance-
organic chemical-vapor depositigMOCVD) environment. difference spectroscopfRDS) was used to follow surface-

. ) . ph transitions situ. Stable, nontransient surf h
Despite the fact that most commercial growth of GaAs/Ge i ase transition situ. Stable, nontransient surface phases

or 6° toward
11) or 6° toward(110 were used in this study. Samples
ere cleaned using a technique similar to that described by

anolied to an MOGVD environment. In our paper. we ad_surface phases in this manner, it becomes possible to study
pp ' paper, and control surface phase transitions in a MOCVD reactor

dress this problem directly by using the same uItra—higth . ; . .
; . sing only RD spectra to identify the various phases.
vacuum (UHV) surface science tools to characterize both Tﬁe ar)(alysis E):hamber is eq:?ilpped with IovS—energy clec-

MBE- and MOCVD-prepared surfaces. In this paper, we W'"tron diffraction, Auger electron spectroscog}ES), and

pre_rsr?gtsgecsour:? Ork;t&'g;di;ot;]ngvggpg\?igir:ld Slgrfa:i?ﬁci TM. All surfaces were studied as quenched, with no further
p P y play reatment after transfer from the growth chamber. Using

trrcl)le?ril:rrggu(r;e%‘ﬁ? giftjhcéial\t/:%%\}’gtgfaé'glelésgggﬁgsgsmAES, we checked each sample for surface contamination
' ' (carbon, oxygen, or indium, for examplén addition, we are

the Ge substrate is either intentionally or unintentionally ex- ORI
posed to As prior to GaAs nucleation, It is known that eXpo_able to record the As and Ge peaks, which in principle can be

sure to As can significantly modify the step structure of Vici_used to determine the As coverages of our As/Ge surfaces. In
nal Ge®’ suggesting that the atomic structure of AS/Gepractme, we have found that the As/Ge Auger peak intensity

(arsenic-exposed Gsteps is different from Ge steps. None- ratio (at an incident-beam voltage of 5.0 kel nominally

. . 1/15 for most of our As/Ge surfaces. Based on published
theless, an atomic resolution study of As/Ge steps has NeVEI 11 8 we have assumed that these surfaces are As termi-
been performed. i

ted, with an unknown amount of As diffusion into the Ge

microscope(STM). Our data clearly show that As/Ge steps%:rrf?/;iifr;e fgr:enr]n ;ﬁ?”g a\; esry unreactive, remaining clean un-

reconstruct, and that at least two different As/Ge step recon-
structions exist. In addition, we have found that arsine etch-
ing can create atomic-scale ridges at the edges of terraces.
This occurs when terrace atoms are preferentially removed, To accurately describe a step, at least four parameters
leaving steps intact. This transformation of As/Ge steps intanust be specified(l) Step height in layers. 1layerl Ge

IIl. DEFINITIONS
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FIG. 1. A 400 Ax400A im-
age of an As/G@.00) 6°-(110 an-
nealed in a MOCVD chamber un-
der 1.2-torr AsH partial pressure
for 20 min at 640 °C. This image
has been artificially illuminated
from behind the viewerVg,mge=
-3.0V and l,=0.3nA. Some
representative DR steps are la-
beled with their height and type.
* SB’ indicates a step-bunched re-
gion. “F” indicates a region
where the bunched steps have
coalesced into a facet. Ridges are
labeled with an ‘R.”

monolayer (ML)=1.415A=ay/4, wherea, is the lattice The most obvious structures are the typand typeB DR
constant of Ge(2) Step type. For type A” (“ B") steps, the steps. Despite th€l10) miscut of this sample, all steps lie
dimer rows on the upper As/Ge terrace are pardfietpen-  either parallel or perpendicular to the dimer rows. In fact,
diculan to the step edge. For clarity, step height and typethese step directions are so stable that even small kinks are
may be abbreviated. A “2-layer typB” step is called a quite rare. In addition, we have found that Askkposure

