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Effect of surface intermixing on the morphology of Sb-terminated G€100) surfaces
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The interaction of Sb with G&00) was investigated as a function of substrate temperature and Sb coverage
using temperature programmed desorption, low energy electron diffraction, ion scattering, and scanning tun-
neling microscopy. An Sh desorption peak associated with multilayer physical adsorption was observed at 550
K while a second desorption peak at 980 K was attributed to Sb bound to the Ge surface. Four basic types of
Sb clusters were identified at 320 K: a three-dimensional tetramer; a square, flat tetramer; dimers running
perpendicular to the substrate dimer rows; and dimers running parallel to the dimer rows. The three-
dimensional tetramer was observed to convert irreversibly to the flat tetramer, while the flat tetramer reversibly
split to form the dimers. Diffusion of both the flat tetramers and the perpendicular dimers led to the formation
of asymmetric (X 1) reconstructed islands. At 520 K, Sb started to displace Ge in the top layer creating pits
at low Sb coverage. As the Sb coverage was increased, both islands and pits were observed. Intermixing
between Sb and Ge was found in both the islands and the original surface layer. Intermixing, however, was
limited between 520 K and 620 K when the Ge surface was covered with 1 monolayer or more of Sb, resulting
in the smoothest Sh-terminated Ge surfaces. Regardless of how the Sb layer was prepared, annealing at 800 K
roughened the surface severely and increased the amount of exposed Ge, even though no Sb desorbed at this
temperature. The surface roughening was attributed to the increased surface area enabling Sh-Ge exchange
without burying the lower surface tension Sb beneath the surface. Antimony is used as a surfactant to promote
the growth of flat Ge films. The results demonstrate, however, that intermixing can lead to the surfactant
severely roughening the surface if the growth of the surfactant layer is not carefully controlled.
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. INTRODUCTION violet photoelectron spectroscof}*?~° surface x-ray
diffraction’® LEED!'"8 high energy electron
The observation that the addition of an adsorbate or suriffraction%? STM,’=24 scanning tunneling spectroscopy
factant can promote layer-by-layer or Frank—van der MerwdST9,%° ion channelind® and x-ray absorptiok’! On
growth, or at least delay the onset of three-dimensional clusSi(100), most studies agree that deposition of Sb multilayers
tering in Stranski-Krastanov growth, has attracted considerfollowed by annealing at elevated temperatures to remove all
able interest in recent yeals® Although the mechanisms by but one Sb layer results in a §1) reconstructed surface.
which surfactants alter growth modes are still not clearlyThe Sb forms dimers, similar to the Si dimers seen on the
understood, experiments have revealed a number of similarbare (100 surface. At lower coverages and lower tempera-
ties between systems where surfactants have been succetges (below 820 K, however, there have been disagree-
fully used?4-81t has been shown that group V elements arements about whether Sb forms disordered three-dimensional
very effective surfactants, even for such disparate systems &#usters or dimers on the surface, and whether Sb displaces
Ag(111) homoepitaxy and Ge growth on($00).1"~°Other  Si in the surface layer. In early STM work it was suggested
similarities include a greatly increased island density in thehat annealing an 8i00 surface with a low Sh coverage
nucleation regime, which has been taken as an indication thaimply causes the Sb to aggregate into largex {3 recon-
the surfactant limits adatom diffusion rate€. More re-  structed islands. Recently, however, Gaetial. provided
cently, it has been shown that the surfactant layer for Sheonvincing STM and STS evidence that at low Sb coverages
mediated Ag homoepitaxy is an intermixed, ordered Sh-Agannealing at 520 K causes Sb to incorporate into the Si sur-
alloy layer’=° It has also been found that Sb and Ge tend tdface creating ordered vacancies ank(®) reconstructed Si
form intermixed surfaces, suggesting that surface intermixislands on the surfac@.lt is unclear if intermixing also oc-
ing may play a key role in surfactant-mediated thin film curs when the Sb coverage approaches 1 monol@ye.
growth®! Therefore, we have systematically investigatedAt these coverages, it was found that the surface structure
the interaction of Sb with G&00) using temperature pro- depends on preparation conditions. Based on STM images, it
grammed desorptiofiTPD), low energy electron diffraction was suggested that depositing Sb at 650 K and annealing to
(LEED), ion scattering spectroscoph8S), and scanning tun- 810 K results in Sb dimers on top of the Si surface. Increas-
neling microscopy(STM). The goals were to determine the ing the annealing temperature to 970 K roughened the
conditions under which Sb and Ge intermix, the energy dif-surface'® Garniet al. have suggested that the roughening is
ference between an intermixed surface and an Sb adsorbalee to intermixing® Prior work suggests that Sb behaves
layer, and the effect of intermixing on the surface morphol-similarly on G&100). Annealing an Sb layer on GEO0) also
ogy. results in a (X 1) reconstructed surface with the<2direc-
The interaction of Sb with Si and GEO0) has been stud- tion perpendicular to that of the original @€0) terraces.
ied using a number of techniques including x-ray and ultradntermixing of Sb and Ge was first suggested by Ritlal1°
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and later supported by the STM data of Falkenbergl!* of sight by placing the sample a few centimeters from the
The findings outlined above indicate that Sb can displacéonizer of the mass spectrometer. It is well known that gas-
both Si and Ge atoms in thHd00 surfaces, creating an in- eous Sb consists predominantly of polyatomic molecules,
termixed surface. The kinetic pathway from initial Sb ad- primarily Shy,, when sublimed from the solid at temperatures
sorption to incorporation into the surface layer and the im-up to 1450 K2° Because the mass of Skxceeds the 400
pact of this intermixing process on the surface morphologyamu limit of the mass spectrometer, Sh,Sénd Sh were
however, have not been addressed. Thus, the quest formonitored during TPD experiments; all TPD curves are pre-
better understanding of the above processes motivated thented as the sum of the curves for the three species. A
current study of Sb adsorption on @G80 as a function of heating rate of 3 K/s was used.
coverage and temperature. In this paper, it will be shown that A scattering angle of 130° and 1 keV He ions were used
when G¢100) is exposed to Shat 320 K the Sb resides on for ion scattering. To minimize the effect of sputtering on the
top of the surface. At low Sb coverage, annealing to 520 Kresults, low ion currents and short data acquisition times
results in Sb-Ge exchange accompanied by pit formationwere used.
Despite the energetic preference for Sb incorporation into the Electrochemically etched W tips were used for STM.
surface, intermixing at 520 K can be precluded by depositingPrior to use, the tips were cleaned by electron beam heating
~1 ML Sb at lower temperatures. In this case, the lower Sbn UHV. Images were obtained at tunnel currents between
surface tension and the stronger Sb-Ge versus Sb-Sb intera@41 and 1.0 nA and sample biases betwee® and +3 V.
tion offset the energy gained by intermixing. Annealing to Throughout this paper, sample biases are reported so that
higher temperatures, however, results in surface rougheningegative biases refer to occupied states and positive biases
accompanied by intermixing. The roughening increases thenoccupied states. Varying the tunnel current was not found
surface area, allowing Sh-Ge exchange without burying Sho significantly affect the STM images.
beneath either Sb or Ge. The results demonstrate how both

