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1. Introduction

Progress in the fields of electronic and optical devices relies on the ability
of the semiconductor industry to fabricate components of ever-increasing
complexity and decreasing size. The drive for miniaturization has actually
provided the impetus for much fundamental and applied research in recent
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years. Nanoscale structures in 2, 1, or 0 dimensions, referred to as quantum
wells, wires, and dots, respectively, are at the forefront of exploratory work
for next-generation devices. In most cases these structures must be fab-
ricated through epitaxial growth of semiconductor thin films, in either
homoepitaxial (material A on substrate A) or heteroepitaxial (material A on
substrate B) mode. There are usually two important requirements in this
process. First, the film must be of high-quality crystalline material; second,
a relatively low temperature must be maintained during growth. The need
for the first requirement is seif-evident, since highly defected crystals typi-
cally perform poorly in electronic applications; the imperfections, usually in
the form of dislocations, grain boundaries, or point defects, act as electronic
traps and degrade the electronic properties to an unacceptable level. The
second requirement arises from the need to preserve the characteristics of
the substrate during growth, such as doping profiles and sharp interfaces
between layers, which can be degraded because of atomic diffusion when the
growth temperature is high. These two requirements seem to be incompat-
ible: In order to improve crystal quality, atoms need to have sufficient
surface mobility so that they can find the proper crystalline sites to be
incorporated into a defect-free crystal. On the other hand, excessive atomic
mobility in the bulk must be avoided, which can be achieved only by
maintaining lower than typical growth temperatures. These problems are
exacerbated in the case of heteroepitaxial growth, where the presence of
strain makes smooth, layer-by-layer growth problematic even when the
temperature is high, since the equilibrium structure involves strain-relieving
defects.

Early studies of the effects of contaminants and impurities on growth
modes indicated that it is indeed possible to alter the mode of growth by
the inclusion of certain elements, different from either the growing film or
the substrate. For a discussion of epitaxial growth modes and the effect of
contaminants, see the authoritative review by Kern et al.! A breakthrough
in the quest for controlled growth of semiconductor films was reported in
1989 when Copel et al.?2 demonstrated that the use of a single layer of As
can improve the heteroepitaxial growth of Ge on Si, which is otherwise
difficult because of the presence of strain. Growth in this system typically
proceeds in the Stranski-Krastanov mode; that is, it begins with a few
(approximately three) wetting layers but quickly reverts to three-dimen-
sional (3D) island growth. The eventual coalescence of the islands unavoid-

! R. Kern, G. Le Lay, and J. J. Metois, “Basic Mechanisms in the Early Stages of Epitaxy,” in
Current Topics in Materials Science, Vol. 3, ed. E. Kaldis, North-Holland Publishing Company
(1979).

2 M. Copel, M. C. Reuter, E. Kaxiras, and R. M. Tromp, Phys. Rev. Lett. 63, 632 (1989).
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ably produces highly defective material. In the experiments of Copel et al.,
the monolayer of As was first deposited to the Si substrate and continued
to float during the growth of the Ge overlayers. The presence of the As
monolayer in the system led to a drastic change in both the thermodynamics
(balance of surface and interface energies) and the kinetics (surface and bulk
mobility of deposited atoms), making it possible to grow a Ge film in a
layer-by-layer fashion to unprecedented thicknesses for this system (several
tens of layers). This remarkable behavior was termed the “surfactant effect”
in semiconductor growth. Since then, a large number of experiments have
confirmed this behavior in a variety of semiconductor systems (for early
reviews see Refs. 3, 4, and 5).

We digress momentarily to justify the terminology. The typical meaning
of the word surfactant is unlike its meaning here, which has fed to some
debate about the appropriateness of the term in the context of semiconduc-
tor thin-film growth. As defined in scientific dictionaries, surfactant is used
commonly in chemistry to describe “a substance that lowers the surface or
interfacial tension of the medium in which it is dissolved,®” or “a material
that improves the emulsifying, dispersing, wetting, or other surface modify-
ing properties of liquids.”” While these physical situations and the effect
itself are different from the systems considered in the present review, we
adopt the term surfactant to describe the effect of adsorbate layers in
semiconductor thin-film growth for two reasons. First, for a reason of
substance: There are indeed some similarities between adsorbate layers in
semiconductor thin-film growth and the classical systems to which the term
applies; namely, in both cases the presence of this extra layer reduces the
surface tension and changes the kinetics of atoms or clusters of atoms (small
islands in semiconductor surfaces, molecules in classical systems) at the
surface. Second, for a practical reason: The term surfactant has essentially
become accepted by virtue of its wide use in semiconductor growth, and the
need for consistency with existing literature forces it upon us. These reasons,
we feel, justify and legitimize the use of the term in the present context.

Surfactants have been used to modify the growth mode of several systems,
including metal layers in homoepitaxy and heteroepitaxy. In our view, the
physics relevant to such systems is significantly different from that in the

3 E. Tournie and K. H. Ploog, Thin Solid Films 231, 43 (1993).

4 K. H. Ploog and E. Tournie, Diffus. Defect Data B, Sol. State Phenom. 32-33, 129 (1993).

5 E. Tournie, K. H. Ploog, N. Grandjean, and J. Massies, IEEE 6th Conf. IPRM (March 1994),
49.

§ 1, L. Schram, The Language of Colloid and Interfacial Science, University of Calgary, Alberta,
Canada.

7 See http://www.stinasa.gov/thesaurus/S/word15290.html, Qiﬁcial Scientific Thesaurus of
NASA.
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TaBLE 1. EXAMPLES OF METAL-ON-METAL GROWTH MEDIATED BY
SURFACTANTS

FILM/SUBSTRATE ~ SURFACTANT REFERENCE

Ag/Ag(111) Sb 10, 11, 12, 13, 14, 15
Cu/Cu(111) o) 16
Fe/Au(111) Au 17
Fe/Cu(111) C+0 18
Cu/Ru(0001) o) 19, 20, 21
Co/Cu(111) Sb 2

Pb 23, 24

case of semiconductors. Supporting this view is the fact that typically a small
fraction of a monolayer is needed to produce the surfactant effect in metal
growth, whereas in semiconductors typically a full monolayer of the adsor-
bate species (or what is the equivalent to full substrate coverage, depending
on the surface reconstruction) is required. Presumably, in the case of metals
a small amount of the adsorbate is sufficient to induce the required changes
in surface kinetics®® by altering nucleation rates or step-edge barriers (for
some representative examples of metal-on-metal growth mediated by surfac-

8 V. Fiorentini, S. Oppo, and M. Scheffler, Appl. Phys. A 60, 399 (1995).

9 M. Breeman, G. T. Barkema, M. H. Lanelaar, and D. O. Boerma, Thin Solid Films 272, 195
(1996).

10 g A, Van der Vegt, H. M. van Pinxteren, M. Lohmeier, E. Vlieg, and J. M. C. Thornton,
Phys. Rev. Lett. 68, 3335 (1992).

11°G. Rosenfeld, R. Servaty, C. Teichert, B, Poelsema, and G. Comsa, Phys. Rev. Lett. 71, 895
(1993).

12 J Vrijmoeth, H. A. Van der Vegt, J. A. Meyer, E. Vlicg, and R. J. Behm, Phys. Rev. Lett.
72, 3843 (1994).

13 J A. Meyer, R. J. Behm, G. Rosenfeld, B. Poelsema, and G. Comsa, Phys. Rev. Lett. 73, 364
(1994).

14 7. A. Meyer, J. Vrijmoeth, H. A. van der Vegt, E. Vlieg, and R. J. Behm, Phys. Rev. 51,
B14790 (1995).

15 I A. Meyer, H. A. van der Vegt, and J. Vrijmoeth, E. Vlieg, and R. J. Behm, Surf. Sci. 355,
1375 (1996).

16 W. Wulfhekel, N. N. Lipkin, J. Kliewer, G. Rosenfeld, L. C. Jorritsma, B. Poelsema, and G.
Comsa, Surf. Sci. 348, 227 (1996).

17 A M. Begley, S. K. Kim, J. Quinn, F. Jona, H. Over, and P. M. Marcus, Phys. Rev. B48,
1779 (1993).

18 N. Memmel, and E. Bertel, Phys. Rev. Lett. 75, 495 (1995).

19 H. Wolter, M. Schmidt, and K. Wandelt, Surf. Sci. 298, 173 (1993).

20 M. Schmidt, H. Wolter, M. Nohlen, and K. Wandelt, J. Vac. Sei. Technol. A12, 1818 (1993).
21 M. Schmidt, H. Wolter, and K. Wandelt, Surf. Sci. 307-309, 507 (1994).
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tants see Table 1). In semiconductors, on the other hand, the entire surface
must be covered by the adsorbate in order for the required changes in
energetics and kinetics to be obtained. Because of this fundamental differ-
ence, in the present article we will concentrate on the surfactant effect in
semiconductor systems.

In the following we first review the available information on the subject,
from both the experimental (Section II) and the theoretical (Section III)
points of view. We then present some theoretical arguments that we have
advanced in an effort to create a comprehensive picture of the phenomenon
(Section IV). Finally, we discuss our views on important issues that remain
for future research on surfactants and comment on prospects for their
use in the fabrication of electronic and optical semiconductor devices
(Section V).

il. Experimental Observations .

A wide range of systems have been studied where the surfactant effect was
demonstrated. We classify these in three categories: growth of group-IV
layers on group-IV substrates; growth of III-V compounds on III-V substra-
tes; and mixed systems, including growth of elemental and compound
systems on various substrates. This categorization has been inspired by the
substrate features and the nature of the deposited species, which together
determine the growth processes. ’

1. Groupr-1Iv FiLMs ON GROUP-IV SUBSTRATES

In the first category, the substrate is either Si or Ge (in different crystallo-
graphic orientations), on which combinations of different group-IV elements
are deposited (Si, Ge, C). In these systems the deposited species are mostly
in the form of single group-IV atoms. The adsorbate layers consist of
monovalent (H), trivalent (Ga, In), tetravalent (Sn, Pb), pentavalent (As, Sb,
Bi), and hexavalent (Te) elements, or noble metals (Au). These adsorbates
remove the usual reconstruction of the surface (the different versions of the
(2'x 1) reconstruction for the Si and Ge(100) surfaces, the (7 x 7) and the
c(2 x 8) for the Si and Ge(111) surfaces, respectively) and produce simpler

22 7, Scheuch, K. Potthast, B. Voigtlinder, and H. P. Bonzel, Surf. Sci. 318, 115 (1994).

_ 23 J, Camarero, L. Spendeler, G. Schmidt, K. Heinz, . J. de Miguel, and R. Miranda, Phys.

Rev. Lett. 73, 2448 (1994).
24 J_ Camarero, T. Graf, . J. de Miguel, R. Miranda, W. Kuch, M. Zharnikov, A. Dittschar,
C. M. Schnieder, and J. Kirschner, Phys. Rev. Lett. 76, 4428 (1996).
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reconstructions that are chemically passivated. Characteristic examples are
the (1 x 1) reconstruction (induced by H or As on the (111) surfaces); the
(\/5 X \/5) reconstruction on the (111) surfaces with either one adsorbate
atom per unit cell (induced by Ga or In) or three adsorbate atoms per unit
cell (induced by Sn, Sb, Pb, Au); the (2 x 1) reconstruction of the (100)
surfaces (induced by the trivalent and pentavalent elements or by H in the
monohydride phase); and the (1 x 1) reconstruction of the (100) surfaces
(induced by Te or by H in the dihydride phase). In these reconstructions the
dangling bonds of the substrate atoms are saturated by the additional
electrons of the adsorbate atoms, producing low-energy, chemically unreac-
tive surfaces.