“2 B” step, for example.(3) Step reconstruction. With the can induce step bunching and “nanofacetting.” As can be
exception of A, 1B, and 2A steps, we have found that the seen in Fig. 1, a facetted region is very well organized com-
entire family of As/Ge step reconstructions can be dividedPared to a step-bunched region. Not surprisingly, the degree
into two types. We have chosen to call them “single-row” Of nanofacetting increases with miscut angle. A more unex-
(SR reconstructions and “double-row’(DR) reconstruc- pected result is that AsHetching can remove the terrace
tions. In this paper, we will mainly limit our discussion to behind a DR step, creating a ridge. All of this is in sharp
DR reconstructions. Because the lack of a DR reconstructiogontrast to the step morphology of clean Ge, which typically
for the 2A step is anomalous, a brief discussion @ &teps ~ consists of evenly spaced, heavily kinked, single-layer steps
will also be included at the end of this papéd) Surface lying perpendicular to the miscut direction®

composition. Steps on cleaids free Ge are called “Ge

steps,” whereas steps on arsenic-exposed Ge are called 1. 2B DR As/Ge steps

“As/Ge steps.” ) o
A 2B DR As/Ge step is shown in Fig. 2. We have chosen

this step because it is a particularly clear and simple ex-
IV. RESULTS ample. Figure @) shows side and top views of our STM
This section will be split into three parts. Part A is an data. The terraces consist of dimer rows, as expected. Each

introduction to DR As/Ge steps in which several structuralf‘jim(?,r site is labeled with aD,” whereas "s1,” * s2,” and
models for a B DR As/Ge step are considered. Part B is an 53~ denote step sites imaged by the STM tip as it crossed
overview of the As/Ge ridge formation process based upof’® Step edge. This step topology has been observed with
experimental results. Part C combines the first two parts b§lifferent STM tips on many different samples, ruling out the
testing the various As/Ge step modéRart A) for consis- possibility that this image contains double-tip-generated

tency with the ridge formation proce¢Bart B. “ghost” sites. _
We have chosen to call this a “double-row” reconstruc-

tion based on the double row of atoms formed by si&s

ands2. As mentioned earlier, we have also observed As/Ge
Figure 1 serves as an excellent introduction to DR As/Gesteps with only a single row &fl sites.(Single-row steps are

steps. In this image one can find a wide variety of differentnot discussed in this paper, howeyer.

DR structures. It should be noted that we routinely observe Figures 2Zb)-2(f) are ball-and-stick models presented for

the same DR structures for all three of the miscut anglestomparison. These will be referred to as modéls(f). A

orientations studied. “D” denotes a dimer atom, whereas numbered sites are la-

A. Double-row As/Ge steps
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Side View

FIG. 2. (a) A high-resolution
image of a B DR As/Ge step. To
create this step, a GEO 2°-
(111) surface was annealed in a
MOCVD chamber at 640 °C for
(b) & TP PN 25 min under 1.2-torr Askipartial
.'(D*V@'Q 0._0_0_0 Bulk-like I—) pressure. These images have been

® el A Al Ad artificially illuminated from the

upper right to reveal the atomic-
resolution details. Vgampi&
: (©) B B —3.0V and l,,=1.0nA. Three
Om"@p-q 0.0 0. Rcbonded l—) & step s_ites are labelesil, s2, and
o-9 - Ll Ad bd s3. Dimer sites are labeled.

Models (b)-(f) are aligned below

the STM images for ease of com-
parison. A box in the STM top

M{% 0.0 0 Pi-Bonded I_, : view defines the area included in

Y @ ¢ @ @ each model. The arrows in each

top view show the position of line
(e)
MQ £Q 6 @ Bulklike+

A-A'.
T ® % %% Dimer Row

WOl %)i )
o . (®_®_ Double-Row
|

wee (Proposed)

beled with the number of nearest neighbors. Bulklike orsites2 seems to be incorrect. More specifically, in the STM
nearly bulklike sites are unlabeled. The lines in our diagramside view,s2 ands3 do not appear to form the one-dimer-
simply connect nearest-neighbor sites and do not necessarilyide terrace predicted by this model.
correspond to chemical bonds. Finally, the chemical identity Because none of the above models seems to fit our data,
of individual sites has been left unlabeled. we propose an alternatifenodel (f)]. Our proposed model