coverage and temperature determine the structure of the sur- . RESULTS
factant layer. The implication of these results for surfactant-
mediated thin film growth will be discussed. A. TPD

Temperature programmed desorption was used to charac-
terize the energetics of Sb adsorption on(1®€). Figure
1(a) shows the thermal desorption curves as a function of Sb
Experiments were performed using an UHV systemcoverage for Sh deposited at 320 K. The results show that Sh
equipped with a double-pass cylindrical mirror analyzer withbinds to G€100) in at least three distinct states with the peak
angle resolving aperture for Auger electron spectroscopwt 980 K filling first followed by the peaks at 550 and 1090
(AES) and ion scattering spectroscopy, a quadrupole mas&. The high temperature peak at 980 K is attributed to Sb
spectrometer, an ion gun for sputtering and ISS, LEED opehemisorption. The position of this peak does not shift with
tics, and a high speed variable temperature scanning tunnehcreasing exposure. The peak at 550 K starts to appear
ing microscope. The base pressure of the system was maislightly before the peak at 980 K saturates. The position of
tained at 2x 107 1% torr. The scanning tunneling microscope this peak shifts to higher temperature with increasing Sb ex-
can operate in the temperature range of 300—900 K whilgposure and does not saturate, typical of zero-order sublima-
recording STM movies at speeds exceeding 1 imade/s.  tion of a multilayer film. Therefore, this peak is assigned to
Germanium samples were cut from nominally undopedSb physisorption. The third peak, at 1090 K, was observed
Ge wafers with a resistivity of 50—6Q cm; the wafers were after prolonged Sbh exposure as shown in Figu(ta.IThis
oriented to within=0.3° of (100). The samples were heated peak increases at a much slower rate than the multilayer peak
via conduction from a resistively heated Ta foil. The tem-at 550 K. Therefore, it was necessary to desorb all the phy-
perature was measured with a W-W/Re thermocouple housegisorbed Sb before ramping the temperature to observe the
within a 0.19 mm inner diameter Ta tube pressed against theeak at 1090 K. Otherwise, the mass spectrometer would
face of the samplé’ The sample was mounted so that no saturate. The peak is also close to the melting point of Ge,
material other than Ta contacted the sample. Samples weend the temperature ramp had to be cut off-dt130 K. This
cleaned by cycles of 500 eV Arsputtering at 550 K and peak did not shift with increasing exposure, nor did it satu-
annealing at 920 K until all contaminants were below therate. In addition, the 1090 K peak became more intense when
AES detection level and LEED yielded sharpX2) pat- TPD experiments were performed repeatedly with the heat-
terns. To obtain an atomically flat surface with large, evenlying ramp stopped at 980 K. A possible explanation for these
spaced terraces, a 30 nm Ge buffer layer was deposited esults is that the peak is due to Sb incorporation into the
630 K and then annealed at 920°K. bulk followed by surface segregation and rapid desorption at
A resistively heated Ta envelope containing Sb powdeihigh temperatures. The phase diagram is consistent with this
was used to evaporate Sb. Germanium was deposited fropicture. The solubility of Sb in Ge is roughly 0.035 at. % at
resistively heated W baskets containing melted Ge wafet070 K and falls as the temperature increases toward the
fragments. A quartz crystal deposition rate meter was used tmelting point>°
monitor and control the Ge deposition process. All STM im-  As shown in Fig. 1c), the ratio of Sh+Sh; to Sb+
ages were acquired at room temperature. Sh,+ Sh; for the chemisorption peak increases with increas-
Temperature programmed desorption was performed lineng Sb exposure. At saturation, the ratio is indistinguishable

Il. EXPERIMENT
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FIG. 1. (a,b Series of TPD curves for Sb desorption from(B&9). (a) Sb was deposited at 320 K @) 5 s, (ii) 20 s, (iii) 65 s, andiv)
80 s.(b) The G&100 sample was annealed to 620 K for 60 s after depositing SG)60 s and(ii) 600 s at 320 K andiii) 60 s,(iv) 1220
s, and(v) 1800 s at 650 K. The curves {a) and(b) are taken as the sum of the Sb,Sénd Sh desorption signals; the fraction of the signal
due to the polyatomic species is plotted as a function of exposure time for the peak at 9§6)K in

from that for Sb multilayers that are known to sublime asthe tetramer. This is not surprising given the large tempera-
Shy. Therefore, this suggests that the desorbing speciesire difference between the single and multilayer desorption
changes from Sh and $ho Sk, as the coverage increases. peaks.

At temperatures above 955 K, theX24) reconstruction of The much stronger interaction between Sb and Ge versus
the G&100) surface is lifted as the mobility of the surface Sb and Sb, as well as the lower Sb surface tension, indicates
atoms increase¥. Therefore, the Ge and Sb atoms on thethat all the Sb must lie on the topmost layer at temperatures
surface no longer exist as dimers but rather as individuahbove the Sb sublimation temperature. This has important
atoms. At low coverages and high temperatures, the Sb ignplications for intermixing and the surface morphology.
likely to be distributed across the surface and thus the disSince intermixing requires Sb replace Ge in the surface, as
tance between the Sb atoms can be large. As a result, the &ng as the surface area is constant, intermixing cannot occur
tends to desorb as monomers. As the coverage increases, theyond a maximum Sb coverage. Increasing the coverage
probability of finding an adjacent Sb increases leading to ameyond this maximum would dictate either burying Sb be-
increase in the desorption signal due tg 8hd Sh. Despite  neath Sb, which would lead to rapid sublimation of the sec-
the changes in the nature of the desorbing species, no othend layer Sb, or Sb beneath Ge, which is not favored because
differences were observed between the Sh, 8hd Sh de-  of the higher Ge surface tension. This suggests that the sur-
sorption traces. These results indicate that the desorption ratace structure should depend strongly on Sb coverage and
is limited by breaking the Sb-Ge bonds rather than reformingleposition or annealing temperature, with low coverages and

