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In this work, we apply Raman spectroscdi®S) and spectroscopic ellipsometf$E) to surfactant mediated
growth (SMG) of Ge on S{001) surfaces. Under molecular-beam epitaxy conditions, a growth temperature of
400 °C and in the absence of a predeposited surfa¢&mtmonolayer, we show that SE can be used to
determine the Stranski-Krastanov critical thickness for island formation. In the presence of a predeposited Sh
monolayer, SE predicts that layer-by-layer growth is possible up to a Ge coverage of 20 monNdy®rs
However, no evidence of relaxation through dislocation formation, known to exist in this coverage regime,
could be detected. With RS, we present one of the first studies of Sb mediated growticimabSi(001)
substrate. Two Sb surface related phonon peaks are identified, one associated with Sb dimers bonded to the
Si(001) substrate (130.5 cnt), the other with Sb dimers on the grown Ge epilayer (141 ¥mThe former
disappears and the latter appears gradually with increased Ge coverage up to 3.5 MLs. This indicates that
surfactant exchange occurs differently wininal Si(001) than onsingular Si(001), where exchange has been
shown to be complete by deposition of between 0.5-1.0 monolde). To explain this difference, step
bunching must occur during the initial stages of growthwicinal Si (001), leading to areas of preferred
growth on the surface. At a higher Ge coverage of 20 MLs, theoretical predictions of the Raman shift for a
strained pseudomorphically grown Ge layer show good agreement with the Raman data presented. This dem-
onstrates that even at 20 ML coverage, some areas of unrelaxed Ge must still exist, pointing to inhomogeneities
within the Ge epilayer, as predicted by our model for SMG on a step buncli@dlssubstrate.

I. INTRODUCTION Recent work all points to the initial incorporation of Ge as
dimers between intact and unperturbed Sb dimer rows, a pro-
The layer-by-layer growth of Ge on (801) surfaces to cess which must saturate at a Ge coverage of 0.5 ML. Once a
thicknesses beyond those envisaged on the basis of interfageécond Ge dimer impinges upon the surface above this cov-
free energies and lattice strain arguments can be promoted i§yage, the Sb-Sb dimer bond is weakened and Sb dimer ex-
exposing the Si substrate to small quantities of one of th€hange is initiated® Despite the large body of work con-
group V elements, As, Sb, or Bi prior to growt® In the ~ c€rning surfactant _growth on .themgular surfa_lce, by
absence of these group V elements, known as surfactants f§PMParison, no significant experimental study exists yet that
the way they behave here, layer-by-layer growth of Ge orfomprehensively explains surfactant mediated Ge growth on

Si(001) is only possible up to approximately 3—6 monolayersviCinaI Sgi,(OOD’ although some theoretical wo_rk has
(MLs).58 In the 3—6 ML coverage region, two-dimensional appeared? We report experimental data showing that

(2D) islands start to form to alleviate the strain caused by the hanges in step structure must occur during the initial stages

4.2% lattice mismatch between both materfals.the pres- of surfactant mediated growfSMG) on vicinal Si(001).

: We apply the surface optical probe techniques, spectro-
ence of a surfactant, strained layer-by-layer growth can bgcopic erl)li%Zometr)(SE) andp Ramgn spectrosc?)mRS), Ft)o