To first order, we are only interested in the geometry Ofexplains the existence and location of all three step sites,
the various structures, so we considered existing models foéissuming that each bright spot in the STM image corre-
Ge, Si, and As/Ge B steps. Model(b) is a bulklike 2B gponds to an atom on the surface. Note that this structure can
step,” model(c) is a rebonded B step,~*“and modeld) is  pe formed by adding two rows of atonis2 ands3) to a
a pi-bonded B step’ None of these three models explains pi_honded B step [model (d)]. This alteration converts a
site s3, and the bulklike structure cannot explain either sitethreefold site into a fivefold site. Presumably, this fivefold
S2 ors3. site must be occupied by an As atom, consistent with the fact

~ Although these differences are most easily seen in thenat DR steps are not formed on clean Ge or Si surfaces.
side views, they are also evident in the top views. For com-

parison, the lineA—A’ has been indicated with arrows in
each top view. In our STM image, three step sites lie along
this line. Models(b)-(d) do not support three step sites along  Even if our proposed model is correct, at least two addi-
this line, and therefore cannot explain the STM topographytional details will need to be addressed. The first complica-
of this step. tion is that it is not known which atoms are Ge and which are
Model (e) is somewhat more promising. It consists of a As. One possibility is that all of the surface dimers and num-
bulklike 2B step plus a single-dimer roW. This structure  bered atoms in our ball-and-stick diagrams are As, whereas
supports three sites along the liAe- A’, but the location of the other(bulklike) atoms are Ge. In this case, each bright

2. Details
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FIG. 3. A 1000Ax1000A
image of As/G€100) 6°-(111) an-
nealed in a MOCVD chamber un-
der 1.2-torr AsH partial pressure
for 30 min at 640 °C, then for an
additional 15 min at 520 °C.
Vsampie= —3.0V and lwun
=0.3nA. This image has been ar-
tificially illuminated from the
right. CraterC is two layers below
terraceT. As AsH; etches terrace
T in the direction of the arrow,
stepSis transformed into ridg&.

spot in our STM image would correspond to the lone elecThis surface was etched under 1.2-torr Agtrtial pressure
tron pair of a surface As atom. for 30 min at 640 °C, then for an additional 15 min at 520 °C.
The second complication is that the presence of hydrogegye have chosen this image because it contains a particularly
on these surfaces could induce a myriad of structural permusjear example of the ridge formation process. Consider the
tations. Unfortunately, Auger electron spectroscopy is nNOgffect of Ash, etching on crate€, which is two monolayers
sensitive to hydrogen, so we do not know if it is present ongyer than terracel. As etching enlarges crate® in the

the surface. direction of the arrow, steBis converted into ridg® Many
other examples of ridges in various stages of formation can
B. As/Ge ridge formation be found in this image.
In this section, we will show how Asketching can trans-
form a DR As/Ge step into a ridge. Atomic-scale structural 3. Atomic-scale etching

models for this process will be presented in Part C. Figure 4 provides a more detailed view of ridge formation

on a(110-miscut surface. In this image, etching of terraces
) TO andT1 is exposing terrac@?2. If additional atoms are

Macroscopically, we have found that Agltches Ge sur-  removed from terrac&1, terraceT2 will expand to the left,
faces. Etch rates were determined by measuring height difangthening ridgeR1 at the expense of stegi. Similarly, if
ferences between masked and unmasked portions of samplggms are removed from terra@®, terraceT2 will expand
after etching under Asl The etch rate varies slowly with {q\ward the back of the image, and ridge will grow at the
temperature and is approximately linear with Asphirtial expense of stef2.
pressure, with a value of 2000 A/h at 660 °C under 1.2-t0IT ‘stenss1 andS2 are basically taller versions of the step
AsH;, for a G&100) 6°-(110 substrate. A more thorough shown in Fig. 2. Although the steps in Figs. 2 and 4 are
study of the etch rate as a function of substrate misorientggjfferent heights, the tops of the steps appear to be identical.
tion angles and directions may provide useful information, fact, sitess1, s2, ands3 seem to be the same for all DR
about the etching process. steps, independent of step height. Furthermore, these sites
remain intact during the ridge formation process, so ridges
must be structurally similar to DR steps.