195309-3



L. H. CHAN AND E. I. ALTMAN PHYSICAL REVIEW B 63 195309

high temperatures favoring intermixing while high coverages O] 43cv
and low temperatures should prevent intermixing. Therefore,
to investigate energy differences between intermixed Sb anc
Sb on top of the Ge surface, we varied the Sb deposition
temperature and studied the effect of annealing. Figdog 1
compares Sb desorption for Sb deposited at 320 K and an
nealed above 620 K versus Sh deposited at 620 K, both fo
exposures corresponding to more than 1 MILML = 1
adatom/substrate atom 6.3x 104 atoms/cm). The curves
show only the chemisorption peak and are identical. In addi-
tion, Fig. 1(b) reveals no significant coverage dependence for(c) 436V
the chemisorption peak, and no effect was observed on thi e
chemisorption peak due to annealing, independent of the ini-
tial Sb coverage. Thus the TPD results suggest that either th
energy difference between on-top and intermixed Sb is very
small, or the surface structure is independent of the Sb cov:
erage and temperature. In Sec. llID, it will be shown that
below 800 K the surface structure does depend strongly or
Sb coverage and temperature. The surface, however, can ra
idly roughen to increase the surface area and allow intermix-
ing at high desorption temperatures and high Sb coverages
Thus the TPD curves reflect an intermixed surface, regard-(e) 43eV
less of the initial Sb coverage.

B. LEED

Low energy electron diffraction was used to characterize
the order of the Sb-covered @O0 surface as a function of
annealing temperature; the results are summarized in Fig. Z
The clean GEL00) surface prepared by depositing a Ge
buffer layer and annealing shows the expected sharp, two
domain (2<1) pattern with low background as shown in 3] 43cV
Figs. 4a) and 2b). As Sb was deposited on the surface at
320 K, the half-order spots became much weaker while the
intensity of the integer-order spots remained roughly con-
stant up to 1 ML. As shown in Figs.(® and Zd) for a
coverage of roughly 1 ML, at low energies the half-order
spots are completely obscured while at higher energies fain
half-order spots streaking alof@,1] and[1,0] could be de-
tected. Annealing the surface at either 520 K, as shown in
Figs. 2e) and Zf), or 620 K did not change the LEED pat-
tern. Figures @) and 2h) show that after annealing to 800 FIG. 2. Low energy electron diffraction patterns for clean
K the streaking decreases and the half-order spots are cor®e(100) (a,b, and G€100) covered by 1 ML of Sb after deposition
pletely recovered, resulting in a pattern similar to the clearat 320 K(c,d), after annealing at 520 Ke,f), and after annealing at
surface. This change is not due to Sb desorption since 800 R00 K (g,h.
is well below the monolayer desorption peak as shown pre-
viously in TPD[Fig. 1(a@)], or bulk diffusion since no change Gg100) as a function of temperature. Figure 3 shows the
in the Sb AES peakénot shown herewere observed after energy spectra for He scattering from clean and Sb-covered
annealing. Increasing the Sb exposure beyond 1 ML at 320 IGe. For the clean G&00) surface, Fig. ), a single peak at
caused the integer-order spots to weaken; however, after ag/E,=0.83 was observed as expected for He scattering at
nealing to 620 K to remove physisorbed Sb, the LEED pat430° from nuclei with masses of 73 amu. After depositing 3
terns were indistinguishable from those shown in Figs) 2 ML of Sh near 320 K, the Ge peak disappeared leaving only
and 2f). In Sec. I D it will be shown that the Sb is dimer- the higher energy peak associated with the heavier Sb, as
ized under all the conditions described above and that thehown in Fig. 8b). Annealing at 620 K desorbs all phys-
changes in the LEED patterns can be attributed to changes j§orbed Sb according to TPD. Following this treatment, the
the size and morphology of the ¥21) domains. AES signal (not shown heredecreased dramatically, to a

level consistent with saturation of the TPD peak associated
C. 1SS with chemisorption. Figure (8), however, shows a much

The monolayer sensitivity of ISS was exploited to char-smaller change in ISS: the appearance of a shoulder at lower

acterize the composition of the surface layer of Sb-coveregénergy. While further annealing to 800 K results in no per-
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D. STM
1. Antimony adsorption at 320 K

Since Sb and Ge may exchange places following Sb depo-
sition onto Ge, it is necessary to develop a capability to
distinguish Sb from Ge in STM images. Therefore, we stud-
ied Sh, adsorption at 320 K where prior studies or{198i0
indicate that all the Sb stays on top of the surface, thus en-
abling definitive characterization of Ge and Sb.

Figure 4 shows the results for 0.07 ML of Sb. The cover-
age is determined by counting the density of the features in
wider range STM images. The images reveal four basic types
of Sb clusters. Following Mo’s work on Sb on($00),21-%
typeAis identified as a ball-shaped Sb tetramer. Although its
structure is not resolvable by STM, Mo has suggested that it
resembles the three-dimensional tetrahedral ®blecules
found in the gas phase. In the tyBeclusters, four lobes can
be seen and they are identified as square, flat tetramers. Type
B clusters reside either centered on top of the Ge dimer row
0.70 " 0.'75 " 0.'80 " 0.'85 " 0.'90 or half on-top and half over the tr(_)ugh as _shown in Figl) 4

Type C clusters are Sh dimers with the dimer bond perpen-
El'% dicular to the Ge dimers on the terrace. TyPalimers are
always found directly on top of the Ge dimer rows. Type