extended up to a critical thickness of 11-12 MLs, whereis'growth system. We take advantage of the large penetra-
d|s|oc£:‘ait(;(i?s form resulting in relaxation within the Ge qn gepth of optical radiation to simultaneously obtain infor-
layer:=*=However, all this work has been predominantly mation concerning the buried Ge(@1) interface as well as
carried out on flat osingular Si(001) surfaces. By compari- ipe growing surface. Optical probe techniques have been
son, few studies detailing the initial stages of Ge growth orshown recently to be very sensitive to changes in surface
the stepped owicinal Si(001) surface have appearet™  structure and stoichiometry and have the potential of provid-
These studies, carried out solely on the bare surface withotitg microscopic information not only for surfaces in vacuum
a surfactant, indicate that the growth of Gewcinal Si(001)  but also for surfaces under atmospheric conditions and even
leads to step bunching:** in liquids2®2! It will be shown that SE, which has been
For this system, surfactants work by limiting the diffusion widely used in the past to determine properties such as film
of impinging Ge atoms so that no island is supplied withthickness, surface reconstruction chaffgeand surface
diffusing Ge necessary for its growtf-}” Thermodynami-  roughnes$??® can also be used to distinguish changes in
cally, the free energy of this surface, where each Ge adatomrowth mode, for example, from layer-by-layer to island
contains dangling bonds can be reduced if Sb exchanges witfrowth. Under the conditions used, we show that layer-by-
Ge, producing Sb dimers on the surface which contain twdayer growth in the absence of an Sb surfactant layer is lim-
unreactive lone pairs®~1’ Microscopic models concerning ited to approximately 5 MLs. In the presence of an Sb layer,
the mechanism of surfactant exchange have been reportealthough layer-by-layer growth appears possible up to at
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least 20 MLs, it is well known that relaxation through dislo- The Raman experiments were carried out using nearly
cation formation occurs in the region of 11-12 MLs. Henceidentical preparation conditions to those used for the SE
SE here shows insensitivity to the formation of dislocationswork. In contrast to the SE work, the chamber geometry
Using RS, interesting information concerning SMG from meant that RS measurements could not be recorded during
vicinal Si(00)) is obtained. We identify two surface/interface Ge growth. Growth was interrupted at several stages and the
features, one at 130.5 c¢rh which we associate with Sb samples allowed to cool to room temperature before data
dimers on the $001) substrate and one at 141 chwhich  acquisition. The 514.5 nit60 mW) and 476.5 nn(20 mW)
is related to Sb dimers on the grown Ge epilayer. Analysis ofines of an argon-ion laser were used as sources for the Ra-
the variation of these phonons with increased Ge depositioman experiments. The RS spectrometer used in this work has
reveals that step bunching must occur during the initiabeen described elsewhereAll the RS experiments were
stages of growth. Raman strain shifts within the 20-ML thickcarried out with the incident and scattered polarization vec-
Ge epilayer grown in the presence of a surfactant reveals théabrs, e; and e, respectively, aligned eithdr or L to the
areas of strain must co-exist with regions of relaxed Geprincipal[110] or [110] axes of the(001) surface.
which is also predicted by a growth model involving step  For the Raman experimentsicinal Si(001) samples cut
bunching. 4° off the[001] direction toward$110], rather tharsingular
Si(001) samples were used. On-axis samples are known to
contain approximately equal numbers of two domains sepa-
rated by single-atomic-height &steps. These domains con-
The experiments were carried out in an ultrahigh vacuunsist of dimers which differ only by a 90° rotation in dimer
(UHV) chamber with a base pressure ok 50 '° mbar. orientation. The use oficinal samples stabilizes the forma-
The samples were eithesingular Si(001) (Unisil, n-type, tion of a surface containing regular double-atomic height or