Microscopically, this etching can occur in a rather unex-  Figure 5 shows schematically how AgEitching can form
pected way. STM images show that under some conditionghe structures shown in Fig. 4. Figur&@bshows the original
the terracebehinda DR As/Ge step can be etched away,terrace before etching, with steps leading downhill from two
transforming the step into a ridge. In other words, DR stepsides. Only the top portion of each step is shown. The step
are more resistant to Astetching than terraces. The result- bases have been omitted for clarity. Figui@)Sshows the
ing As/Ge ridges are not rare; they have been observed aggame area after the partial removal of terr&ieln Fig. 5c),
samples with a variety of miscuts and processing histories.terraceT1 has also been partially removed. Figufd)5s a

Since we have only observed ridge formation from DRtop view of Fig. 4.

As/Ge steps, the modifiers “DR” and “As/Ge” are super-  Using these diagrams, the transformation of a step into a
fluous. For the remainder of this paper, “step” will mean ridge can be followed. First consider the typ&™ step in
“DR As/Ge step,” and “ridge” will mean “As/Ge ridge.”  Fig. 5a). Removal of one layer of terrace atoms converts it

Figure 3 shows ridge formation on(a11)-miscut surface. into a type ‘B” step [Fig. 5(b)]. Removal of a second layer

1. Arsine etching

2. Ridge formation
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FIG. 4. A 200Ax200A im-
age of As/G€L00 6°-(110 an-
nealed in a MOCVD chamber un-
der 1.2-torr AsH partial pressure
for 20 min at 640 °C.Vgampie
—-3.0V and 1,=0.3nA. This
image has been artificially illumi-
nated from the left. Askletching
of this terrace is converting steps
S1 andS2 into ridgesR1 andR2.
Ridge R1 is more clearly seen in
s \,.’.‘.,m £ the side view(insed.

Sl S il 7 .

T
A e

of terrace atoms converts part of this typ8*'step into a 1A ridge [Fig. 5(b)]. Removal of a second layer of terrace
1A ridge [Fig. 5c)]. The “1” indicates that the ridge is atoms converts it into aR ridge[Fig. 5(c)]. Once again, the
one-layer tall, while the A” indicates the dimer row direc- “2” indicates the ridge height in layers, while theB” in-
tion of the terrace behind the ridge. Notice the appearance daficates the dimer-row direction on the terrace behind the
site sO between the A ridge and terrac&?2 in Fig. 5c). ridge. Notice the appearance of s#@ in Fig. 5b).

Now consider the evolution of the typeB” step in Fig. Figure Hc) can now be compared directly to our data
5(a). Removal of one layer of terrace atoms converts it into gFig. 5d)]. In particular, note thaR1 is a 1A ridge, whereas

12
(@) TH 1 ' -
] T | Type 'B
1] i Step
1] i
1 i
fnnnnnannnnnnnnnng
T oII FIG. 5. Schematic diagrams
“HHH:::“:“::“:: 3 -R1i:l\ . showing how etching can convert
REEERRLERREREERRR RN | steps into ridges. In these dia-
TRnnnuEnEnanenEnnann grams, the shading indicates
?\_IIIIIIIIIIIIIIII 1 height. The darker areas are lower
:;: D e than the lighter areaga) Terrace
T TO before etching. Steps lead
Type ‘A’ downhill from two edges of the
Step terrace.(b) Part of terracef0 has

been removed, revealing terrace

T1. (c) Part of terracd 1 has been

removed, revealing terrade2. (d)

A top view of Fig. 4, included for

- comparison. This top view has

UL Siilood | o -y : : been artificially illuminated from
the lower left. In(a) and(c), ques-

tion marks (“?”) indicate sites

where the exact structure is not

known.