FIG. 3. lon scattering spectra féa) clean G¢€100), (b) 3ML of  clysters are dimers with the dimer bond parallel to the Ge
Sb deposited at 320 Kic) 3 ML of Sb deposited at 320 K and dimers on the terrace. It should be noted that it can be argued
annealed at 620 Kd) 3 ML of Sb deposned at 320 K and annealed that the typeB clusters are simply pairs of typ€ or D
at 800 K, ande) 3 ML of Sb deposited at 620 K. dimers rather than a tetramer. TBeclusters, however, ap-

pear distinctly different from either Sb or nonbuckled Ge
ceptible difference in AES spectra, the ISS spectrum in Figdimers in the same image. Unlike the dimers, the individual
3(d) shows that the low energy shoulder increases in intenatoms are resolved and tBeclusters appear to have fourfold
sity relative to the Sb peak and it is now clear that the energyather than twofold symmetry. In addition, tBeclusters can
of the shoulder corresponds to GeEE = 0.83. Thus, even diffuse on the surface as a single unit as described later in
though 800 K is well below the desorption peak for chemi-this paper.
sorbed Sh, annealing to this temperature exposes the Ge sub-The sequence of images in Fig. 4 also shows that the
strate. Deposition at 620 K for an equivalent exposure of Shdifferent types of cluster can interconvert and diffuse at room
3 ML, yields a similar ISS spectrum as 320 K depositiontemperature. In the 70 s between recording the images in
followed by 620 K annealing as shown in FigeB Figs. 4a) and 4b), the typeA cluster converted into a ty®

Peak Intensity (Arb. Units)

FIG. 4. Scanning tunneling
micrographs obtained after depos-
iting 0.07 ML Sb at 320 K. All
images were acquired with/;=
—1.25 V and1,=0.5 nA. Four
distinct types of Sb cluster are la-
beledA, B, C, D in (a); after 70 s
the A type cluster converts to B
type cluster(b). Images(c) and
(d) recorded 103 s apart showBa
cluster hopping one lattice con-
stant; 123 s later, thB cluster has
dissociated into twd clusters.
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FIG. 6. Image of an area that was not scanned previously show-
ing flat tetramers and paired and unpaired dimers. The surface was
prepared by depositing 0.07 ML of Sb at 320\K,=—1.25 V and

FIG. 5. Sequences of STM images showing t@adype dimers  1;=0.5 nA.

(a) recombining to form & type flat tetrame(b) and a flat tetramer

and aC type dimer(c) combining to form a string composed of tion distributions for types\ throughD are 14%, 55%, 30%,
three pairs of Sb dimer&d). All images were acquired with = and 1%, respectively; these statistics are based on categoriz-

~1.25 V andl,=0.5 nA. ing over 300 Sb clusters. The low density of typéetramers
and their irreversible conversion to typetetramers suggest

cluster. The four lobes in the newly form&dcluster confirm  that typeB is lower in energy. There is a barrier, however, to
the assignment of the typ& cluster to a three-dimensional converting the three-dimensional tetrahedral structure of the
Sb tetramer. No conversions of tyf clusters back toA  gas phase molecule into the square, flat structure that is fa-
clusters were observed, suggesting that the conversion frorored on the surface. The conversion from typeo type C
A to B is irreversible. The typ® clusters were observed to is reversible. If the typ& and C populations are in equilib-
diffuse and to split into two typ€ clusters. Comparing Figs. rium at 300 K, then the energy difference between these two
4(c) and 4d) shows that thé cluster at the left of the image states is roughly 0.108 eV. The low population of the tifpe
has shifted one lattice constant, going from being centeregarallel dimers suggests that these are higher in energy than
directly on top of a Ge dimer row to half of the tetramer either theB or C clusters. This is not surprising since parallel
lying over the trough. This indicates that diffusion of int&8ct dimers are expected to be energetically unfavorable because
clusters perpendicular to the substrate dimer row directioithis arrangement requires dimer bonds along the same direc-
occurs by hopping half the distance of the surface unit celltion in adjacent layers while the perpendicular direction is
Of 159 typeB clusters imaged, 50 were in the on-top posi-the epitaxial direction.
tion. If it is assumed that thB clusters are sufficiently mo- In prior work on Sb on 1100 it was found that the STM
bile to establish an equilibrium site distribution, then thesetip could convert Sb precursor states into pairs of dimers,
numbers suggest that the on-top position is 0.020 eV higheparticularly at high biaseS2*For Sb on G&L00), however,
in energy? than having half the tetramer over the trough.there was no evidence that the tip induced the changes
Conversion ofB type clusters into two typ€ dimers was shown in Figs. 4 and 5. The image in Figcyshows two
also observed, as shown in Figgdyand 4e). This conver- type B tetramers that were subjected to the same tunneling
sion was reversible, as shown in Figga)5and 8b) which  conditions while being imaged. The same area was scanned
show two typeC dimers coming together to form a tyfe  for over 10 min at biases ranging from3 to 2 V, yet one
square, flat tetramer. The splitting and reforming of the typeetramer remained intact, suggesting that the dissociation of
B tetramers provides a second pathway for tetramer diffusiothe other tetramer was not induced by the tip. In addition, we
perpendicular to the Ge dimer rows. imaged numerous typ& tetramers at varying biases and saw

Type B and C clusters are the basic building blocks for no correlation between the tip bias and the conversion to
strings of Sb dimers that were observed at higher Sb covetype B tetramers. Finally, the changes we observed were
ages. This formation of Sb strings was also observed wittmuch slower than the imaging rate, and so many images
STM as shown in the images in Figsicband 5d) which  could be collected without any changes observed between
show aB type on-top tetramer moving to an in-trough posi-images. Therefore, the first image collected of a new area
tion to join a dimer, thus forming a string composed of threelikely reflects the appearance of the surface prior to any pos-
pairs of Sh dimers. sible tip-induced conversion or diffusion; such an image is

Of the four types of Sb clusters described above, tyhes shown in Fig. 6. It shows pairs of dimers residing at adjacent
C, andD have been observed on(800).22~2* The popula- rows as well as dimers that are not paired. Since at least 99%
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FIG. 8. Imageda) and (b) of 0.8 ML Sb deposited at 320 K.
Strings of Sb dimers were formed with many antiphase domain
boundaries indicated by the arrows in the smaller scale infaige
The sample biases wefa) —1.00 V and(b) —1.25 V.

quent antiphase domain boundaries, which is not surprising
given the observed limited mobility of the Sb dimers and
tetramers at these low temperatures. The images also show
that the (2<1) domains are considerably longer along the