One important issue in these systems is the strain induced by the
deposition of atoms with a different covalent radius than that of the
substrate atoms. The normal growth mode in strained systems involves the
formation of 3D islands that relieve the strain by relaxation at the island
edges, either right from the initial stages of deposition (the so-called
Volmer-Weber or 3D-island growth) or after the formation of a wetting
layer (the Stranski-Krastanov growth). When surfactants are employed, it is
possible to induce layer-by-layer growth in strained systems by avoiding the
formation of 3D islands for film thicknesses much beyond what is obtained
under normal conditions. The reduction of strain-induced islanding was, in
fact, one of the early intended results of surfactant use and remains a goal
pursued in several experimental studies. Even when surfactants are used,
however, and the 3D-island mode of growth is suppressed, the strain in the
heteroepitaxial film is still present and is usually relieved by the introduction
of a network of misfit dislocations. The mechanism by which this happens
is not known and remains to be analyzed by atomistic models.

It is natural to expect that diffusion of group-IV adatoms on the
adsorbate-covered surfaces will be relatively easy because of the chemical
passivation by the surfactant layer. Such a situation may lead to a substan-
tial increase of the diffusion length of adatoms on top of the surfactant layer.
Indeed, it has been reported experimentally that in Ge on Si heteroepitaxy
certain elements, like Ga, In, Sn, and Pb, lead to an increase in the width of
the depleted zone around islands.?® At the same time, however, it has also
been found that other elements, like As, Sb, Bi, and Te, lead to a decrease
in the width of the depleted zone.?® These observations were interpreted as
indicative that the former type of surfactant (group-III and group-IV atoms)
enhance the diffusion length while the latter type (group-V and group-VI
atoms) reduce the diffusion length. Moreover, this interpretation has been

25 B. Voigtlidnder, A. Zinner, A. Weber, and H. P. Bonzel, Phys. Rev. B51, 7583 (1995).
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frequently invoked as an explanation of the suppression of 3D islanding in
heteroepitaxy by group-V and group-VI surfactants.

Since it is generally easier for group-V and group-VI elements to provide
a chemically passive surface, we argue that the above interpretation may not
be unique. In fact, we show in Section IV that even if it were true, it would
not explain the surfactant effect either in homoepitaxy or in heteroepitaxy.
We propose an alternative interpretation of the experimental results, accord-
ing to which the diffusion length is mostly irrelevant. Instead, the essential
question is whether or not the surfactant layer passivates island edges. Some
surfactants (group-III and group-IV elements) cannot passivate island
edges, which then act as strong sinks of newly deposited atoms, while other
surfactants (group-V and group-VI elements) passivate island edges as well
as terraces, so that island edges do not act as adatom sinks and the width
of the depleted zone is reduced. We show that this interpretation is
consistent with the experimentally observed surface morphologies and
island densities in the presence of surfactants. It also explains why group-V
and group-VI adsorbates suppress 3D islanding in heteroepitaxy. The
systems studied experimentally that belong to this category are listed in
Table 2. The relative simplicity of the surface reconstruction induced by the
surfactant and the fact that the deposited species is mostly single group-IV
atoms make the systems in this category the easiest to analyze from a
microscopic point of view. Indeed, most atomistic scale models of the
surfactant effect address systems in this category.

2. m-v FILMS ON II-v SUBSTRATES

The second category consists of III-V substrates on which combinations of
other III-V systems are deposited. The deposited species in this case are
more complicated, since at least two types of atoms have to be supplied with
different chemical identities. Under usual conditions the group-III species is
deposited as single atoms, whereas the group-V species is deposited as
molecules (dimers or tetramers) that have to react with the group-III atoms
and become incorporated in the growing film. This is already a significant
complication in growth dynamics and makes the construction of detailed
atomistic growth models considerably more difficult. Moreover, the usual
surface reconstructions of these substrates are more complicated and depend
on deposition conditions (temperature and relative flux of group-III to
group-V atoms). In the presence of surfactants both the surface reconstruc-
tions and the atomic motion are altered, but much less is known about the
atomic-level details. The surfactants used in these systems include H, Be, B,
In, Sn, Pb, As, Sb, and Te. In certain cases, the surfactant species is the same
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TABLE 2. SYSTEMS IN THE FIRST CATEGORY OF SURFACTANT-MEDIATED SEMICONDUCTOR
GrowTH: GrOUP-IV FILMS ON GroupP-1V SUBSTRATES

CE
FILM/SUBSTRATE SURFACTANT REFEREN
i/Si H 26
:3/21'(1(1)(3 Ga 25, 27, 28, 29, 30, 31
o In 25,32
Sn 33, 34, 35
As 25, 28, 29, 30
Sb 25, 28, 29, 30
Au 36, 37 “
i H 38, 39, 40, 41, 42, 43, 44,
Ge/Si(100) : *
In 46
Sn 47, 48, 49
Pb 50
As 2, 51, 52, 53, 54, 55, 56, 57
Sb 51, 53, 58, 59, 60, 61, 62, 63, 64, 65, 66,

67, 47, 48, 68, 69, 70,71, 72, 73, 74,75,
76, 77,78, 79, 80

Bi 79, 81, 82, 83
Te 69, 70, 84, 85
i 86
GelSIAY ga 25, 39, 87, 88, 89
In 25,90
As 25,91,92,93
Sb 29, 73, 94, 95, 96, 97, 98, 99, 100, 101
25, 102, 103, 104
Bi 105
Au 37
Si/Ge(100) I;b ‘11(3)’?69
Si/Ge(111) Ge ig’; 109
Si, _,C,/Si(100) Sb 110, 1
Ge, _Si,/Si(100) H ,
Sn 49,112
As 113
Sb 114, 115
i/Si As 51
Si/SiGe(100) b 0
Ge, _ C./Si(100) Sb 33
Sifsi, _,Ge,(100) H o
Sn/Ge(100) Sb e
Si,, Ge,/Si(100) Sb o
Sii_x_yGe,Cy/Si(loo) Sb

26 M. Copel and R. M. Tromp. Phys. Rev. Lett. 72, 1236 (1994).
27 . Nakahara and M. Ichikawa, Appl. Phys. Lett. 61, 1531 (1992).
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B. Voigtlinder and A. Zinner, Swurf. Sci. 292, L775 (1993).

B. Voigtlinder and A. Zinner, J. Vac. Sci. Technol. A12, 1932 (1994).

M. Horn-von Hoegen, J. Falta, M. Copel, and R. M. Tromp. Appl. Phys. Lett. 66, 487 (1995).
B. Gallas, 1. Berbezier, and J. Derrien, Thin Solid Films 294, 69 (1997).

H. Minoda, Y. Tanishiro, N. Yamamoto, and K. Yagi, Surf. Sci. 287, 915 (1993).

S. Iwanari and K. Takayanagi, J. Cryst. Growth 119, 229 (1990).

S. Iwanari and K. Takayanagi, Int. Conf. Sol. State Dev. Mat. (1991), 278.

33 8. Iwanari and K. Takayanagi, Jap. J. Appl. Phys. (Part 2) 30, L1978 (1991).

36 K. Yagi, H. Minoda, and M. Shima, Thin Solid Films 228, 12 (1992).

37 G. D. Wilk, R. E. Martinez, J. F. Chervinsky, F. Spaepen, and J. A. Golovchenko, Appl.
Phys. Lett. 65, 866 (1994).

38 A, Sakai and T. Tatsumi, Appl. Phys. Lett. 64, 52 (1994).
32 N. Ohtani, S. Mokler, M. H. Xie, J. Zhang, and B. A. Joyce, Jap. J. Appl. Phys. 33, 2311
(1994).

40§, Zaima, K. Sato, T. Kitani, T. Matsuyama, H. Ikeda, and Y. Yasuda, J. Cryst. Growth 150,
944 (1995).

41 N. Ikarashi, A. Oshiyama, A. Sakai, and T. Tatsumi, Phys. Rev. B51, 14786 (1995).

42 . Akazawa, Appl. Surf. Sci. 106, 211 (1996). -

43 8. J. Kahng, J. Y. Park, K. H. Booth, J. Lee, Y. Kahng, and Y. Kuk, J. Vac. Sci. Technol.
A15, 927 (1997).

44 S.-J. Kahng, Y. H. Ha, J.-Y. Park, S. Kim, D. W. Moon, and Y. Kuk, Phys. Rev. Lett. 80,
4931 (1998).
45 J. Klatt, D. Kruger, E. Bugiel, and H. J. Osten, Appl. Phys. Lett. 64, 360 (1994).
46 D, J. Baglesham, F. C. Unterwald, and D. C. Jacobson, Phys. Rev. Lett. 70, 966 (1993).
47 W. Dondl, G. Lutjering, W. Wegscheider, J. Wilhelm, R. Schorer, and G. Abstreiter, J. Cryst.
Growth 127, 440 (1992).
48 X W. Lin, Z. Liliental-Weber, J. Washburn, E. R. Weber, A. Sasaki, A. Wakahara, and T.
Hasegawa, J. Vac. Sci. Technol. B13, 1805 (1995).
4% X. W. Lin, Z. Liliental-Weber, J. Washburn, and E. R. Weber, Phys. Rev. B52, 16581 (1996).
50 1.-S. Huang, T.-L. Chang, and T. T. Tsong, Phys. Rev. Lett. 80, 4229 (1998).
51 M. Copel, M. C. Reuter, M. Horn-von Hoegen, and R. M. Tromp; Phys. Rev. B42, 11682
(1990).
52 D. J. Eaglesham and M. Cerullo, Appl. Phys. Lett. 58, 2276 (1991).
33 M. Copel, R. M. Tromp, Appl. Phys. Lett. 58, 2648 (1991).
34 R. M. Tromp, M. C. Reuter, Phys. Rev. Lett. 68, 954 (1992).
55 Q. Jusko, U. Kohler, G. J. Pietsch, B. Muller, and M. Henzler, Appl. Phys. A54, 265 (1992)
56 U. Kohler, O. Jusko, B. Muller, M. Horn-von Hoegen, and M. Pook, Ultramicroscopy (Part
A) 42-43, 832 (1991).
57 T. Ide, Phys. Revo. BS1, 5397 (1995).
58 J. M. C. Thornton, A. A. Williams, J. E. MacDonald, R. G. van Silfhout, J. F. van der Veen,
M. Finney, and C. Norris, J. Vac. Sci. Tech. B9, 2146 (1991).
59 J. M. C. Thornton, A. A. Williams, J. E. MacDonald, R. G. van Silfhout, M. S. Finney, and
C. Norris, Surf. Sci. 273, (1992). .
S0 H. J. Osten, G. Lippert, and J. Klatt, J. Vac. Sci. Tech. B10, 1151 (1992).
St H. J. Osten, J. Klatt, G. Lippert, B. Dietrich, and E. Bugiel, Phys. Rev. Lett. 69, 450 (1992).
62 H. J. Osten, E. Bugiel, and J. Klatt, Appl. Phys. Lett. 61, 1918 (1992).
63 H. J. Osten, J. Klatt, G. Lippert, and E. Bugiel, J. Cryst. Growth 127, 396 (1992).
64 H. J. Osten, J. Klatt, G. Lippert, E. Bugiel, and B. Dietrich, Materials Research Society
Symposia Proceedings, eds. M. F. Chisholm, R. Hull, L. J. Schowalter, and B. J. Garrison,
Materials Research Society, Pittsburgh (1992).

34
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65 R. Cao, X. Yang, J. Terry, and P. Pianetta, Appl. Phys. Lett. 61, 2347 (1992).
66 D. Krueger, R. Kurps, H. J. Osten, G. Lippert, and D. Roeser, Thin Solid Films 221, 61
(1992).
67 K. Sakamoto, K. Miki, T. Sakamoto, H. Yamaguchi, H. Oyanagi, H. Matsuhata, and K.
Kyoya, Thin Solid Films 222, 112 (1992).
68 X Yang, R. Cao, J. Terry, and P. Pianetta, Materials Research Society Symposia Proceed-
ings, eds. R. 1. Nemanich, C. R. Helms, M. Hirose, and G. W. Rubloff, Materials Research
Society, Pittsburgh (1992), 455.
69 X Yang, R. Cao, J. Li, L. Terry, J. Wu, and P. Pianetta, M aterials Research Society Symposia |
Proceedings, eds. P. Fuoss, J. Tsao, D. W. Kisker, A. Zangwill, and T. Kuech, Materials
Research Society, Pittsburgh (1993), 243.