©) nnnnm
T

L JL
1 1
Type 'B' 1A
Step Ridge
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Side View Top View the side views. The resulting sequence of structures can be
sl s2 s0sl s2s3 compared to the corresponding structures in Figs. 4 and 5.
T Type'ASiep L Notice that in this model, the positions of sitel s2, ands3

(@ % '7OPg . 7um remain unchanged during the ridge formation process. Also,

A & ’ upon the formation of a A ridge, sitesO appears, creating a
ridge that is symmetric about a plane betwednands2.
The same symmetry is apparent in our STM images.

As a final consistency check between our model and the
data, compare the top view of Fig(d with ridgeR1 in Fig.

5(d). Notice that in both the data and our model, a line drawn
through the upper-terrace dimers passes throughsitesd

s2. [The position of this line is indicated bB-B’ in both
Figs. 5d) and 6c).]

As a final detail, it is important to consider the structure of
the step base. For the purposes of illustration, we have arbi-
trarily drawn a bulklike(111)-terminated step base. How-
ever, there is no direct experimental evidence for this choice.
In fact, we find that bunched steps and nanofacets tend to-
/ ward an (11) termination, whera is between 3 and 5, not
b 1. This suggests that(@11)-terminated step base is unlikely,
and alternative step bases tending towatdld) termination
must be considered.

To construct a411)-terminated step base, one must fill
the dashed box indicated in Fig(eh. Two possible struc-

FIG. 6. (a)-(d) Ball-and-stick diagrams for the ridge formation tures are shown in Figs.(® and (f). Although these two
process, based upon our proposed DR As/Ge step mbidel2f)].  structures are simple and familiar, a theoretical comparison
Each structure is created by removing one layer of terrace atomef just these two structures would be inconclusive. STM
from the structure above it on the pa@ss indicated by arrows in images of Ge and As/Gen{1) surfaces suggest that addi-
the side views Line B-B' is included as a guide for comparison tjonal structures should also be considered. Within the con-
with the data in Fig. &). Alternative step bases are shown(®  text of As/Ge ridge formation this point may merely be aca-
and (f). demic, but within the context of GaAs/Ge film nucleation,

the exact structure of the step bases may be critical. The
R2 is a 2B ridge. For a A ridge, sitess1 ands2 are aligned ridge formation process offers a somewhat unique opportu-
with terrace dimergline B-B’ in Fig. 5d)]. The apparent nity for testing theoretical models of step bases.
heights of ridgeR1 andR2 above terracd2 are 0.5 and For type “A” steps there is another minor complication.
1.5 ML (%£0.2 ML), respectively. Attempts to determine In Fig. 6(a), we have labeled one site with a “?”. This site
these heights more accurately are hindered both by imperfegorresponds to the “?” sites in Fig.(&. The structure in
tions and distortions intrinsic to STM, and by variations in this region of type ‘A" steps is unknown. Unfortunately,
apparent height due to electron charge transfer laterally alon@TM images of this portion of the structure are difficult to
the sample surface. interpret.

Pi-Bonded

® Ifg' Base

..........

C. Atomic-scale models for ridge formation 2. Counter-examples

Figures 7 and 8 are counter examples. Each of these two

Using ball-and-stick models, it should be possible to ex- figures is based upon an alternative model for DR steps. Our

plain how ridge formation occurs at an atomic level. In Figs.
6, 7, and 8, we attempt to explain ridge formation using three ) ) )

of the models presented in Part (ikig. 2). We will begin Side View Top View
with a thorough discussion of our proposed mod&g. 6), s0sl 52 s3 sOsl s2 3
then briefly discuss two counter exampl€sgs. 7 and 8 | 00 y