phosphorus, £10Q cm), orvicinal Si(001) (VSI, p-type, D steps causing an imbalance in domain numbers, thus yield-
boron,>10Q cm) cut 4° off the[001] direction towards ing more dimers oriented in one direction than the other.
[110]. Vicinal samples therefore allow the extraction of extra infor-
The Si samples were cleaned through heating by passingraation concerning dimer orientation, as shall be seen
direct current through them. Care was taken when cleaninghrough the analysis of our Raman data.
the vicinal samples that the direction of current flow was
parallel to the step edges so as to avoid current induced step
migration effects. After an overnight degas at 600 °C, the I1l. RESULTS AND DISCUSSION
samples were cleaned by stepwise heating to 950 °C, making
sure that the vacuum chamber pressure did not exceed 2
x10"° mbar. Sample temperatures were measured by opti- Figure 1 shows changes in the imaginary part of the
cal pyrometry. When the samples had cooled down to roonpseudodielectric function(€,)) of Si, derived from the SE
temperature after cleaning, tisengular samples produced a raw data during the growth of Ge on a clesingular Si(001)
double-domain (k2) low-energy electron diffraction sample held at 400 °C with and without the use of an Sbh
(LEED) pattern while thevicinal samples showed a signifi- surfactant prelayer. Although the ellipsometer is capable of
cant single-domain character, with a 3:1 domain ratio foroperating to 1.5 eV, in this figure we show the dielectric
(1x2):(2x1), obtained by measuring LEED half order function between 3.0 and 4.5 eV only due to problems aris-
spot intensities. ing in the detector from stray light produced by glow from
Once clean, the samples were subjected to two differerthe sample heater filament. In both Figéa)land (b), a de-
experiments: Ge growth on clean surfaces and on surface&sease in thé, (4.25 eV} gap intensity relative td&; (3.45
terminated with a monolayer of Sh. In all experiments, theeV) is observed which is expected due to the growth of any
Si(001) substrates were heated to 400°C and Ge wer@verlayer, in this case the Ge overlayer. However, the behav-
evaporated from a miniature Knudsen o@lkcell) evapora- ior of E; andE, can be seen to differ strongly depending on
tor. The substrate growth temperature was chosen in order tghether the surfactant layer is used or not prior to Ge
avoid desorption of the Sb prelayer during growth, whilegrowth.
maintaining a high enough temperature to promote ordering In Fig. 1(a), the evolution of e,) is shown for increased
of the Ge overlayer. The K-cell had been previously cali-Ge coverage on the ¢21)-Sb surface. A gradual change in
brated by means of reflectance anisotropy spectroscopie,) is observed even upon initial deposition of Ge. These
(RAS), where the reflected signal during the initial growth of changes show first of all that SE is sensitive to changes in the
Ge on a cleawicinal Si(001) sample was known to oscillate thickness of the Ge layer on the ML growth scale. An in-
with monolayer sensitivity* This method for coverage de- crease in the intensity o, is observed at low energies
termination meant that the estimated error in Ge coveragwhile at higher energies, a decreasebjis observedsee
was less than 10%. In preparation for surfactant growth, 4rrows in Fig. 1a)]. Figure Xb) shows the evolution ofe,)
MLs of Sb were deposited onto clean(@1) at room tem- during Ge growth onto the bare clean(®l1)-(1X2) sur-
perature. The surface was then annealed at 450 °C for 1face. In the absence of the Sb surfactant layer, Ge growth
min. Annealing causes the excess Sb to desorb leaving beroduces similar changes of tije,) features as those ob-
hind an Sb monolayer terminated(@)1) surface with a (2 tained when using the surfactant layer, up to a coverage of 5
X 1) LEED pattern. The chamber geometry allowed the SBEMLs [see arrowsl) in Fig. 1(b)]. However, above this thick-
signal to be monitored during growth. The ellipsometer usedess, the behavior differs and a large decrease in the ampli-
in this work is described elsewhete. tude of theE; andE, peaks is observefsee arrowdq?2)].