70 H. J. Osten, J. Klatt, G. Lippert, E. Bugiel, and S. Higuchi, J. Appl. Phys. 74, 2507 (1993).
7t M. Horn-von Hoegen, B. H. Muller, A. Al-Falou, and M. Henzler, Phys. Rev. Lett. 71, 3170
(1993).

72 M. Horn-von Hoegen, A. Al-Falou, B. H. Muller, U. Kohler, L. Anderson, B. Dahlheimer,
and M. Henzler, Phys. Rev. B49, 2637 (1994).

73 M. Horn-von Hoegen, M. Copel, J. C. Tsang, M. C. Reuter, and R. M. Tromp. Phys. Rev.
B50, 10811 (1994). .

74 W. Kissinger, H. J. Osten, G. Lippert, B. Dietrich, and E. Bugiel, Proc. SPIE— Int. Soc. Opt.
Eng. 2141, 135 (1994).

75 W. Kissinger, H. J. Osten, G. Lippert, B. Dietrich, and E. Bugiel, J. Appl. Phys. 76, 8042
(1994).

76 M. Sasaki, T. Abukawa, H. W. Yeom, M. Yamada, S. Suzuki, S. Sato, and S. Kono, Appl.
Surf. Sci. 82-83, 387 (1994).

77 M. A. Boshart, A. A. Bailes I1I, and L. E. Seiberling, Surf. Sci. 348, 75 (1996).

78 M. A. Boshart, A. A. Bailes III, and L. E. Seiberling, Phys. Rev. Lett. 77, 1087 (1996). I
79 M. Katayama, T. Nakayama, M. Aono, and C. F. McConville, Phys. Rev. B54, 8600 (1996). '
80 | Zhu, Z. Jiang, A. Xu, M. Mao, D. Hu, X. Zhang, X. Liu, D. Huang, X. Wang, J. Sun, M.
Li, and X. Jiang, J. Cryst. Growth 179, 115 (1997).

8! K. Sakamoto, K. Kyoya, K. Miki, H. Matsuhata, and T. Sakamoto, Jap. J. Appl. Phys. 32,
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82 K Sakamoto, H. Matsuhata, K. Kyoya, K. Miki, and T. Sakamoto, Jap. J. Appl. Phys. 33,
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as one of the atoms in the growing film (such as In in growth of InAs on
GaAs), or one of the atoms in the substrate (such as Sb in growth of InAs
on AlISb). Strain effects are important in these systems as well. Building
high-quality III-V heterostructures has been one of the goals‘ of many
tgchpologically oriented studies, and the use of surfactants has been benefi-
cial in reducing the problems associated with strain. However, the more
complex nature of these systems has prevented detailed >analysis ’of the type

afforded ip g¥oup-IV systems. A compilation of experimental results for this
category is given in Table 3.
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TABLE 3. SYSTEMS IN THE SECOND CATEGORY OF SURFACTANT-MEDIATED
SEMICONDUCTOR GROWTH: III-V FILMS ON I11-V SUBSTRATES

FILM/SUBSTRATE SURFACTANT REFERENCE
GaAs/GaAs(100) H 121, 122, 123

Sn 124

Pb 124

Te 124, 125
InAs/GaAs(100) H 126, 127

In 128

aAs/AlGaAs(100 Be 129
AGaAs! 4 Sb 130, 131
As/GaAs(100 Sn 132

InGaAs/GaAs(1o0) Te 133, 134, 135, 136
GaAs/InP(100) H 127
InGaAs/InP(100) H 137
GaAs/GaAs(111) In 138
GaAs/GalnAs(100) Te 139
InAs/GalnAs(100) In 140
GaN/GaN(100) A.s 141
GaN/AIGaN(100) Si(CHjy),s 142, 143
InAs/AlInAs(100) In 144, 145
InAs/AISb(100) gl; i:g
InAs/InPSb(100)
InAs/InGaAs(100) In . 147, 148, 149
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Research Society, Pittsburgh (1995), 79. '

132 . §. Petrich, A. M. Dabiran, J. E. MacDonald, and P. L Cohen, J. Vac. Sci. Technol. 9,
2150 (1991).

133 ] Massies, N. Grandjean, and V. H. Etgens, Appl. Phys. Lett. 61, 99 (1992).

134 N, Grandjean, J. Massies, and V. H. Etgens, Phys. Rev. Lett. 69, 796 (1992).

135 N, Grandjean, J. Massies, C. Delamarre, L. P. Wang, A. Dubon, and J. Y. Laval, Appl.
Phys. Lett. 63, 66 (1993).
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3. MxeDp FILM AND SUBSTRATE SYSTEMS

The final category consists of mixed systems in which group-IV films are
grown on III-V substrates (for example, Si on GaAs) or vice versa (for
example, GaN on Si). In these systems, in addition to the usual strain effects,
one has to consider polarity effects, caused by the fact that at the interface
different types of atoms are brought together and their dangling bonds
contain different amounts of electronic charge that do not add up to the
proper value for the formation of covalent bonds. It is possible that the
surfactant layer plays an important role in reducing polarity problems as
well as in modifying the energetics and in suppressing strain effects, as it
does in the previous two categories.

Since the substrate and the thin film are rather different for systems in this
category, we include in the same category a number of odd systems that
involve the presence of insulating buffer layers (like CaF, in the growth of
Ge on Si substrates) and the growth of metal layers {like In on Si, In on
GaAs, Fe on Ge, Fe and Au on GaAs, and Ag on Si) or silicide layers (like
CoSi, on Si), as well as the growth of technologically important semicon-
ductors on insulators (like GaN on sapphire). All these cases are important
for device applications, and it is interesting to study how surfactants can be
employed to improve the quality of growth. However, the complexity of the
structures involved and the several different species of atoms present make
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TABLE 4. SYSTEMS IN THE THIRD CATEGORY OF
SURFACTANT-MEDIATED SEMICONDUCTOR GROWTH:
Mixep FILMS AND SUBSTRATES

FILM/SUBSTRATE SURFACTANT REFERENCE
Si/GaAs(111), (311) H 150, 151
Si/GaAs(100) As 152, 153
Ge/InP(100) Sb 154, 155
Ge/GaF,/Si(100), (111) B 156
GaAs/Ge(100) H 157
CoSi, /Si(100) As 158
Ag/Si(111) Sb 159
In/Si(111) H 160
In/GaAs(100) Sb 161
Fe/Ge(100) S 162
Fe,Au/GaAs(100) Fe,Au 163
MnSb/GaAs(100) H 164
GaN/Si(111) As 165
GaN/SiC(100) As 166
GaN/AL O, Bi 167
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the detailed analysis of systems in this category rather difficult. We tabulate
the experimental information for systems in this category in Table 4.

. Theoretical Models

Following the experimental observations, a number of theoretical models
have been studied in order to understand and explain the surfactant effect
in semiconductor growth. We divide these models in three categories. In the
first category we place models that have concentrated on the microscopic
aspects, attempting to understand the atomic-scale features and processes
involved in this phenomenon; models of this type typically employ sophis-
ticated quantum-mechanical calculations of the total energy in order to
evaluate the relative importance of the various structures and to determine
the relevant activation energies involved in the kinetic processes. In the
second category we place models that are more concerned with the macro-
scopic aspects of the surfactant effect, such as island morphologies and
distributions as well as the effects of strain, without attempting to explain
the details of the atomistic processes (although these may be taken into
account heuristically). In the third category we place models that attempt
to combine both aspects— that is, they try to use realistic descriptions of
the atomistic processes as the basis for macroscopic models. Evidently, this
last type is the most desirable but also the most difficult to construct. We
review these three categories in turn.

4. M1IcrRoscoPIC MODELS

Initial attempts at understanding the microscopic aspects of surfactant-
mediated growth focused on the thermodynamic aspects; that is, they strived
to justify why it is reasonable to expect the surfactant layer to float on top
of the growing film. This was investigated by calculating energy differences
between configurations with the surfactant layer buried below layers of the
newly deposited atoms and configurations with the surfactant on top of the
newly deposited atoms.> These energetic comparisons, based on first-prin-
ciples calculations employing density functional theory, established that
there is a strong thermodynamic incentive for keeping the surfactant layer
on top of the growing film.

In a similar vein, calculations by Kaxiras!®® established that certain
surfactants are more likely to lead to layer-by-layer growth than others,

168 E. Kaxiras, Europhys. Lett. 21, 685 (1993).
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while a simplistic analysis of their chemical nature does not reveal such
differences. These calculations used different types of surfactants on the same
substrate and considered the relative energies of the various surface recon-
structions induced by the surfactant layer. Specifically, three types of
group-V atoms were considered as surfactants—P, As, and Sb—on the
Si(111) surface for Ge or Si growth. The similar chemical nature of the three
elements would argue for very similar surfactant behavior; however, the
total energy calculations indicated that the three elements give significantly
different reconstructions, some of which would lead to relatively easy
floating of the surfactant layer while others would hamper this process. This
is related to the manner in which, in a given reconstruction, the surfactant
atoms are bonded to the substrate. For instance, in the energetically
preferred reconstructions, the P and As atoms are bonded to the substrate
with three strong covalent bonds each, while Sb atoms are bonded to the
substrate with only one strong covalent bond per adsorbate atom. Based on
these comparisons, Kaxiras proposed that Sb would work well on this
substrate as a surfactant while P and As would not. 168169 This fact was
subsequently verified experimentally.>®

A study of the same system by Nakamura et al17° (the Si(111) substrate
with Sb as surfactant for Ge growth), based on the discrete variational
approach and the cluster method to model the surface, reported that the
presence of the surfactant strengthens the bonds between the Ge atoms on
the surface. This effect, it was argued, leads to nucleation of stress-relieving
dislocations at the surfaces, which is beneficial for layered growth of
defect-free films. In this analysis neither the defects themselves nor any
exchange and nucleation mechanisms were considered explicitly. Moreover,
the bond-strengthening arguments are of a chemical nature, which may be
useful in a local description of chemical stability but sheds little light on the
dynamics of atoms during surfactant-mediated growth.

The chemical nature of Sb bonding on the Si(100) and the Ge(100)
substrates was also investigated by Jenkins and Srivastava.!7!172 In this
work, first-principles density functional theory calculations were employed
to determine the structure and the nature of bonding of Sb dimers in the
(2 x 1) reconstruction, which, though interesting in itself, provides little
direct insight into the process of surfactant-mediated growth.

The theoretical models considered so far addressed the problem of
surfactant-mediated growth by considering what happens at the microscopic

169 E, Kaxiras, Mat. Sci. Eng. B30, 175 (1995).

170 § Nakamura, H. Konogi, and T. Osaka, Jap. J. Appl. Phys. 35, 1441 (1996).
171 g J. Jenkins and G. P. Srivastava, Surf. Sci. 325-354, 411 (1996).

172 §. J. Jenkins and G. P. Srivastava, Phys. Rev. B56, 9221 (1997).
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level, but for entire monolayers —that is, by imposing the periodicity of the
reconstructed surface in the presence of the surfactant. Subsequent atomistic
models studied the equilibrium configurations and dynamics of individual
adsorbed atoms or dimers, which is more appropriate for understanding the
nature of growth on the surfactant-covered surface. A first example was an
attempt by Yu et al.}73:17%175 to justify how newly deposited Ge atoms on
the As-covered Si(100) surface exchange place with the surfactant atoms in
order to become embedded below the surfactant layer. In these calculations
based on total energy comparisons obtained from density functional theory,
the qletastable and stable positions of Ge dimers were established indicatiné
Posmble paths through which the newly deposited Ge ator;s can be
incorporated under the surfactant As layer. However, no explicit pathways
were determined, and therefore no activation energies that might be relevant
to grov‘{th kinetics were established. Furthermore, even though specific
mechanisms for growth of needle-like islands by appending Ge dimers to a
seed were discussed, the lack of calculated energy barriers for the exchange
process and a large number of unproven assumptions involved in the
proposed mechanisms means that they are of little help in understanding the
surfactant effect. For instance, Yu et al.!’? claimed that Ge dimers are
actually situated between, instead of on top of, As dimer rows, while in their
Proposed island growth mechanism they employed configurations that
involve Ge dimers on top of the As dimer rows.