FIG. 7. Scanning tunneling micrographs of the same area obdimer rows, the X direction, than perpendicular to the
tained while imaging filleda) and empty stateé)—(d). The arrows ~ rows, the 2< direction. This difference in surface order
highlight the locations of the Sb clusters. The surface contained@long the two directions can explain the much greater attenu-
0.07 ML Sb that was deposited at 320 K. The Sb clusters hav@tion of the half-order spots versus the integral-order spots in
lower apparent height in empty state STM images at low positiveLEED patterns obtained at these coverages. All the integer-
sample biases. order spots are enhanced because the dimer directions alter-

nate across monatomic steps, leading to equal populations of

of the Sb arrives on the surface as,Shunpaired dimers (1X.2) and (%< 1) domlains.l ic Sb di

would have to be due to tetramers that split, followed by Flgulr]e 8 aiso reveais only symrrr:etrlcbsh IMETS. ".1 con;j
diffusion. Thus, tip-induced diffusion can be eliminated astrast, the images in Figs. 4-6 show both symmetric an
the source of the observed structures. asymmetric dimers in the Ge substrate. These results are

Because the tunneling current depends on the local derli{]pical’ wi;[h STM irgages_ of ]Ehe clean_ G@% surface .
sity of states integrated between the Fermi level and the imSnoWing alternating domains of symmetric and asymmetric
mers>° While the buckling of Sb dimers on GEO0 has

aging bias, chemically different species can frequently bé’ : . . :
d?sltir?guilshed by clomgariég STM i?naglges obtaineguat di)f/fer- een debated in the literature, even if the Sb dimers buckle
ent biaseg®3* Figure 7 shows how the appearance of Sbthe asymmetry will be difficult to detect with STM; the pa-

; ; hat support buckled Sb dimers suggest a dimer tilt of
deposited onto G&00) at 320 K(where Sb resides on top of P€'S to . 37-3
the Ge surfadechanges as the bias is varied fronl.25 to Ny 1° compared to 20° for GE:*""**Thus, the asymmetry

+1.5 V. In the filled state images, the apparent height of theof the dimers can also be used to differentiate Sb from Ge.

Sb clusters ranges from 0.14 to 0.27 nm. In contrast, the Sb
clusters are not visible in unoccupied state images simulta-
neously acquired at 1 V. As the bias was increased, the ap- The morphology of Sb-covered @®0 surfaces was
parent height of the Sb clusters increased and by 1.5 V thiound to depend strongly on annealing temperature. Anneal-
unoccupied state image was indistinguishable from the occung below 520 K simply improved the ordering of the sur-
pied state image. Similar behavior has been observed for iface. At low coverages, the Sb changed from the randomly
on Si100).%® Although the magnitude of the apparent heightdistributed clusters shown in Sec. Il D 1 to strings of dimers.
difference between Sb clusters in filled and empty state imAnnealing low Sb coverages at or above 520 K created pits
ages was tip dependent, &V the Sb clusters consistently on the surface as shown in Fig. 9. Figuréa) @&nd 9b) show
appeared significantly lower than both the (B&) step the surface with 0.07 ML Sb deposited at 320 K before and
height and the cluster height in filled state images. Thusafter annealing; the coverage was determined by the density
imaging in the range where tunneling into the unoccupiedf Sb clusters in STM images prior to annealing. The disap-
states of Ge is dominant can be used as a guide to distinguigiearance of the Sb clusters after annealing was not due to
Sh from Ge at elevated temperatures where intermixing magither Sb desorption or bulk dissolution. The TPD experi-
occur. ments show that no submonolayer Sb is desorbed at tempera-

The results described above all focus on low coveragetures lower than~870 K. In addition, Auger spectra taken
where the Sb atoms appear as isolated small clusters. Adfter annealing showed no decrease in the Sb peak intensity,
higher Sb coverages near room temperature, the Sb tendeddonfirming that all the Sb must remain on the outermost
form strings of dimers oriented perpendicular to the dimerdayers. A few large islands composed of 100-300 dimers
rows of the Ge substrate as shown in the STM images in Figwere occasionally observed on terraces wider than about 80
8. The images show that the strings are interrupted by fream; one such island can be seen in Fih)9These islands

2. Effect of annealing on Sb layers on Ge(100)
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FIG. 9. Images of 0.07 ML of Sb deposited at 320(& and
then annealed at 520 §)—(d). The Sb clusters that were originally
on top of the Ge substrate) disappeared after annealing at 520 K
(b) leaving pits and a low density of islands on the surface. Filled
state(c), —1.25 V, and empty stat@), 1.00 V, images of the same
area showing step roughening caused by the displaced Ge.

consisted mainly of Ge dimers since they exhibited the
Ge(100 step height in both filled and empty state STM im-
ages. Figure @) also shows buckled dimers in the island,
another indication that the islands contain Ge. After anneal-

ing at 520 K, there were also noticeable changes around st%% sljtleGd. i?é ?g?gig%:;;”;:ggagf(ggra‘;h;nﬁggl'iig'\"; (;fngKde-
edges as shown in Fi The step edges appear roughene - .
g 9(® b €dg bp 9 CK/S= —1.25 V for (a) and(b). Filled state(c), —1.50 V, and empty

with strings of dimers. These dimers exhibited the sametate(d) 100 V. imaaes of the same area show contrast between
height in both filled and empty state STM images, as ShowrEimers Q)n.the s,ame S?evel in the empty state image but not in the
in Figs. 9¢) and 9d), implying that they are Ge dimers. P 9

. . - filled state. After annealing at 620 K, the filled sté&, —1.25 V,
Since no Sb is desorbed from the surface at 520 K, it i nd empty statéf), 0.80 V, images show island coalescence and

assumed that Sb incorporates into the top layer and/or Aontrast variations between the dimers on all exposed levels in the

taches to existing steps; the Sb incorporation is accompaniggy,yty state image. The arrows highlight segments of the dimer
by pitting. The displaced Ge atoms diffuse on the surfaceygs that appear dimmer in the empty state images.