1. Proposed model

Our proposed model for the ridge formation process is
shown in Fig. 6. Figure @ is a 5A step based upon our
proposed DR structurfFig. 2(f)]. Although this choice of n %
step height is somewhat arbitrary, only steps with a height of | |
three layers or more can be converted into ridges. For this

reason, a two-layer step ba@nclosed in a dashed bokas FIG. 7. (8 A 4B rebonded stefibased upon Fig. @)]. Al-
been added. The details of the step base will be discusseBough this model is inconsistent with our images & RR steps,
shortly and can be ignored for now. it nonetheless serves as a useful counter-exantpJeRemoving

Figures 6b)—6(d) are created by sequentially removing one layer of terrace atoms creates A& Bulklike step. This model
layers of upper-terrace atoms, as indicated by the arrows igannot explain the existence oAlridges.
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Side View Top View
s=0 sl s2 s3
10 a2 |

FIG. 8. (a) A bulklike 4B step with an intermediate one-dimer- ~ FIG- 9. A 700 AX700A image of As/GEL00) 6°-(11 an-
wide terrace[based upon Fig. ®]. (b) Removing one layer of nealed in a MOCVD chamber at 650.".(: for 15 min under 1.2-torr
terrace atoms creates @ 3tep. Although it is within the realm of ASHs partial pressure, then for an additional 15 min under 0.24-torr
possibility that this structure explainsB2DR steps, it fails to ex- ASHs partial pressure. Vgampie= +2.0 V andly,=1.0 nA. This im-
plain the existence of A ridges. (¢) If another layer of terrace a9 _h_as been atrtificially illuminated frgm the rlgh_t. Under these
atoms is removed, the resulting ridge would be formeds®yand conditions, terrace'ﬁlA, TB, andTC a.re being sequentially etched to
s3, not sl ands2, as seen in our STM images. expose terrac&D withoutforming ridges.

discussion of B DR steps showed that these models do no@ddressed. As with our models for 8 2As/Ge step, it is not
seem to be correct. Here, we will show how that ridge for-known which atoms are As and which are Ge. In addition,
mation process can be used as a much more effective teshe presence and location of hydrogen is unknown.

Notice Figs. 7 and 8 do not begin with &Step(as did Fig. A final complication is that the etching process must in-
6). Instead, they begin with aB! step[equivalent to Fig. volve more than a simple removal of atoms. To simply re-
6(b)]. These counter examples are not sensitive to the struegnove surface atoms would result in a clean Ge surface, so
ture of the bases, so we have chosen the simpl&ét)-  part of the etching process must involve replacing some Ge

terminated step bases for the purposes of illustration. atoms with As atoms.
Our first counter example is aB4rebonded stepFig.
7(a)]. It is simply a taller version of a rebonde®tep[Fig. V. DISCUSSION
2(c)]. Figure 7b) shows the same structure with one layer of
terrace atoms removed. The result is a bulklike ep. In A. Ridge formation

other words, this model does not explain the existence of a Regardiess of their exact structure, the existence of As/Ge
1A ridge. On this basis alone it is possible to conclude thaPidges has some important consequences. The first is that
DR steps cannot be based upon the rebonded structure showg)ge rigges might affect GaAs nucleation. It is, therefore,
n i'g' 7(a).d i le is based e @ important to be aware of their existence, and to understand
Seconad counter example 1S based upon the SIep —\nat factors lead to their formation and destruction. As an
shown in Fig. Ze). It consists of a bulklike B step with an example, we reannealed the sample shown in Fig. 3 under a
intermediate one-dimer-wide terrafiéig. 8(@]. In Fig. 8(b), {gduced AsH partial pressure at a higher temperature. After-

one layer of terrace atoms has been removed. The result ; .
the sayne as Fig.(B)—a 3A step with no ridge. If an addi- wards, no ridges were observed with STM. Another example

tional layer of terrace atoms is removed, it is possible tc®f @ ridge-free As/Ge surface is shown in Fig. 9. Terraces
form a ridge out of the row of dimers. Aside from the im- 1A TB andTC are being sequentially etched to expose ter-

plausibility of this structure, the resulting ridge is formed raceTD, yet no ridges are observed.

form sitess2 ands3 (notsl ands2, as is seen in our data One explanation is that there is some threshold tempera-
Once again, we are able to conclude that the structure showfHre above which the etch rate of steps/ridges rises dramati-
in Fig. 8@) is not a reasonable DR step structure. cally to match that of the terraces. Another explanation is