A similar type of analysis by Ohno,'76:177 also using density functional
theory (?alculations of the total energy, was reported for Si-on-Si(100)
homogpltaxy using As as surfactant. Ways of incorporating the newly
deposited Si dimers below the As layer were considered by studying stable
and metastable positions and the rebonding that follows the exchange
process. Again, though, actual exchange pathways and the corresponding
activation energies relevant to growth kinetics were not considered. In this
study it was shown explicitly how exchange of isolated Si dimers on top of
the As layer is not exothermic, while the presence of two Si dimers leads to
an energetically preferred configuration after exchange. This fact was used
to argue that the Si dimer interactions are responsible for both their mutual
repulsion and the initiation of the exchange. It appears, however, that these
two effects — the strong repulsion of ad-dimers and the requirement of their

::’Ii B. D. Yu and A. Oshiyama, Phys. Rev. Lett. 72, 3190 (1994).
1ns B.D. Yu, T. Ide, and A. Oshiyama, Phys. Rev. BS0, 14631 (1994).
B. D Yu and A. Oshiyama, Proceedings of the 22nd International Conference on the Physics
?{GSemrconductors, vol. 1, ed. D. J. Lockwood, World Scientific, Singapore (1995), 668.
. T. Ohno, Phys. Rev. Lett. 73, 460 (1994).
T. Ohno, Thin Solid Films 272, 331 (1996).
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presence at neighboring sites for the initiation of exchange —are incompat-
ible as far as growth is concerned. Both Yu et al.*7>!74175 and Ohno* 76177
dealt with mechanisms in which the basic unit involved in the exchange
process is a deposited dimer, as was originally suggested by Tromp and
Reuter.3*

An interesting microscopic study of surfactant mechanisms was reported
by Kim et al.}78:17%:18% In this work, first-principles molecular dynamics
simulations were employed to investigate the effect of Sb atoms at step edges
on the Si(100) surface for Si homoepitaxy. This study examined the effect of
Sb dimers on the step-edge barriers (also referred to as Schwoebel-Ehrlich
barriers,!81+182 for which we adopt here the acronym SEB, which is both
descriptive and referential). These are extra barriers to adatom attachment
to the step edge when the adatom arrives from the upper terrace, compared
to the barriers for diffusion on the flat terraces. The authors found that the
presence of Sb at the step edge gives a significant SEB for the attachment
of a single Si atom but a much smaller SEB for attachment of a Si dimer by
the push-over mechanism (in which the Si dimer at the upper terrace pushes
the Sb dimer at the step edge over by one lattice constant and thus becomes
incorporated in the bulk). This relative suppression of the SEB for dimer
attachment leads to layer-by-layer growth as opposed to 3D island growth;
consequently, Kim et al. argued, the presence of the surfactant Sb dimer at
the step edge leads to layered growth. This is an interesting suggestion, but
it remains to be proven correct for the system under consideration. Specifi-
cally, it is not clear whether a configuration with Sb dimers only at step
edges of the Si(100) surface is stable. Typically, an entire monolayer is
needed for the surfactant effect in similar systems, and the precise coverage
is a crucial aspect of the effect. If the surfactant coverage is different from
that assumed in the model of Kim et al., the atomic processes at the step
edge may be very different, leading to a different picture of the effect.
Furthermore, kinetic Monte-Carlo studies are required to establish that the
calculated energy barriers can actually lead to the predicted mode of growth,

178 B Kim, C. W. Oh, Y. H. Lee, K. Y. Lim, and H. J. Lee, Proceedings of the 23rd
International Conference on the Physics of Semiconductors, vol. 2, eds. M. Scheffler and R.
Zimmermann, World Scientific, Singapore (1996), 1019.

179 C, W. Oh, E. Kim, and Y. H. Lee, Phys. Rev. Lett. 76, 776 (1996).

180 B Kim, C. W. Oh, Y. H. Lee, Material Research Society Symposia Proceedings, eds. 5. M.
Prokes, O. J. Glembocki, S. K. Brierly, J. M. Gibson, and J. M. Woodall, Materials Research
Society, Pittsburgh (1997), 135.

181 R I, Schwoebel and E. J. Shipsey, J. Appl. Phys. 37, 3682 (1996); R. L. Schwoebel, J. Appl.
Phys. 40, 614 (1969).

182 . Ehrlich and F. G. Huda, J. Chem. Phys. 44, 1039 (1966); S. C. Wang and G. Ehrlich,
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since the density of Si adatoms (determined by flux, diffusion rate, and
attachment-detachment rates) also influence the growth process.

Another detailed study of activation energies for diffusion and exchange
processes in surfactant-mediated epitaxy was reported by Ko et al.}3® This
study was also based on first-principles calculations of the energetics and
addressed Si epitaxy on Si(100) with As acting as surfactant. In this work it
was established that the exchange of a Si adatom with a sublayer As site
involves an energy barrier of 0.1 eV, which is considerably lower than the
energy barrier for diffusion (of order 0.5 eV) or the energy barrier for dimer
exchange (of order 1.0 eV) which had been invoked as a possible mechanism
in earlier studies of the same system (see Refs. 54, 173, 174, 175, 176, and
177). This is a very interesting suggestion, but falls short of providing a
complete picture of the surfactant effect. Specifically, it is not clear how a
single exchange step of the type investigated by Ko et al. can lead to a
configuration that will nucleate the next layer of the crystal. This process
may well involve additional important steps with different activation bar-
riers, so that the barrier calculated, though important and interesting, may
not be the determining step in the growth process. In fact, Ko et al. found
that exchange of two individual Si atoms at neighboring sites leads to the
formation of a protruding As dimer, which acts as a seed for further growth.
This protruding As dimer binds additional Si adatoms and leads to the
formation of a Si dimer, which eventually undergoes site exchange with a
neighboring As dimer with an energy barrier of 1.1 eV. It then appears that
it is this last step that is the determining one in growth, which leads back
to the dimer-exchange picture discussed earlier, albeit now with a more
detailed picture of how this process may be initiated by the barrierless
exchange of single Si adatoms.

Two separate studies of growth on III-V surfaces addressed the surfactant
effect in these systems. In the first, by Miwa et al.,'3* the dimer-exchange
mechanism on III-V surfaces, using Te as the surfactant, was investigated
using first-principles calculations. The authors found that InAs growth on
GaAs(100) proceeds by complete dimer exchange between the In and Te
layers on the As-terminated surface, while on the In-terminated surface the
exchange between the Te layer and an overlayer of As is only partial. The
second study, by Shiraishi and Ito,'85-186 examined the equilibrium con-

183 y 3. Ko, J.-Y. Yi, S.-J. Park, E.-H. Lee, and K. J. Chang, Phys. Rev. Lett. 76, 3160 (1996).

184 R. H. Miwa, A. C. Ferraz, W. N. Rodrigues, and H. Chacham, Proceedings of the 23rd
* International Conference on the Physics of Semiconductors, vol. 2, eds. M. Scheffler and R.

Zimmermann, World Scientific, Singapore (1996), 1107.

185 K. Shiraishi and T. Ito, Proceedings of the 23rd International Conference on the Physics of

Semiconductors, vol. 2, eds. M. Scheffler and R. Zimmermann, World Scientific, Singapore

(1996), 1103.
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figurations of adatoms on the GaAs(100) surface with different As coverages,
using first-principles total-energy calculations. This study concluded that

preadsorbed Ga atoms create a “self-surfactant” effect by significantly

influencing the adsorption energy of As dimers at various sites on the

surface. In this analysis, energy barriers for diffusion and exchange mechan-

isms were not taken into account; consequently, the interpretation of actual

growth processes was limited.

The most detailed study of actual atomistic mechanisms for diffusion and

exchange was reported by Schroeder et al.'®7 This work examined the

motion of Si adatoms on the As-covered Si(111) surface, using first-prin-

ciples total-energy calculations. The authors reported a very interesting
pathway for exchange between the additional Si atom and an As surfactant
atom with an energy barrier of only 0.27 eV. This is comparable to the
diffusion barrier for the Si atom on top of the As layer, calculated to be
0.25eV. The Si atom can undergo the reverse of the exchange process, and
by so doing it can get on top of the As surfactant layer, a process that
involves an energy barrier of 1.1 eV, according to the results of Schroeder
et al. This leads to a rather complex sequence of events, with Si adatoms
arriving at the surfactant covered substrate, diffusing, exchanging, undergo-
ing the opposite of the exchange process and diffusing again, with the
relevant energy barriers. The possibility of the opposite of the exchange
process was first explicitly introduced in the work of Kandel and
Kaxiras,'3% where it was called de-exchange. We adopt this term in the
following as more descriptive of the opposite of the exchange process, since
this undoes the effect of an exchange step rather than repeat it, as the term
re-exchange (used in the work of Schroeder et al) might suggest. The
de-exchange process was shown by Kandel and Kaxiras to be crucial in
maintaining the layer-by-layer growth mode in the presence of the surfac-
tant (see more details below). They found that the de-exchange process has
a higher activation energy (1.6 eV) than either exchange (0.8 eV) or diffusion
(0.5 eV), although this was established by considering the exchange or
de-exchange of entire monolayers of newly deposited atoms on top of the
surfactant layer. Schroeder et al. showed that the same energy ordering also
is valid for individual adatoms on top of the surfactant layer, but the actual
barriers for individual adatoms are lower (1.1 eV, 0.27 eV, and 0.25 eV for
de-exchange, exchange, and diffusion, respectively). This establishes un-
equivocally the importance of the de-exchange process.

186 K. Shirasihi and T. Ito, Phys. Rev. BS57, 6301 (1998).
187 ¥ Schroeder, B. Engels, P. Richard, and S. Bliigel, Phys. Rev. Lett. 80, 2873 (1998).
188 ) Kandel and E. Kaxiras, Phys. Rev. Lett. 75, 2742 (1995); E. Kaxiras and D. D. Kandel,

Appl. Surf. Sci. 102, 3 (1996).
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- What is lacking from the work of Schroeder et al. is a sequence of steps
that can actually lead to the formation of the next layer of de ositgd
n_xatena‘l. Specifically, even after the single Si adatom has exchangeg 0si-
tions with a surfactant As atom, the system is not in a configuration ?rom
which the repeated sequence of similar steps can lead to the formation of a
new layer. Ip the system studied by Schroeder et al. this process may be
quite c_ornphcated, since the Si(111) surface consists of double Iayersythe
formation of which may involve additional energy barriers that su er’ d
the one determined for the exchange of a single adatom. pormece

5. MACROSCOPIC MODELS

f[‘here. is a debate in the literature on whether the suppression of 3D
1sland1ng by surfactants in heteroepitaxy is an equilibrium effect or a kinetic
one. While most researchers in the field take the kinetic approach, there has
been. some effort to explain the surfactant effect Vusing therm’odynamic
considerations. According to the thermodynamic approach, the equilibrium
state of the newly deposited material in the presence of a s1’1rfactant layer is
a smoo‘th flat film. The underlying assumption behind kinetic models is that
even with surfactants the true equilibrium state of the system is that of 3D
1s.lan(zls. The role of surfactants in this case is to induce layer-by-layer growth
k.metlcally and to make the approach to equilibrium longer than realistic
time scales. We will first give examples of the thermodynamic approach to
the surfactant effect and then elaborate on some kinetic models

Kern and Miiller'3® calculated the free energy of the formation of a
crystal of material A stretched to be coherent with a substrate of material
B. They tpok into account effects of surface energy as well as surface stress
and obta{ned the equilibrium shape of the crystal by minimizing its free
energy with respect to its height and width. In their view, surfactants
may reduce surface stress and surface energy, and hence le;d to flatter
1s1and§ and Perhaps even to wetting of the substrate by the deposited
material (which happens when the equilibrium island height vanishes)
Kern and Miiller viewed such surfactant-induced wetting as a transition'
from ‘3D‘growth to 2D layer-by-layer growth. This Kern-Miiller criterion
may 1.ndlcate whether the effect of a certain surfactant is in the right
d1rec_t10n to suppress 3D islanding. However, the researchers did not
consider the possibility of 3D growth when the deposited material wets the
substra'te (Stranski-Krastanov growth mode). They also ignored strain
relaxation, which reduces the cost of 3D-island formation. Thus, the

189 R. Kern and P. Miiller, J, Cryst. Growth 146, 193 (1995).
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question of whether the surfactant effect is a purely thermodynamic one is
left unanswered.