and either nucleate islands or attach to existing steps, thus
roughening the steps. Because of the very low Sb coveragegsults in coalescence and attachment of the islands to the
it was difficult to definitively identify Sb clusters embedded steps as shown in Fig. 1&). The original substrate layer is
in the Ge substrate from bias dependent imaging. Displacivaow characterized by narrow pits running perpendicular to
incorporation has previously been reported for As and Ge otthe dimer rows, while wider, more symmetric pits are ob-
Si(100).4° served on the ad-islands. Again, the dimers in each layer all
When the Sb coverage was increased above 0.1 ML, arappear at the same height in the filled state image in Fig.
nealing at 520 K created many small islands and pits. Figure$0(e), while the empty state image in Fig. @0shows that
10(a) and 1@b) show a surface with 0.4 ML of Sb deposited some dimers appear lower than others. These dim dimers are
at 320 K bhefore and after annealing to 520 K. After anneal-observed on all three layers, indicating that all the exposed
ing, the island and pit coverages are 0.32 ML and 0.05 MLJayers are intermixed.
respectively. Simultaneously acquired filled and empty state Intermixing of the islands at 0.4 ML can be understood as
images of the annealed surface are shown in Fige) Ehd  follows. Antimony dimers diffuse until they exchange places
10(d). While all the dimers in a layer have the same apparentith substrate Ge dimers. The displaced Ge dimers diffuse
height in the filled state imagigure 1@c)], segments of across the surface until they collide with other Ge dimers and
the dimer rows appear dim in the empty state image as indirucleate an island. Unlike the situation at very low cover-
cated by the arrows in Fig. 1d). The appearance of buckled ages, at the start of the process the Sb coverage on the ter-
dimers in the islands, and the contrast difference betweeraces is still significant and so the remaining diffusing Sb
dimers in the islands indicate that they are composed of botdimers can attach to Ge islands. Addition of Ge to the islands
Sb and Ge. Increasing the annealing temperature to 620 kaves the Sb in the same environment as if the Sb ex-
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in terms of the islands avoiding regions where Sb incorpo-
rated into the original surface layer. This ensures that all the
lower surface energy Sb remains exposed.

Increasing the annealing temperature to 620 K induced
further morphological changes to the surface. As shown in
Fig. 11(e), the island coverage increased to 0.85 ML, the
islands became larger and more compact, and new small is-
lands started to grow on top of the islands that coalesced at
520 K. As a result, four layers are now exposed. This trend
continued as the annealing temperature was increased. As
shown in Fig. 11f), at 800 K the surface is severely rough-
ened with five layers exposed. The ISS data presented in Sec.
Il C indicate that annealing to these temperatures consider-
ably increases the amount of Ge exposed in the surface lay-
ers. Although the surface roughens at 800 K, almost all the
domain boundaries observed at lower temperatures are elimi-
nated and thus the (1) LEED pattern sharpens.

When 3 ML of Sb were deposited at 320 K, no atomic
resolution images could be obtained with STM prior to an-
nealing. In this case the coverage was estimated from the
AES peak intensity. In STM images, the surface appeared
disordered with many large bumps. The disordered surface is
consistent with LEED data that gave only a faintX(1)
pattern. Obtaining an ordered surface required desorbing the
physisorbed Sb by annealing the sample past 600 K. Figures
12(a) and 12b) show STM images taken after annealing at
620 K; AES spectrdnot shown hererecorded at this stage
indicate a nominal Sb coverage close to 1 ML. The images
show a relatively smooth surface covered with symmetric

FIG. 11. Images of 0.8 ML of Sb deposited at 320 K beftae dif"ers tha}t are separated by many ant?phase domain bound-
and after annealing ab)—(d) 520 K, (¢) 620 K, and(f) 800 K.  &'i€s as highlighted by the arrows in Fig.(h2 As a result

Comparison of the filled state) and empty statéd) images of the of the domain boundaries, single atom wide vacancy strips
same area shows that most of the islands appear darker in the em left on the surface that are too narrow to accommodate

state image as highlighted by the arrows that point to the sam&P dimers. In addition to the vacancies that result from the
location in the two images. Annealing at higher temperatiegs domam_ boundaries, wider vacancy |sla_nds and' shqrt strands
and (f) results in roughening with multiple layers exposed. All im- Of ad-dimers can also be seen in the images in Fig&)12

ages were obtained witti,= —1.25 V except(c) (1.00 V). and 12b); the coverage of these features is 0.05 ML and
0.08 ML, respectively.
changed with Ge in the terraces. Dual bias imaging of the surface prepared by annealing 3

The intermixing in the pits can proceed through the saméML of Sb at 620 K gave interesting contrast variations in
mechanism as on the original terraces. That is, as the pismpty state images as shown in Figs(cdZnd 12d). In the
become large, the influence of the surrounding step edgemmpty state image, the ad-dimers were difficult to detect sug-
decreases and the terrace at the bottom of the pit begins gesting that they are chemically different from the terrace. If
become indistinguishable from the original terraces. Thus #his is again taken as an indication that the ad-dimers are Sb,
driving force for incorporation into the pits develops, and theit suggests that the surface is predominantly covered by Ge
probability of diffusing Sb incorporating into the pits prior to dimers. Both IS$Fig. 3(c)] and AES, however, indicate that
attaching to the step edges increases. the surface is predominately covered by Sb. Also, the lack of

After 0.8 ML of Sh were deposited at 320 K, short stringsany buckled dimers argues against a Ge-terminated surface.
of Sb dimers along with some second layer Sb was observefllternatively, it can be argued that the contrast in this case is
as shown in Fig. 1(B). After annealing at 520 K, the ad- due to Sb in different chemical environments. One possibil-
dimers arranged in a serpentine pattern and became easieritp is that the ad-dimers are second layer Sb dimers residing
resolve as shown in Fig. 1. At this stage the island cov- on top of the Sb layer bound to the Ge surface. In this case
erage decreased to 0.7 ML, although there was no noticeabtbe difference in chemical bonding between the ad-dimers
increase in the pit density. Comparison of the filled andand the terraces would be the source of the contrast. This
empty state images of the annealed surface in Figs) &hd  appears unlikely, however, because at 620 K any second
11(d) suggests that the islands contain mostly Sb with brightayer Sb would be rapidly sublimed. Further, annealing at
spots in the empty state image attributed to Ge. Statisticdligher temperatures did not remove the ad-dimer islands but
analysis of these images suggests that 70% of the islands ar&her increased their size and coverage. By 800 K, the sur-
Sb. The serpentine pattern of the islands can be understoddce was severely roughened as shown in Fige)lAlter-
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FIG. 13. Scanning tunneling micrograph of a surface prepared
by exposing a fluence of 3 ML of Sb to @®0) above 600 KV,
=-—1.00 V andl,=0.5 nA.