Il. EXPERIMENT

A. Spectroscopic ellipsometry
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FIG. 1. Plot of the imaginary part of the pseudodielectric func-  FIG. 2. Plot of simulatede,) values for the growth of Sb on
tion of Si, (e,), derived from SE data for the growth of Ge on singular Si(001) using room-temperature dielectric function values
singular Si(001) held at 400 °C(A) with, and (B) without an Sb  for Ge and Sisee Ref. 2§ (A) assuming the Ge layer grows in a
surfactant layer. The arrows indicate changes related to increasegyer-by-layer mode up to 20-MLs imitating the effect of a surfac-
Ge growth. In(B) and in the region of th&; gap peak at 3.25 eV, tant and(B) assuming the Ge layer grows in a Stranski-Krastanov
(1) refers to an increase @t&,) with initial Ge coverage, whilg2) growth mode. The arrows indicate changes related to increased Ge
follows the subsequent decrease(i3) above a critical Ge thick-  growth. In (B), the first five Ge layers are assumed to grow in a
ness. layer-by-layer fashion producing the variation label@yl Above

this coverage, modelling is achieved by considering each layer to

Here, a roughening of the Ge layer is likely to cause thisconsist of a combination of 75% voids and 25% Ge imitating the

decrease in SE intensity. For a 20-ML-thick Ge layer groWneffect of island growth and producing the variation labeled 2y
directly onto S{001), such roughness is known to occur due
to the formation of islands and misfit dislocations which al-mental data being gathered with the sample at 400 °C rather
leviate strain caused by the lattice mismatch between botthan at room temperature. By assuming a homogeneous layer
materials>”°In the region of théE, gap, a larger decrease in 5 MLs thick and subsequent layers to consist of 25% Ge
intensity is observed in comparison to when a Sb surfactarislandg and 75% voids, the experimental behavior can be
is used. This is also consistent with the presence of a smootieproduced. Initially, an increase in tkg gap peak intensity
Ge layer when a surfactant is used and a considerably rough obtained as a function of Ge layer thickness, followed by a
layer when it is not. decrease above a thickness of 5 MLs. This is evidence that
In order to analyze the origin of the SE data, we havethe SE data shown in Fig. 1 does reveal changes in growth
simulated the SE response using the three layer sy§&m mode, i.e., from layer-by-layer to island growth. Also shown
substrate/Ge layer/vacugnin the simulation, the presence in the figure is a simulation of what is expected if the layer
of a surfactant is ignored and room-temperature dielectricould be forced to remain homogeneous up to a coverage of
function data for Si and Ge are us&dThe well-known 20 MLs [see Fig. 2b)]. Here, a strong similarity to the ex-
Bruggeman effective medium approximatidBEMA) was  perimental curve, obtained in the presence of a surfactant
employed to account for roughening effettslhis approxi-  layer, is found. This similarity suggests that under our ex-
mation considers rough layers to consist of the sum of gerimental conditions, SE predicts layer-by-layer growth of
dielectric function for voids, i.e., the empty space betweerGe on S{001) to be possible at least up to a coverage of 20
islands, and a dielectric function for the deposited materiaMLs. It should be noted, however, that these simulations are

under investigation. based on macroscopic dielectric function data alone, and so
The results of the simulation are shown in Fig. 2. A shift microscopic information concerning the quality of the grown
in peak position is observed by comparing te) experi-  layer(i.e., layer defects such as misfit dislocatipoannot be

mental and simulated values. This arises from the experiinferred.
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FIG. 3. Plot of(ey) recorded at 3.32 eV. FIG. 4. Raman spectra of the X21)-Sb structure formed on a

clean 4° offcut Si001)-(1x2) sample. The Sb-Sb dimer bond lies

. . ong the[110] direction. Two parallel polarization combinations
To see the effect of defects such as dislocations on the Sﬁ g the[110) P P

. o were used, i.eg|eg|[110] andg| e. [TlO]. Two sample azimuths
response, we refer to Fig. 3, which is extracted from the datg - used,cp:O“" ?!1) andcp:9(u° S(Hb), effectively reversing both

in Figs. 1 and 2. The figure displays how the SE IntenSItyparallel polarization vectors with respect to the sample principal
changes as a function of coverage nearfjegap at 3.32  axes. The sample was cooled down to room temperature before data
eV. Here, it can be seen that in the presence of a surfactagtquisition. The spectra were normalized to the intensity of the LO
(solid curve, the critical thickness for dislocations to form phonon of bulk Si.

and relaxation to occur is well known to take place at a

coverage of 11-12 MLs under similar preparation conditions 1. Sb monolayer terminated vicinal Si(001)

to the ones employed heté®!! However, despite such re-
laxation, no change in the SE response is observed. Thi
shows that, despite the ability of SE to determine changes i§

When 4 MLs of Sh is placed on a clean 4° offaitinal
i(00)) surface, and the sample is subsequently annealed to
50°C, the excess Sb is desorbed leaving behind the mono-
layer terminated (X 1)-Sb structure. Analysis of the Sb in-

not be used to determine information concerning Ge epilayegiucecj (2¢1) LEED pattern showed that Sb dimerization

tr]ad occurred in a direction perpendicular to the underlyin
quality. As shall be seen in the next section, RS as a surfa Perp ying

ical orobe sh Al in thi i dimers, that is alond110], in agreement with other
optical probe shows more potential in this respect. work ?’ It should be noted that care must be taken in prepar-