A different equilibrium argument was proposed by Eaglesham et al.,*’
who argued that surfactants change the surface energy anisotropy, leading
to the suppression of 3D islanding. They examined experimentally islands
of Ge on Si(100) films with and without surfactants, and found that their
equilibrium shape changes radically in the presence of surfactants and
depends strongly of the specific surfactant used. For example, Sb as a
surfactant favors (100) facets, whereas In favors (311) facets. Eaglesham et
al. advanced the idea that if the surfactant favors facets in the same
orientation as the substrate, the equilibrium shape of the islands generated
will be flat. This will lead to earlier coalescence of islands and will enhance
layer-by-layer growth. The mechanism proposed by Eaglesham et al. may
have a significant impact on the growth mode, but it cannot be the main
explanation of the surfactant effect, since the equilibrium morphologies
observed in their experiments include 3D islands. Therefore, in their expla-
nation of the surfactant effect they supplemented the equilibrium consider-
ation with a kinetic one—that is, the reduction of the diffusion length
induced by surfactants.

It seems quite difficult to explain the surfactant effect on the basis of
thermodynamics alone. For this reason most researchers in the field make
the assumption that surfactants suppress 3D islanding kinetically. Markov’s
work190:191.192 i an example of such a kinetic model. He developed an
atomistic theory of nucleation in the presence of surfactants. The main
results of this work are expressions for the nucleation rate and saturation
density of islands. These quantities depend crucially on the difference
between the energy barrier for adatom diffusion on top of the surfactant
layer and the barrier for diffusion on a clean surface. If this difference is
positive, surfactants decrease the diffusion length for adatoms and the
saturation density of islands rises sharply. Such an anomalously high island
density in the presence of surfactants has been seen experimentally in
various systems, and it is viewed by many researchers (see Refs. 25, 28, 29,
52, 54, 70, 125, 126, 183, and 193) as the main mechanism by which
surfactants change the growth mode of the film and suppress 3D islanding
in heteroepitaxy. We will show in Section IV that this mechanism does not
explain the surfactant effect.

An entirely different approach was taken by Barabasi.!®*?> Rather than

190 Y Markov, Phys. Rev. B50, 11271 (1994).

191 | Markov, Phys. Rev. B53, 4148 (1996).

192 1 Markov, Mat. Chem. Phys. 49, 93 (1997).

193 A Sakai, T. Tatsumi, and K. Ishida, Phys. Rev. B47, 6803 (1993).
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look at the kinetics of the system on the atomic length scale, he viewed the
growing film on a much coarser scale. He represented the local height of the
film and the local width of the surfactant layers as continuous fluctuating
fields, in the spirit of the KPZ model of kinetic roughening.'° On the basis
of the relevant symmetries of the system, he wrote down a set of coupled
differential equations that describe the dynamics of these two fields. The
quantity of interest in this approach is the width of the film surface and its
dependence on system size. Typically, such a theory would predict a rough
surface where the width diverges with system size. Barabasi found that
surfactants can induce a flat phase where the surface width does not diverge
with system size, and he associated this phase with a layer-by-layer growth
mode. It is interesting to see that a theory on such a macroscopic length
scale can capture effects that depend critically on processes that occur on an
atomic scale. The drawback of this theory is that it is not clear what role
lattice mismatch and strain play in the kinetics of the system. Also, in the
rough phase the model predicts a self-similar structure for the surface.
Experimentally, however, the morphology of a surface with 3D islands is not
self-similar, and it is not clear whether this continuum theory can describe
the experimental morphologies. :

Barabasi and Kaxiras!®” extended this model to include two different
dynamical fields—one representing the surfactant layer; the other the
surface film layer. This allowed an investigation of whether subsurface
diffusion, which had been neglected in the previous model, could change the
behavior. It was found that subsurface diffusion essentially always leads to
roughening and, if operative in real systems, would prevent layer-by-layer
growth.

Most models of surfactant-mediated epitaxial growth emphasize the
significance of adatom diffusion for the determination of the growth mode.
Another atomic process of importance is attachment and detachment of
adatoms from island edges. In fact, in Section IV we develop a model
according to which surfactants suppress 3D islanding by passivating island
edges, thus suppressing adatom detachment. It is therefore of interest to
investigate the influence of island-edge passivation on surface morphology.
Kaxiras first introduced the idea of island-edge passivation by the surfac-
tant!®819% and carried out kinetic Monte-Carlo simulations on a very

194 A_-L. Barabasi, Phys. Rev. Lett. 70, 4102 (1993).

195 A.-L. Barabasi, Fractals 1, 846 (1993).

196 M. Kardar, G. Parisi, and Y.-C. Zhang, Phys. Rev. Lett. 56, 889 (1986).

197 A.-L. Barabasi and E. Kaxiras, Europhys. Lett. 36, 129 (1996).

198 B Kaxiras, Thin Solid Films 272, 386 (1996).

199 B, Kaxiras “Simulation of Semiconductor Growth Mechanisms in the -Presence of
Adsorbate Layers,” in Computational Materials Science, ed. C. Y. Fong, World Scientific,
Singapore (1997).
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simple model to show that it can lead to morphologies compatible with
experimental observations. Kandel also carried out a study of island-edge
passivation effects.2%° He investigated a simple model of submonolayer
homoepitaxial growth in the framework of rate equation theory, using the
critical island approximation (only islands of more than i* atoms are stable,
while smaller islands decay). The main result of this work is that the island
density scales with flux, F, as F* with x = 2i*/(* + 3) when island edges are
passivated, while x = i*/(i* + 2) without island-edge passivation. This con-
clusion is important because the exponent y can be measured experimentally
and one can learn from its value whether island-edge passivation is operat-
ive or not in the experimental system at hand. For example, a value ofy>1
can occur only if the surfactants passivate island edges. Kandel's theory
relies on a somewhat oversimplified picture of submonolayer growth, and
the conclusions are yet to be verified with a more rigorous theory or by
detailed simulations of the growth process.

IV. The Diffusion-De-Exchange—-Passivation Model

To our knowledge the only attempt to construct a comprehensive model
that includes both the microscopic aspects of atomic motion and a realistic
description of the large length-scale evolution of the surface morphology
was reported by the present authors.'®® The work of Zhang and Lagally?°!
was another attempt to link the microscopics and the macroscopics of the
effect of surfactants on thin-film growth. However, their work discussed
homoepitaxial growth of metals, a subject interesting in its own right but
beyond the scope of the present review article.

6. GENERAL CONSIDERATIONS

Before we embark on the construction of the theoretical model,'®® we briefly
review the relevant experimental information since we do not claim that a
single model captures every type of surfactant-mediated growth mode. We
focus here on growth of elemental or compound semiconductors, in which
a single species of atom controls the diffusion and exchange (or de-
exchange) processes, and the surfactant produces a chemically passivated
surface. We take as the canonical case a group-IV substrate (examples are
Si(100) and Si(111)) and a group-III or group-V surfactant (these are

200 1y Kandel, Phys. Lett. 18, 499 (1997).
201 7. Zhang and M. G. Lagally, Phys. Reo. Lett. 72, 693 (1994).
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actually the systems that have been studied most extensively experimentall
as is evident from Tables 2 through 4). »

It appears that a full monolayer of surfactant coverage is required for
growth of high-quality semiconductor crystals. This is different from the case
of surfactant effects in the growth of metals, where a small amount of
surfactgnt (typically a few percent of a monolayer coverage) is sufficient. The
most direct evidence on this issue was provided by the experiments of Wilk
et al,*® who studied homoepitaxial growth of Si on Si(111) using Au as a
surfactant. These authors reported that the density of defects in the film
corrqlates well with the surfactant coverage, with the minimum defect
dens1t}{ corresponding to full monolayer coverage by the surfactant. This is
a physically appealing result that can be interpreted as evidence that the
better the p.assivation of the surface by the surfactant, the more effective the
surfactant in promoting high-quality growth. In the following we will
assume that full monolayer coverage of the substrate is the standard
condition for successful surfactant-mediated growth of semiconductors

Thg model we will now describe assumes that the surfactant eﬁ‘e.ct is
kinetic. As with all other kinetic models of surfactant-mediated growth, the
undgrlymg idea is that at equilibrium the heteroepitaxial system gene;ates
3D islands even in the presence of surfactants. Surfactants make the
appfoach to equilibrium very slow, so that 3D islands are not generated
during the growth of the film. This means that surfactants kinetically
suppress one or more microscopic processes, which are essential for the
growth of 3D islands. The most important ingredient of any explanation of
the surfactant effect is the identification of these processes. Almost all the
e)‘cplapations found in the literature identify the relevant process as adatom
diffusion (see Refs. 25, 28, 29, 52, 54, 70, 125, 126, 183, and 193). The idea is
that Fhe energy barrier for exchange of an adatom with a surfactant atom
E,,, is smaller than the barrier for diffusion of an adatom on top of the:
surfactant layer, E,. An adatom therefore diffuses a very short distance
before it exchanges, and after exchange it cannot diffuse (once it is under-
neath the surfactant layer). This suppressed diffusion mechanism explains
the surfactant effect in the following way. The reduced diffusion length
plakes the density of islands nucleating on the surface very high. As a result
1sl?1n.d coalescence occurs before any second-layer islands nucleate on top o%
existing first-layer islands. This is how, according to this mechanism, 3D
islanding is suppressed. ,

A.s mentioned in Section II, support for this hypothesis comes from
various experiments, particularly those of Voigtlinder et al.,>’ who studied
tl?e effects of various surfactants on submonolayer homoepitaxial growth of
Si on Si(111). The results were correlated with studies of the effect of the
same surfactants on heteroepitaxial growth of Ge on Si(111). Voigtlinder et
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al. found that generally there are two types of surfactants. Group-1II and
group-IV elements tend to significantly decrease the island density in
submonolayer homoepitaxy and lead to 3D islanding in heteroepitaxy. On
the other hand, group-V and group-VI elements drastically increase the
island density in submonolayer homoepitaxy and suppress 3D islanding in
heteroepitaxy. If one interprets an increase in the island density as an
‘indication of suppression of diffusion, these results confirm the mechanism
discussed above.

Despite the appeal of the suppressed diffusion hypothesis, we propose that
it may not be the entire story. Our concerns arise from the fact that group-V
and group-VI elements chemically passivate the surface more efficiently than
do group-III and group-1V elements. Intuitively, this should lead to faster
diffusion on surfaces covered by the former elements, but the experimental
results are consistent with the latter elements enhancing diffusion and the
former ones suppressing it. To clarify this issue, we decided to examine more
carefully the microscopic processes involved in the kinetics of surfactant-
mediated epitaxy. Our investigation led to an entirely different explanation
of the influence of surfactants on epitaxial growth modes.

A schematic representation of the possible atomic processes is shown in Fig.
1. The simplest process is, of course, diffusion of adatoms on top of the
surfactant layer (Fig. 1(a)). A second important process is the exchange of
adsorbed atoms with the surfactant atoms, so that the former can be buried
under the surfactant layer and become part of the bulk. This process can take
place cither on a terrace or at a step (Fig. 1(b)). From thermodynamic
considerations, we must also consider the process by which atoms de-
exchange and become adatoms that can diffuse on top of the surfactant layer
(Fig. 1(c)). Again, this process can take place on terraces or at surface steps.
Finally, we have to consider separately surfactants that cannot passivate step
edges, in which case both the exchange (Fig. 1(d)) and de-exchange processes
(Fig. 1(e)) will be different than at passivated steps, since they no longerinvolve
actual exchange events between adatoms and surfactant atoms. We refer to
our model as diffusion-de-exchange-passivation (DDP), since these are the
three processes that determine the behavior in surfactant-mediated epitaxy:
Diffusion is always present; de-exchange obviously implies also the presence of
exchange; and passivation (always present on terraces) may or may not be
present at island edges, but its presence or absence is a crucial element.