in Fig. 3(e) also suggests that the surface is covered predomi-
nantly with Sb. Figure 13 shows that deposition at tempera-
tures where Sb and Ge can exchange produces a surface with
long, narrow islands, criss-crossing many exposed layers. In
general, we find that depositing at elevated temperatures
leads to much rougher surfaces than deposition at 320 K
followed by annealing to the same temperature. This indi-
FIG. 12. Images of 3 ML Sb deposited at 320 K and then an-cates that covering the surface with Sb at low temperatures
nealed at 620 Ka)—(d) and 800 K(e). A representative image of Creates kinetic roadblocks to Sb-induced surface roughening.
the surface morphologya) after annealing shows many small is-
lands and pits on the surface. A higher resolution imdgeshows IV. DISCUSSION

that the dimers are separated by many antiphase domain boundaries ) . . .
indicated by the arrows. All the islands and some patches of the 1he results provide the following detailed picture of Sb

layer below appear dark in empty state imagewhile they have ~ 9rowth on G¢100. The Sb arrives at the surface as,Sb
the same apparent height in the corresponding filled state ireage Clusters and initially adsorbs as intact, three-dimensional tet-
The arrows highlight the same location on the surfac@)imnd(d); ramers. These ball-shaped tetramers convert to square, flat
the box highlights a pit that appears nonuniform (). Vi= tetramers through an activated process. The flat tetramers can
—1.25V for all images except) (1.25 V). split either parallel or perpendicular to the substrate dimer
rows to form pairs of Sb dimers; the splitting is reversible.

natively, the ad-dimers in Figs. (@-12(c) could be Sb The perpendicular orientation is favored since this represents
dimers on top of small Ge islands that form as a result of Sklhe epitaxial position. Perpendicular Sb dimers lie centered
incorporation into the original surface layer in the wider pits.along the Ge dimer rows. This places the dimer directly
The contrast in the pit highlighted in Figs.(@2and 1Zd) as  above the dangling bonds of four nondimerized Ge atoms,
well as the low energy shoulder in the 1SS spectrum in Figsuggesting that Sb lifts the Ge surface reconstruction, even at
3(c) support this assignment. Differences in chemical bondfoom temperature. Both Sb dimers and square, flat tetramers
ing in very small clusters and at step edges would then aonigrate across the surface. The flat tetramers can diffuse on
count for the decrease in apparent height of the ad-dimers ithe surface in two ways. The intact tetramer can hop one
empty state images. lattice spacing perpendicular to the substrate dimer rows. In

To see if kinetic limitations play a role in determining the addition, the tetramer can split into a pair of Sb dimers atop
morphology observed after annealing multilayer Sb films a@djacent substrate dimer rows, and then reform when one of
620 K, the surface morphology was also characterized folthe dimers moves to the trough position adjacent to the other
lowing Sb deposition at elevated temperatures. Figure 18imer; the resulting tetramer is shifted one lattice constant
shows a STM image obtained after exposing the Ge surfacgerpendicular to the substrate dimer rows. Below 520 K, Sb
to an Sb fluence of 3 ML; the fluence was estimated from Sisemains on top of the surface and the diffusion of tetramers
deposition rates calculated from STM and AES data reand dimers leads to the formation of strings of Sb dimers.
corded at lower substrate temperatures. Auger spectra rdhe shape of the resulting &1) domains is highly aniso-
corded after depositionot shown hergindicate that only 1  tropic, with the length in the X direction much greater than
ML of Sb remains on the surface. The ISS spectrum showtthat in the 2< direction. This leads to an apparentX1)
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LEED pattern at 1 ML at low energies. In prior experimental distinguishable from those prepared by depositing Sb at high
studies of Sh on $100 using reflectance anisotropy spec- temperature. A consequence of this is that TPD could not be
troscopy, angle resolved ultraviolet photoelectron spectrosised to determine energy differences between on-top and
copy, and LEED, a (X 1) phase was reported below 570— in-surface Sb, since at the high desorption temperatures sur-
820 K42 Theoretical studies have also suggested a (face intermixing always occurs, regardless of how the sur-
x1) Sb phase on G#00.**> The STM results presented face is prepared.
here, however, unequivocally show that Sb prefers to form The results indicate that surface intermixing plays a key
dimers on the surface, and that even at low temperatures iole in determining the morphology of Sb-covered Ge sur-
forms a (2< 1) structure on GA00). faces. In recent years, surface intermixing has been observed

Above 520 K, the diffusing Sb species can exchangdor a number of systems that, like Sb and Ge, are essentially
places with Ge atoms in the surface layer. For each Sb dimémmiscible in the bulk. These include Rh on AUNi on
incorporated into the substrate, more than one Ge dimer i89(111),% Fe on C100,*® Au on Ni(110,*” and As on
ejected, leading to pitting. The liberated Ge atoms migrateéi(100).*® For Au on Ni110), lower surface tension, larger
across the surface and either attach to preexisting steps &u atoms displace Ni atoms in the surface. Niels¢rmal*’
nucleate islands. The pit and island formation roughens theuggested that Au-Ni exchange is driven by the larger, more
surface; where we started with one layer exposed, now atlectron-rich Au atoms increasing the effective coordination
least three layers are exposed. As the Sb deposition is coef the neighboring Ni atoms in the surface toward their bulk
tinued, migrating Sb is incorporated into the islands by bothvalue. Phrased another way, the reduced coordination of the
attachment to the island edges and exchange with Ge in tHei atoms on the surface creates tensile stress that can be
island interior; the liberated Ge can nucleate islands on topelieved by substituting larger Au atoms into the surface.
of the previously formed islands. Similarly, Sb-Ge exchangeAntimony is 16% larger than Ge and, like Au and Ni, has
occurs within the pits, eventually causing pits to form within one more electron than Ge and so similar arguments can be
pits. The resulting roughened surface contains both Sb aniéivoked to explain the driving force for Sb-Ge exchange. A
Ge in every exposed layer. Increasing the Sb coverage tdlifference between the Sb-@®0) system and the other sys-
ward 1 ML causes further changes in the surface morpholtems where surface intermixing has been observed is that
ogy. Because Sb has a lower surface tension than Ge, afigtermixing is accompanied by pitting. The pitting can be
because the Sb-Ge interaction is much stronger than tnexplained in terms of the (21) reconstruction creating
Sb-Sb interaction, Sh prefers to be exposed, positioned opompressive stress parallel to the dimer r@e 2X direc-
top of Ge. At high coverages, however, Sb-Ge intermixing istion), while the stress remains tensile perpendicular to the
not possible without burying Sb beneath either Sb or Gedimer rows(the 1x direction.*® Thus Sb substitution re-
Increasing the surface area by further roughening allow$eves stress in the Ge surface in one direction, but exacer-
Sh-Ge intermixing without burying Sb beneath the surfacebates it in the other. The pitting can relieve the stress. Again,
Ultimately, the surface roughness will be limited by the the energy gained by stress relief must exceed the cost of the
trade-off between the energy cost of increasing the surfacadded step energy due to the islands and pits. The long,
area versus the energy gained by Sb-Ge surface intermixingarrow pits oriented perpendicular to the2direction can