Although counter-examples based upon bulkliKeég. that at higher temperatures, surface annealing destroys ridges
2(b)] and pi-bondedFig. 2(d)] steps could also be provided, as fast as Askletching creates them. Most likely, the truth is
our point is simply to show that ridge formation provides ana combination of these two explanations. A study of ridge
excellent test for determining whether or not a DR stepformation as a function of AsHpartial pressure and tem-
model is reasonable. Although the above discussion does nperature might provide some answers.
prove that our model for a DR step is correct, we have shown The second effect of ridges on As/Ge surfaces concerns
that it is consistent with our observations of ridge formation.step bunching. Aside from any energy-minimization consid-
This is an important criterion that must also be met by altererations, the bunching of steps can be affected by the kinetics
native DR step models. of the etching process. Specifically, the resistance of the DR
structure to AsH etching allows it to temporarily protect any
steps that have accumulated beneath it. This effect is only

Even if our proposed model for the etching process igemporary, though. Notice that in Fig. 3 most craters are
correct, there are some additional complications that must beounded by one- and two-layer ridges, even though hundreds

3. Details
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of layers of Ge have been removed. This implies that ridgeshat most As/Ge steps are reconstructed. We have observed
taller than two layers are easily destroyed. two types of step reconstructions, which we have chosen to

A more subtle point is that for the conditions we havecall “single-row” (SR) and “double-row” (DR) reconstruc-
studied, two-layer steps do not form ridges. This explaingjons. Three exceptions areAl 1B, and 2A steps, which do
why all ridges are found sitting on top of steps, as opposed t@ot support SR or DR reconstructions. In this paper, we pre-
being in the middle of terraces. For example, in Fig. 3 thesented examples of double-row structures resulting from
two-layer steps bounding crat€ are not forming ridges. asH, exposure, and proposed a structural model for a repre-
StepSis able to form a ridge because it is taller than two gontative DR step.

layers. It is possible that strain near taller steps serves to In addition, we have observed that Askitches Ge sur-

anchor the_ ridges. It is also possible that the stability of th.eraces. Under some conditions, Askétching can convert
upper portion of a step depends upon the structure of its

base. Although the exact reason is not known, the result is itegs 'rt]t?]i;'dgtﬁshl? :)rther words, steps are more resistant to
surface that remains relatively smooth during the St €tching than terraces.

AsHs-etching process. If two-layer steps formed ridges, Using ball-and-stick models, we have shpwn thz_at our pro-
AsH, etching could form ridges anywhere on a terrace,posed model for double-row As/Ge steps is consistent with
quickly covering the entire surface with ridges. the ridge formation process. Counter examples are provided

showing how two alternative structures are not consistent
with our observations of ridge formation. Ridge formation
can, therefore, be used to test the plausibility of proposed DR

As a final note, it is important to discuss the lack of a DRstep models. We have also shown that by changing the tem-
(or SR reconstruction for 2 As/Ge steps. Although they perature and Askl partial pressure, it is possible to
might reconstruct in some subtle wayA As/Ge steps ap- AsHg-etch Ge surfacewithout forming ridges.

pear to be nominally bulklike in our STM images. The Step A the very least, the existence or absence of atomic-scale

between terrace30 andT2 in Figs. 4 and &) is an excel- ridges adds an interesting characteristic to the surface phase

Ien_}_ﬁxe?mile.f . diagram of As/Ge. At a more fundamental level, the As/Ge
e lack of a 4\ SR or DR reconstruction may prove to ridge formation process provides an interesting opportunity

be an excellent test for theoretical models of DR reconstrucf testing th tical models of surf truct d i

tions. In other words, any theory that explains DR recon-©'_‘esting theoretical models of surface structures and pro

structions must also explain whyA2steps are not DR recon- cesses.

structed. It is also interesting to note thak 2s/Ge steps are

somewhat rare, suggesting that they are high-energy steps
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