7. FIRST-PRINCIPLES CALCULATIONS

In order to evaluate the relative contributions of these processes and their
influence on the growth mode, the corresponding activation energies must
be calculated. This is a difficult task because very little is known about the
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FiG. 1. Schematic illustration of important mechanisms in surfactant-mediated growth on a
substrate (represented by white circles) with a full monolayer surfactant coverage (represented
by continuous shaded area). (a) Diffusion on terraces and steps for surfactant that passivates
step edges. (b) Exchange at terraces and passivated steps. (c) De-exchange at terraces and

passivated steps. (d) Diffusion on terrace and exchange at nonpassivated steps. (¢) De-exchange
at terrace and at nonpassivated steps.

gtomic configurations involved. We therefore begin by considering two
idealized processes that involve entire monolayers; then we discuss how
the corresponding activation energies can be representative and relev-
ant for growth mechanisms, and obtain their values from first-principles
calculations. :

The first process we consider is diffusion on a surface covered by a
surfactant monolayer. The representative system we chose to study consists
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SIDE VIEW

Fic. 2. Representative surface diffusion pathway, (a) top and (b) side views. The dark circles
represent the 'substrate atoms; the light circles, the surfactant atoms. The smaller gray circle
represents an extra atom deposited on top of the surfactant layer, at different positions. The
geometries correspond to a Ge adatom on a Si(111) surface (the substrate) covered by a
monolayer of Sb (the surfactant) in a (2 x 1) chain reconstruction.

of a Si(111) substrate, covered by a bilayer of Ge, with Sb as the surfactant.
In this case, it was known that the structure of the Sb layer is a chain
geometry with a periodicity of (2 x 1), as shown in Fig. 2.168 An additional
Ge atom was then placed on top of the Sb layer, and the energy optimized
for a fixed position of the Ge atom along the direction parallel to the Sb
chains. All other atomic coordinates, including those of the Ge atom
perpendicular to the Sb chain and vertical with respect to the surface, were
allowed to relax in order to obtain the minimum energy configuration. The
energy and forces were computed in the framework of density functional
theory and local density approximation (DFT/LDA), a methodology that is
known to provide accurate energetic comparisons for this type of system
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(see in particular the reviews by Kaxiras?°%2°3 on the application of such
calculations to semiconductor growth phenomena). By considering several
positions of the extra Ge atom along the chain direction and calculating the
correqunding total energy of the system, we obtained a measure of the
activation energy for diffusion in this direction. We found that the activation
energy for diffusion along this path is 0.5 eV.

We next considered a possible exchange mechanism in the same system,
through which the newly deposited Ge atoms can interchange positions witt;
the surfactant atoms and become buried under them. To this end, we
modeled the system by a full monolayer of Ge deposited on top of, the
surfactant layer (Fig. 3(a)). We studied a concerted exchange type of motion
for the Ge—Sb interchange. In the final configuration (Fig. 3(e)) the Ge layer
was below the Sb layer and the system was now ready for the deposition of
the next Ge layer on top of the surfactant. The middle configuration, Fig.
3(c), corresponds to a metastable structure, in which half of the newly
deposited Ge layer has interchanged position with the Sb surfactant layer.
The configurations between the initial and middle geometries and the
middle and final geometries, Fig. 3(b) and Fig. 3(d), respectively, correspond
to the saddle-point geometries that determine the activation energy for the
exchange. From our DFT/LDA calculations we found that the energy
difference between structures 3(a) and 3(b) is 0.8 eV, and the energy
difference between structures 3(c) and 3(d) is the same to within the accuracy
of the results. Similarly, the energy difference between structures 3(c) and
3(b) and structures 3(e) and 3(d) is 1.6 eV. These two numbers correspond
to the exchange activation energy (0.8 eV, going from 3(a) to 3(c) through
3(b), or going from 3(c) to 3(e) through 3(d)) and the de-exchange activation
energy (1.6 eV, going from 3(c) to 3(a) through 3(b), or going from 3(e) to
3(c) through 3(d)) for this hypothetical process.

We discuss next why these calculations give reasonable estimates for the
ac-:tlva}tion energies involved in surfactant-mediated growth. As far as the
diffusion process is concerned, it is typical for semiconductor surfaces to
e?{hibit anisotropic diffusion constants depending on the surface reconstruc-
tion, with the fast diffusion direction along channels of atoms that are
bonded strongly among themselves. This is precisely the pathway we
exa@ned in Fig. 2. As for the exchange process, it is believed that the only
way in which atoms can exchange positions in the bulk is through a
Canerted exchange type of motion, as first proposed by Pandey for self-
diffusion in bulk Si.2%* This motion involves the breaking of the smallest

202 B, Kaxiras, Surf. Rev. Lett. 3, 1295 (1996).

i:i E. Kaxiras, Comp. Mat. Sci. 6, 158 (1996).
K. C. Pandey, Phys. Rev, Lett. 57, 2287 (1986).
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FIG. 3. Representative exchange pathway. The color scheme is the same as in Fig. 2. (a)
Structure with one layer of newly deposited atoms on top of the surfacFant layer. The
geometries depicted in (b), (c), and (d) are the intermediate structl.n'es during a concerted
exchange that brinks the surfactant layer on top of the newly deposited layer, shown as the
final configuration in (e). Structure (c) is metastable, while structures (b) and (d) are
saddle-point configurations. Solid lines linking the atoms correspond to covalent bonds, wl'nle
dashed lines correspond to broken bonds. The geometries correspond to the same physical

system as in Fig. 2.

possible number of covalent bonds during the exchange, wl}ich.kecps the
activation energy relatively low. In the case of bulk Si, the actl'vatl.on energy
for concerted exchange is 4.5 eV.2%4 In the present case the act{vatlorl' energy
is only 0.8 eV because, unlike in bulk Si, the initial configuration (Flg'. 3(a))
is not optimal, having the pentavalent Sb atoms as fourfold coor'dxnated
(they would prefer threefold coordination) and the newly depos'lted' Ge
atoms as threefold coordinated (they would prefer fourfold coordma'tlpy).
In the final configuration (Fig. 3(e)), which has lower energy than the initial
one, all atoms are coordinated properly (threefold for Sb, fourfold for Ge).

While we have argued that the above described atorpic processes are
physically plausible, we have not established their uniqueness or their
supremacy over other possible atomic motions. In fact, the calculations of
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Schroeder et al.,'®7 discussed in Section IIL5, are much more realistic
concerning the exchange of single adatoms with surfactant atoms on
terraces. However, those calculations refer to a single event, and the
formation of an additional substrate layer could (and probably does)
involve additional steps in the exchange process because of the double-layer
nature of the Si(111) substrate. In our calculations, the structure of the layer
below the surfactant is compatible with the lower half of the substrate
double layer, so that the process of exchange can proceed with very similar
steps to complete the double-layer growth. In this sense, we feel that the
barriers we obtained are not too far from realistic values. To keep our
discussion general we will consider the two sets of emergy barriers as
corresponding to a range of physical systems: The first set is suggested by
our results (E; = 0.5¢V, E,, = 08¢V, E,;_,, = 1.6eV); the second, by the
results of Schroeder et al. (E; = 0.25eV, E,, = 027¢eV, Ejo_., = 1.1&V).

8. DE-EXCHANGE AND GENERALIZED DIFFUSION

It is clear that diffusion and exchange processes affect the morphology of the
growing film. What about de-exchange processes? The energy barrier for
de-exchange is significantly larger than the other two energy barriers. Are
de-exchange events frequent enough to have any effect on the growth mode?
Or, to be more quantitative, suppose an adatom exchanged with a surfac-
tant atom; will it de-exchange before another adatom exchanges in its
vicinity? To answer this question we assume that the time scale associated
with a process with energy barrier E is v~ ! exp(E/kT), where v = 1013,
sec”! is the basic attempt rate, k is the Boltzmann constant, and T is the
temperature. Even at the fairly low temperature of 350°C and with the large
de-exchange barrier of 1.6 €V, the time it takes an atom to de-exchange is
only 0.9 seconds. The time it takes to grow a layer at a typical flux of 0.3
layers/minute is 200 seconds. Therefore, an atom will de-exchange quite a
few times before it will interact with additional atoms in the same layer. We
conclude that de-exchange processes can influence the growth mode and
should not be ignored.

The above discussion changes our view of diffusion in surfactant-mediated
epitaxy. The effect of diffusion cannot be understood simply by comparing
E, with E_,, because after an adatom exchanges it may still continue to
diffuse on top of the surfactant layer by de-exchanging with a surfactant
atom. It is instructive to compare the effective diffusion constant, D, which
corresponds to this complex diffusion process, with the bare diffusion constant
of an adatom on a surface (without surfactants), D = va? exp(— EQ/kT).
Here a is the lattice constant and E{ is the energy barrier for bare diffusion.
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To calculate D, we consider the case E,, > E, (a similar calculation can
be done for the opposite case and yields an identical result). An effective
diffusion hop consists of a de-exchange event followed by several micro-
scopic diffusion hops and finally an exchange event. We calculate D, from
the expression D, . = A%z, where 1, is the average time it takes to carry
out an effective diffusion hop. A is the average distance an atom travels
during such a hop, and it obeys the relation A =a\/n, where n is the
average number of microscopic diffusion hops the atom carries out between
the de-exchange and exchange events. n is easily calculated as the ratio
between the time for an exchange event and the time for a microscopic
diffusion hop. This leads to the result n = exp[(E,, — E;)/kT]. 1, is the
time it takes to carry out a de-exchange event followed by an exchange
event. Therefore, T,;; = V™ '[eXP(Ege-ex/kT) + exp(E./kT)]. The final ex-
pression for the effective diffusion constant is

exp[(E{” — E,)/kT]
1+ exp[(Ese-ex — Eey)/KT]

D= (4.1)

Clearly, a comparison of E, with E,, does not tell us much about the
magnitude of D,,,. Passivation of the surface by the surfactant implies
EY > E, and E,, ., > E,,. Thus, both the numerator and the denominator
are larger than 1, and the question is which is the larger of the two. For the
values of energy barriers calculated from first principles (both ours and
those of Schroeder et al.), Eze - ox — E,. = 0.8 eV. The denominator of Eq.
(4.1) is therefore a very large number (between 10° and 10° for typical
temperatures). The numerator is much smaller, and therefore D> D,,,—
that is, diffusion is suppressed. This is not necessarily the case for all
surfactants. For example, for surfactants that are less efficient in passivating
the surface, E .- .« — E,, may be comparable or even smaller than E{’ — E,,
which would lead to diffusion enhancement. This may be the case for
group-1II and group-IV surfactants, which enhance diffusion according to
experiments (see Refs. 33, 37, 50, and 205). It would be interesting to check
this possibility with DFT/LDA calculations. One conclusion is that effective
diffusion can be suppressed by surfactants even if E,, > E;; in other words,
a surfactant can enhance diffusion on top of the surfactant layer and, at the
same time, suppress effective diffusion, which takes into account de-exchange
processes.

205 § Iwanari, Y. Kimura, and K. Takayanagi, J. Cryst. Growth 119, 241 (1992).
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CoLor PLATE 1. Kinetic Monte-Carlo simulations of surfactant-mediated homoepitaxy in the DDP
model. on a substrate of size 100 % 100 at a temperature of 600°C. A total of 0.15 monolayer of new
material has been deposited. (a) Simulations with IEP, with the activation energies E; = 0.5 eV,
E,,=08¢eV, Ey_.. = 1.6 eV, and E,, = 3 eV. (b) Simulations without IEP, with the activation ener-
gies E;j=05¢eV, E, =08¢eV,Egerr = 1.6 eV, and E,,, = 1.6 eV. (¢) Simulations with IEP, with the
activation energies E; = 0.5eV. E,,=0.3eV, E; ., = 1.1 eV, and E g = 2.5 V. (d) Simulations with-

out IEP, with the activation energies E; = 0.5eV, E,, =03 eV.Ey ., = 1.1 eVand E, = 1.6 eV. IEP
clearly increases the island density and significantly affects the island shape.