The intermixing and associated roughening observedbe understood in terms of reducing the step energy since
above 520 K can be limited by completely covering the Gesteps running parallel to the dimer rows on the upper terrace
surface with Sb at lower temperatures and then annealing. Atre lower in energy’
these coverages, simple Sb-Ge exchange cannot occur with- Regardless of the driving force for intermixing, exchange
out at least briefly burying Sb beneath the surface and so las important implications for surfactant-mediated thin film
higher energy barrier to exchange is expected. Alternativelygrowth. It is apparent that this process can lead to the sur-
complex, concerted exchange mechanisms that keep the Gactant severely roughening the surface, even for a simple,
beneath the Sb can be envisioned, particularly at the numesingle component system. As a result, the surfactant cover-
ous domain boundaries in the Sb layer; however, suclge and the growth temperature must be carefully controlled
mechanisms are also likely to have a much higher energgpr addition of the surfactant will actually roughen the sur-
barrier than exchange of an isolated Sb dimer. Thus interface. For Sb-mediated A§ll) homoepitaxy, it has been
mixing and roughening are kinetically limited by covering shown that a (3% \/3)R30° Sb-Ag alloy layer acts as the
the surface with Sb at low temperatures. As a result, relasurfactant layer during growthif the Sb coverage is higher
tively well-ordered, smooth, Sb-terminated surfaces can béan 1/3 of a monolayer, not all the Sb can exchange to form
obtained by either carefully depositing 1.0 ML of Sb at roomthe alloy surface, since this would dictate at least partially
temperature and annealing to 520 K, or depositing Sb multicovering the lower surface energy Sb with either Ag or Sh.
layers at room temperature and then annealing to 620 K t@hus an Sb coverage beyond 1/3 of a monolayer can be
desorb all but the first layer. Raising the annealing temperadetrimental to the process. Unlike Sb on Ag, however, no
ture to 800 K, however, is sufficient to overcome the barrierordered Sbh-Ge surface alloys were observed other than Sb
to Sh-Ge exchange in a complete Sb monolayer and the suferming patches within the Ge surface. As a result, a maxi-
face roughens with intermixed Sb-Ge islands exposed omum Sb coverage is less obvious in this case, although it is
multiple layers. Thus as the annealing temperature is inelear that for high growth temperatures the substitutional Sh
creased surfaces prepared by covering the surface with Sb edverage should be much less than 1 ML.
low temperatures and then annealing become essentially in- The results described here for the single component sys-
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tem raise interesting questions about using surfactanintact unit. The dimers also diffuse, and collisions of tetram-
mediated heteroepitaxy. The most commercially importaners and dimers lead to strings of Sb dimers separated by
system using surfactant-mediated growth is Sh-mediated Gantiphase domain boundaries that characterize Sb growth on
growth on S§100.! It has now been established that Sb in- Ge(100) at 320 K. Intermixing of Sb with Ge starts at 520 K
termixes with S(100 (Ref. 20 and G&100 surfaces, and in for low Sb coverages. The incorporation of Sb into the sur-
both cases this can be rationalized in terms of relieving tenface layer displaces Ge that then diffuses on the surface. The
sile surface stress. Germanium is larger than Si and so epliberated Ge roughens the existing step edges and creates pits
taxial Ge is compressed. One might expect this compressioon the surface. As the Sb coverage increases to 0.4 ML, after
to remove the driving force for Sb exchange into the Geannealing at 520 K both pits and islands are created leaving
layer. Conversely, Si layers on @80 would be under ten- all exposed layers intermixed with Sb and Ge. A relatively
sile stress and so we would expect even more extensive Stmooth Sb overlayer can be prepared by covering the surface
intermixing in this case. At present, it is not known if Sb alsowith nearly 1 ML Sb and annealing at 520 K. Under these
intermixes with thin, epitaxial Ge layers on(800) or Si  conditions, intermixing is limited by the lower surface ten-
layers on GEL00). If intermixing occurs during Sh-mediated sion of Sb which dictates that all the Sb must be exposed on
Ge growth on Sil00), the potential for surface roughening the surface. An alternative method to prepare a smooth Sb
should be even greater than for Ge homoepitaxy. Since theverlayer is to deposit more than 1 ML Sb, and then anneal
Ge is already compressed on the Si surface, Sb exchange 620 K to desorb all physisorbed Sb. Subsequent annealing
would be accompanied by more extensive pitting and islandat higher temperature severely roughens the surface, inde-
ing than on a Ge substrate in order to relieve the greatgpendent of how the Sb layer is prepared. The intermixing can
stresses. Thus the surfactant coverage is also expected lie understood as a result of relieving surface stresses at the

play a key role in surfactant-mediated heteroepitaxy. expense of increasing the surface area. Therefore, it is criti-
cal to carefully control the growth of the surfactant layer
V. SUMMARY because intermixing can roughen the film rather than pro-

) ) ) moting layer-by-layer growth during surfactant-mediated
The interaction of Sb with the G&00) surface has been growth,

studied as a function of Sb coverage and annealing tempera-
ture. At 320 K, antimony initially adsorbs on @®0 as a
three-dimensional3D) cluster. The 3D clusters can convert
to flat tetramers that can then split into pairs of dimers. The The authors acknowledge the assistance of Guowen
splitting of the tetramer is reversible at room temperatureZheng, Robert Tanner, and Min Li in carrying out this work.
The tetramers diffuse both by splitting and reforming at aThis project was supported by the National Science Founda-
position shifted by one lattice constant, and by hopping as ation under Grant No. CTS-9733416.
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