CoLor PLATE 2. Kinetic Monte-Carlo simulations of homoepitaxial surfactant-mediated growth in
the DDP model, with TEP on a substrate of size 300 x 300. The activation energies were E;=05¢V,
E,=08¢V, E;_.. = 1.6¢eV,and E;, =3 eV. A total of 0.15 monolayer of new material has been
deposited at (a) 600°C, (b) 700°C. and (c) 850°C. The high density of small islands at low tempera-
ture is evident, as well as the decrease of the island density with increasing temperature.



Coror PLATE 3. Kinetic Monte-Carlo simulations of surfactant mediated heteroepitaxy in the DDP
model, on a substrate of size 100 x 100 at a temperature of 300°C. A total of | monolayer of new
material has been deposited. (a) Simulations with [EP, with the activation energies E; = 0.5 eV, E,,
=0.8eV,and E;_,, = 1.6 eV. (b) Simulations without IEP, with the activation energies £, = 0.5 eV,
E,.=08eV, and E;_,, = 1.6 eV. (c) Simulations with IEP, with the activation energies E; = 0.5 eV,
E,. =03eV, and E;_,, = 1.1 eV. (d) Simulations without IEP, with the activation energies E, =
0.5eV, E,, =03 eV, E;_,, = 1.1 eV. Different colors indicate different surface heights. The surfac-
tant that passivates island edges suppresses 3D islanding completely and induces layer-by-layer
growth. Without IEP, 3D islands form on the film. They reach a height of 7 layers after deposition of
I layer of material.

(a)

(b)

(d)

CoLor PLATE 4. Kinetic Monte Carlo simulations of heteroepitaxial surfactant-mediated growth in
the DDP model, on a substrate of size 300 x 300 with IEP. The activation energies were E; = 0.5 eV,
E, =08¢eV, and E;_,, = 1.6 eV. A total of 1 monolayer of new material has been deposited at (a)
JC‘O“C‘ (b) 350°C, (c) 400°C and (d) 450°C. The different colors indicate surface heights. The tran-
sition between layer-by-layer growth and 3D island growth takes place somewhere between 350°C
and 400°C.
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CoLor PLATE 5. Kinetic Monte-Carlo simulations of heteroepitaxial surfactant-mediated growth in
the DDP model, on a vicinal substrate of size 300 x 300 with IEP. The activation energies were E,; =
05eV,E,=08¢eV,and E;_,. = 1.6 V. A total of 1 monolayer of new material has been deposit-
ed at (a) 300°C, (b) 350°C, (c) 400°C, and (d) 450°C. The different colors indicate surface heights.
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9. ISLAND-EDGE PASSIVATION

At this stage, it is tempting to claim that we have reached a much better
understanding of the surfactant effect. However, we show next that this is
not so. In fact, a more careful analysis shows that suppression of diffusion
has nothing to do with the explanation of the surfactant effect, and that two
surfactants, which lead to the same value of D, may induce very different
growth modes. This happens because different surfactants may vary drasti-
cally in their ability to passivate steps or island edges. We will see that the
issue of island-edge passivation is crucially important to the morphology of
the growing film and its surface. It is especially important for the ability of
the surfactant to suppress 3D islanding in heteroepitaxy.

To understand the role of island edges in the determination of growth
modes, we have to understand the reason for the formation of 3D islands in
heteroepitaxial growth. The islands form because their presence facilitates
strain relaxation much more efficiently than do flat layers. For example,
Tersoff and Tromp?°¢ calculated the elastic energy per unit volume, E,;, of
a strained rectangular island of lateral dimensions s and ¢ (measured in units
of the lattice constant). They showed that

Ins Int
E, ~ (ls + "—). 42)
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The energy of a narrow island is thus smaller than the energy of a wide one.
Therefore, after a monolayer-high island has grown beyond a certain width,
it is beneficial to grow another layer on top of it rather than to make it
wider. The film then tends to grow in narrow and fairly tall 3D islands. The
kinetic process that prevents the island from continuing to grow laterally is
the detachment of atoms from the island edges. If such detachment processes
are suppressed, the island will not reach its equilibrium shape, but will tend
to be too wide and flat. It is quite obvious that surfactants that passivate
island edges also suppress detachment events. Hence, they may change the
growth mode from 3D islanding to layer by layer. Suppression of diffusion
may not be sufficient to suppress 3D islanding, since detachment of atoms
from island edges may lead to islanding even with very little diffusion.
Passivation of island edges, on the other hand, can change the growth mode
even if diffusion is not enhanced.

We now use our knowledge of the chemical nature of different surfactants
to speculate about their ability to passivate island edges: Group-V atoms

206 J. Tersoff and R. M. Tromp, Phys. Rev. Lert. 70, 2782 (1993).
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(especially As and Sb) should be effective in passivating steps and island
edges on the (111) and (100) surfaces of tetravalent semiconductors such as
Si and Ge. This is because group-V atoms prefer to have threefold coordina-
tion, in which they form three strong covalent bonds with their neighbors,
using three of their valence electrons while the other two valence electrons
remain in a low-energy lone-pair state. This is precisely what is needed for
passivation of both terrace and step geometries on the (111) and (100)
surfaces of the diamond lattice which are characterized by threefold coor-
dinated atoms. On the other hand, it is expected that elements with the same
valence as that of the substrate, or noble metals, will not be effective in
passivating step edges. In the case of the tetravalent semiconductors Si and
Ge, for example, the elements Sn and Pb have the same valence, and while
they can form full passivating layers on top of the substrate, they clearly
cannot passivate the step geometries because they have exactly the same
valence as that of the substrate atoms and hence can only form similar
structures. Analogously, certain noble metals can form a passivating mono-
layer on the semiconductor surface, but their lack of strong covalent
bonding cannot affect the step structure. We note that not all noble metals
behave in a similar manner; some of them form complex structures in which
they intermix with the surface atoms of the substrate (such as Ag on the
Si(111) surface), in which case it is doubtful that they will exhibit good

surfactant behavior.

10. KINETIC MONTE-CARLO SIMULATIONS

We have given a plausibility argument that surfactants suppress 3D island-
ing in heteroepitaxy by limiting atom detachment from island edges, not by
suppressing diffusion. The complexity of the growth process does not allow
us to give a more rigorous argument. However, our ansatz can be tested
quite easily by carrying out kinetic Monte-Carlo (KMC) simulations of
homoepitaxial and heteroepitaxial growth, in which all the relevant micro-
scopic processes occur randomly with rates determined by the correspond-
ing activation energies. Accordingly, we consider a system in which the
processes examined above are operative and the activation energies corre-
sponding to them are the ones obtained from the DFT/LDA calculations for
the hypothetical cases illustrated in Fig. 2 and Fig. 3.

For simplicity, our simulation was carried out on a cubic lattice. Atoms
land on the surfactant-covered surface with a flux of 0.3 layers/second (a
typical value of the flux in experiments) and diffuse on top of the surfactant.
They can exchange with surfactant atoms and become buried underneath
the surfactant layer. A buried atom can de-exchange with a surfactant atom
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and float on top of the surfactant layer again. This can happen provided the
buried atom does not have lateral bonds with other atoms underneath the
surfactant layer. If it is bonded laterally, we consider this atom as part of an
island edge. An atom attached to an island underneath the surfactant layer
can detach from the island edge and float on top of the surfactant layer. This
detachment process is of major importance, as discussed above; howe\‘rer it
involves the breaking of lateral bonds between the detaching a"com and t’he
island edge, and this will be taken into account in the activation barrier for
detachment. Also, we did not allow simultaneous breaking of two or more
Jateral bonds, so an atom attached to an island edge by more than a single
lateral bond cannot detach. A diffusing atom can attach to a step or an
island edge. The activation barriers for attachment and detachment pro-
cesses depend on whether or not the surfactant passivates steps and island
edges. Barriers for detachment from an island edge also depend on whether
or not the island is strained.

We.: now describe the results of the simulations we did under various
conditions. In each case we give a detailed list of the activation energy
values. F‘irst, we studied homoepitaxial growth; that is, we considered a
system without lattice mismatch and hence no strain effects. To investigate
the }nﬁuence of island-edge passivation (IEP) on surface morphology we
carried out KMC simulations of a surface of size 100 x 100 at a tempera’ture
of 60(_)°C, and deposited on it 0.15 of a layer. The values of the activation
energies used were E; =05¢V, E, =08¢V, and E;_..=1.6¢eV. The
energy barrier for detachment from an island edge (provided only one
!ateral bond is broken) was E,, =3¢V for a surfactant that passivates
island-edges and E,, = 1.6eV for a surfactant that does not. Typical
mqrphologies are shown in Fig. 4(a) with IEP and Fig. 4(b) without IEP.
Ey1dently, there is a marked difference between the growth process with and
without IEP. First, surfactants that passivate island edges lead to a signifi-
f:antly higher island density in submonolayer growth. Second, with IEP the
1s.land edges are very rough, while without it the islands are faceted. As
discussed above, experimental results indicate?® that surfactants that sup-
press 3D islanding also increase the island density in homoepitaxy. The
rough island edges are also observed experimentally. This gives strong
support to the IEP ansatz. We note that the high density of islands induced
by su.rfactants that passivate island edges is not a result of suppression of
filﬂ‘usmn. Rather, it arises from the fact that adatoms can cross passivated
island edges without attaching to them and then nucleate on a flat part of
the surface, thus generating more islands.

In Figs. 4(c) and 4(d) we present results from similar simulations with
another set of activation barriers: E, = 0.5eV, E,. = 03¢V, E;,_,, = 1.1eV
E,p = 2.5 with IEP, and E 4o = 1.6 without IEP. Although these barriers are:
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Fic. 4. Kinetic Monte-Carlo simulations of surfactant-mediated homoepitaxy in the DDP
model, on a sustrate of size 100 x 100 at a temperature of 600°C. A total of 0.15 monolayer of
new material has been deposited. (a) Simulations with IEP, with the activation energies
E,=05¢eV, E,,=08¢V,E, . =16eV,and E,, =3eV. (b) Simulations without IEP, with
the activation energies E, = 0.5¢V, E,, = 08¢V, E,,_,, = 1.6eV, and E,,, = 1.6¢V. (c) Simu-
lations with IEP, with the activation energies E, = 0.5¢V, E,, = 03eV, E, _,, =11 eV, and
E,,=25¢V. (d) Simulations without IEP, with the activation energies E,=0.5¢€V,
E,=03eV,E,__ =1leV, and E;,, =16¢V. IEP clearly increases the island density and
significantly affects the island shape. (See also color Plate 1)

very different from the ones we used to produce Figs. 4(a) and 4(b), the
morphologies are very similar. The change in the energy barriers has not
influenced the island densities, nor has it affected the shape of the islands
significantly. The only noticeable effect is that the shape of the islands in Fig.
4(c) is more fractal-like than that of the ones in Fig. 4(d). Note that in the
first set of energy barriers E, < E,,, whereas in the second set the opposite
holds. Thus, the relation between E, and E,, does not have a significant
influence on the growth morphology. Based on these results, we expect the
energy barriers we calculated using DFT/LDA and those of Schroeder et al.
(see above) to lead to similar growth morphologies; that is, the difference
between these two sets of activation barriers is irrelevant for the determina-
tion of the growth mode. The results of Fig. 4 support our generalized
diffusion analysis. The two sets of energy harriers we used give the same
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value for the effective diffusion constant, D, according to Eq. (4.1). This is
the reason the final surface morphologies are so similar.

It is also important to check the temperature dependence of the growth
process in the case of surfactants with IEP. To this end we performed KMC
simulations of a 300 x 300 lattice with activation energies identical to the
ones used for Fig. 4(a). The resulting surface morphologies after deposition
of 0.15 of a layer are shown in Fig. 5 for three different temperatures: 600°C,

FiG. 5. Kinetic Monte-Carlo simulations of homoepitaxial surfactant-mediated growth in
the DDP model, with IEP on a substrate of size 300 x 300. The activation energies were
E = 9.5 eV, E,=08eV,E, __ =16¢V,and E,, = 3eV. A total of 0.15 monolayer of new
{naterla] has been deposited at (a) 600°C, (b) 700°C, and (c) 850°C. The high density of small
{slands.at low temperature is evident, as well as the decrease of the island density with
mcreasing temperature. (See also color Plate 2.)
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700°C, and 850°C. At all three temperatures IEP leads to a high density of
compact islands with rough edges. The island density decreases with
temperature. All of these observations are consistent with experimental
results.?3
Finally, we consider the effects of strain in surfactant-mediated hetero-
epitaxial growth. Strain is difficult to include in an atomistic calculation self-
" consistently. Here we will rely on the theory developed by Tersoff and
Tromp?°” for the elastic energy of strained islands on a substrate (see Eq.
(4.2)). In analogy with this theory, we postulate that the effect of strain is to
alter the strength of the bonds in elastically strained islands according to the
expression of Eq. (4.2), which depends on the island size through the values
of s and t. The most important consequence of this effect is a change in the
activation energy for detachment of atoms from island edges, E,,,, since this
process involves the breaking of a lateral bond that is strongly affected by
strain. E,,, will now depend on the island size. The other barriers, having to
do with processes that take place on top of the surfactant (diffusion and
exchange on terraces and island edges), will be unaffected to the lowest order
by the presence of strain. Therefore, the only important change in the
kinetics comes from an island-size—dependent detachment rate, given by

Ins Int
Edet = &gy + €4 ('—S— + T), (43)

where g, = E,,-., for surfactants that passivate island edges, and g, =0
when there is no IEP.

In our simulations we took the value g, = 3.0eV, which is a reasonable
number for the typical strength of bonds and the amount of strain involved
in the systems of interest (4% for the case of Ge on Si). As was done in the
case of homoepitaxial growth, we first studied the effects of passivation of
island edges on surface morphology. We simulated a system of size
100 x 100 at a temperature of 300°C, and deposited on it one layer. The
values of the activation energies used were E, = 0.5¢V, E,, = 0.8¢V, and
Eze—ex = 1.6 €V. The results are shown in Figs. 6(a) and 6(b) for the cases
with and without IEP, respectively. Different surface heights are represented
by different colors; white is the initially flat substrate. The system without
IEP shows clear 3D islanding (Fig. 6(b)). Most of the substrate is exposed
even after deposition of a full layer, and the deposited material is assembled
in faceted tall islands (up to seven layers high). The surfactant that
passivates island edges, on the other hand, suppresses 3D islanding com-
pletely (Fig. 6(a)). Most of the surface is covered by one layer (blue), with
some small one-layer-high islands and holes in it.
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Fic. 6. Kinetic Monte-Carlo simulations of surfactant-mediated heteroepitaxy in the DDP
model, on a substrate of size 100 x 100 at a temperature of 300°C. A total of 1 monolayer of
new material has been deposited. (a) Simulations with IEP, with the activation energies
E;=05¢eV, E,,=08eV,and E,,_, = 1.6€V. (b) Simulations without IEP, with the activa-
tion energies E, = 0.5¢eV, E,, = 0.8eV,and E,, , = 1.6eV. (c) Simulations with IEP, with the
activation energies E, =0.5¢V, E,, =03¢V, and E,,_, = 1.1eV. (d) Simulations without
IEP, with the activation energies E; = 0.5¢V, E, = 03¢V, and E,,___ = 1.1. Different colors
indicate different surface heights. The surfactant that passivates island edges suppresses 3D
islanding completely and induces layer-by-layer growth. Without IEP, 3D islands form on the
film. They reach a height of 7 layers after deposition of 1 layer of material. (See also color Plate
3) ’

We also checked the influence of changes in the values of the activation
barriers, by repeating the simulations with E, = 0.5¢V, E,, = 03¢V, and
E4e-ex = 1.1€V. The results are presented in Figs. 6(c) and 6(d) for the cases
with and without IEP, respectively. The system without IEP does not show
any change. In the case with IEP the densities of islands and holes decreased
and their sizes increased accordingly, but the growth mode remained layer




258 DANIEL KANDEL AND EFTHIMIOS KAXIRAS

by layer and 3D islanding was entirely suppressed. These results, together
with the results on homoepitaxy, demonstrate convincingly that island-edge
passivation, and not suppression of diffusion, is responsible for the surfac-
tant effect.

To study the effect of temperature on the growth mode in heteroepitaxial
growth with IEP, we simulated a system of size 300 x 300, with the
- activation barriers E; = 0.5¢V, E,, = 08¢V, and E;_., = 1.6€V. The re-
sulting morphologies at temperatures of 300°C, 350°C, 400°C, and 450°C
are shown in Fig. 7. In the first two cases, growth is essentially indistinguish-

Fic. 7. Kinetic Monte-Carlo simulations of heteroepitaxial surfactant-mediated growth in
the DDP model, on a substrate of size 300 x 300 with IEP. The activation energies were
E,=05eV,E, =08eV,and E,,_, = 1.6eV. A total of | monolayer of new material has been
deposited at (a) 300°C, (b) 350°C, (c) 400°C, and (d) 450°C. The different colors indicate surface
heights. The transition between layer-by-layer growth and 3D island growth takes place
somewhere between 350°C and 400°C. (See also color Plate 4.)

SURFACTANT EFFECT IN SEMICONDUCTOR THIN-FILM GROWTH 259

able from the case of homoepitaxy, with a high density of small islands
However, at T = 400°C, despite the small rise of only 50°C, a dramaticall};
different growth mode is evident, with a large number of tall 3D islands and
a substantial amount of the substrate left uncovered. This trend is even more
evident at the higher temperature of 450°C. We also carried out simulations
of heteroepitaxial growth on vicinal surfaces, with exactly the same par-
ameters as those of Fig. 7, but we started from a system with atomic steps
present on the substrate. Fig. 8 shows the results of these KMC simulations
for the same temperatures as in Fig. 7. Again, the surfactant suppressed 3D
islanding at low temperatures but not at high temperatures. This is precisely
the type of abrupt transition from layer-by-layer growth at low temperature

s X - =Y P SR
F16. 8. Kinetic Monte-Carlo simulations of heteroepitaxial surfactant-mediated growth in
the DDP model, on a vicinal substrate of size 300 x 300 with IEP. The activation energies were
E,= 9.5 eV,E,.=08eV,andE,,_, =16eV. A total of 1 monolayer of new material has been
dcposued at (a) 300°C, (b) 350°C, (c) 400°C, and (d) 450°C. The different colors indicate surface
heights. (See also color Plate 5.)
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to 3D island growth at higher temperature observed experimentally for the
strained heteroepitaxial systems, such as Ge/Si with Sb as a surfactant.

V. Discussion

'We have provided a critical review of the literature on surfactant-mediated
semiconductor epitaxy, with an emphasis on comparisons between experi-
mental observations and model calculations. Our main goal has been to
arrive at a consistent explanation of the mechanism by which surfactants
suppress 3D islanding in heteroepitaxial growth.

A vast number of experimental articles on the subject exist, and we have
gathered most of them in tables according to the relevant combination of
deposit-surfactant-substrate materials. The most important message, to be
taken from these experimental studies is that in semiconductor epitaxy
surfactants can be divided into two categories: the first category is surfac-
tants that lead to an anomalously high island density in submonolayer
homoepitaxy and also suppress 3D islanding in heteroepitaxy; the second
category is surfactants that lead to step flow growth in homoepitaxy and are
inefficient in suppressing 3D islanding in heteroepitaxy.

Explanations of the surfactant effect have focused on the relation between
the activation energy for adatom diffusion on top of the surfactant layer and
the barrier for exchange of an adatom with a surfactant atom. The rationale
was that surfactants of the first category suppress 3D islanding and increase
island density because they suppress diffusion. Suppression of diffusion was
associated with relatively easy exchange processes. Surfactants of the second
category, on the other hand, were thought to enhance diffusion, and
exchange processes were expected to be relatively difficult.

Several first-principles calculations of the diffusion and exchange barriers
have been carried out for various systems. In a typical calculation, specific
paths for diffusion and exchange were proposed and total energies of the
system in relaxed configurations along these paths were calculated. This
allows fairly accurate estimates of the relevant energy barriers. Different
studies arrived at different conclusions about the barriers mainly because the
paths proposed were different. Thus, the main deficiency of these micro-
scopic calculations is their inability to predict the correct kinetic path for
the process under consideration.

We propose a new scenario for the explanation of the surfactant effect.
According to our ansatz, neither the relation between diffusion and ex-
change nor the suppression of diffusion is relevant for the explanation of the
surfactant effect. Instead, we argue that the efficiency of a surfactant is
determined by its ability to passivate island edges. Surfactants that passivate
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island edges .also l'ead to an anomalously high density of islands and
suppress SD }sland{ng. We supply ample evidence for this scenario '211"1111
most convincing evidence comes from kinetic Monte-Carlo simulati . ?
the growth process and from the comparison of the results with ex rimen
tal observations. Using realistic activation energies we show that ienmfen_
tant that suppresses diffusion, but does not passivate island edges. d o5 ot
suppress 3D islanding. It also does not lead to a very high densi% :)f ;) TS Ild0 t
Moreover, the islands generated in the growth process mediatec}; b . anh .
surfagtant are faceted and do not have the rough edges obsg’r Sug in
experlfnents.' By contrast, island-edge passivation does lead to su ::s on
of 3D islanding and to islands of a shape consistent with the experlijrlflemS l101n
observed shape. The temperature dependence of the island density. as y l}ll
as th_e ab'rupt Fransition from layer-by-layer to 3D growth as the };,em o
ture is ra1§ed, 1s predicted correctly by simulations with IEP poe
Th_e §v1de}1ce we provide for the validity of our scen'ario although
convincing, is far from a rigorous proof. In fact, it is based ,on a veg
s1mp1%ﬁed model that fails to take into account various aspects of a?é
faxperlrpental system that may be important. For example, the use of an
isotropic square lattice is not appropriate for all cases (the ’substrates with
diamond lattlce‘ and (111) orientation have a hexagonal surface lattice
wh.ereas thoge with (100) orientation have a square lattice but exhibit stron ’
aplsotropy in the directions parallel and perpendicular to the surfacg
§11m§:rs). Nor dq we account for the fact that in some cases the film grow
in bilayers (a§ in (111) substrates) rather than in monolayers (as ing(100§
sub'strates). Finally, we do not properly treat the issue of critical island size
which may be very large in Si homoepitaxy or in heteroepitaxy of Ge on Si,
For these reasons there is room for further discussion and more detail d
modeling of surfactant-mediated thin-film growth. e
There are various unresolved issues in surfactant-mediated epitaxial
growth, whlf:h we have not discussed. Perhaps the most important is th
issue of strain relaxation. Heteroepitaxial films grown in the layer-by-la e:
growth mode are initially highly strained and this strain energy mﬁst
somehow rek}x after growth of a few layers. Indeed, dislocations appear in
tl}e ﬁlrg during surfactant-mediated heteroepitaxy. In some casef these
d1slo_cat10ns _do not thread the film and hence do not harm its epitaxial
qua!lty, but in other cases they do. It is therefore very important to stud
strain relaxgtlon in the films. Some experimental studies have been carrie(}i,
gutE b;lt their description is beyond the scope of the present article. To the
: ;es p(;ogﬁ:m lfnowledge, there has not been any detailed theoretical work on
. Another important issue i§ that some of the surfactant layer inevitably
ecomes trapped in the growing film. This leads to unintended doping if the
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surfactant is not isoelectronic with the deposited material. This could be
beneficial if high levels of doping are desired, or detrimental if a film of high
purity is desired. In any case, controlling the amount of the incorporated
surfactant by carefully adjusting external conditions (such as flux rate,
temperature, and surface preparation) is highly desirable.??” A better
understanding of the surfactant effect, along the lines proposed here for the
DDP model, will probably go a long way toward controlling the electronic
properties of the film, which are strongly influenced by surfactant incorpor-
ation, strain relaxation defects, and surface morphology. Further research in
these directions is necessary and essential before surfactant-mediated growth
can become useful in practical applications.
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