_Finally in the absence of a surfactant, the dashed curve iy g this surface as recent results have indicated that the re-
Fig. 3 clearly shows that above 5 MLs, there is a sharp regonstruction quality is critically dependent on preparation
duction in intensity when a surfactant layer is not used. Asonditions®
the difference in peak intensity here is directly related to the  Raman data showing the development of a surface pho-
use of a surfactant, we conclude that the 5-MLs criticalnon peak at 130.5 cht associated with the (21)-Sb
thickness must be related to the Stranski-Krastaf®) structure through these stages of growth was reported by
critical thickness where islands are formed, in agreemengsser et al?® Here, we show Raman spectra for the
with the results of previous authdt$:® However, whether (2x1)-Sb surface with the polarization vector of the inci-
the formation of misfit dislocations accompany this islanddent and analyzed light; and eg, respectively, oriented
formation is open to question, as we have shown above thatlong the surfac§110] direction (g e4|[110], solid line),

SE is insensitive to defects of this kind. that is parallel to the Sb dimer bond or along tHELO]

direction (gj||e [ 110], dotted ling, which is perpendicular
to the Sb dimer bonflsee Fig. 4a)]. We define the sample
azimuth here to b =0°. From these spectra, we can see
In this section, we apply Raman spectroscopy to SMG orthat a larger intensity for the Sb related phonon at
a 4° off-cut vicinal Si(001) surface. Although surfactant 130.5 cm ! is obtained when the polarization vectors are
growth has been widely investigated on #iegular Si(001) aligned along the Sb-Sb dimer bond direction. Sb adsorption
surface, and is well understood, no significant experimentadt surface steps can be ruled out as the origin of this peak
study for such growth on theicinal Si(001) surface yet ex- through comparison of the Sb dimer terminated reconstruc-
ists. Since the surface energetics of a predominantly singléon formed onsingular Si(001).%° If this peak was due to Sb
domainvicinal Si(001) surface are finely balanced betweeninduced reconstruction at rebondBdstep edges known to
step repulsion and terrace strain unlike giegular Si(001) be present at such a vicinal offcut andfehen it would not
surface, it is possible that SMG may occur through a differ-be expected for the singular surface, which containsbno
ent mechanism than that of tisengular surface. steps. However, this peak is observed on the singular surface

B. Raman spectroscopy
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FIG. 6. Raman spectra, using a 514.5 nm excitation wavelength,
of the G4001) surface after growth of a 10 ML Ge buffer layer and
after the growth of 1 ML of Sb on this surface. The parallel polar-

. 4 ization combinationg;||e|[ 110] was used. The sample was cooled
Raman shift (cm ") down to room temperature before data acquisition. The spectra were
normalized to the LO phonon of bulk Ge.
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FIG. 5. Raman difference pldiGe/Sb covered surfaces—clean

Si(001) surfacg using a 514.5 nm excitation wavelength, taken at oy ered surface spectrum. This allows clear observation of

stages during the growth of up to 20 MLs of Ge on W#ieinal 1o Ge.Ge phonon mode which occurs at approximately
Si(001)-(2x1)-Sh surface. The Ge growth was interrupted at the300 cm ! over the second-order bulk Si transverse acousti-

coverages indicated and the sample was cooled down to room tem- . . .
- cal (2TA) phonon which dominates the Raman spectrum in
perature before data acquisition. The coverages shown are cumul

c ) . >
tive and the parallel polarization combinatieffjeg|[ 110] was used ffie 300-cm spectralbreglor(sie Fig. 4. ‘ h

where the polarization vectors are initially parallel to the Sb-Sb From Fig. S it Cfm e seen that tb%tks_i syr acg P onqn
dimer bond of the (X 1)-Sb surface. mode at 130.5 cm' reduces gradually in intensity during

growth and has disappeared above a Ge coverage of 3.5
and hence must originate from the Sb-dimer induced terrac¥LS. Another phonon peak becomes apparent at a Ge cov-
structure?® erage exceeding 2.55 MLs at the slightly higher energy of

To further investigate the Raman intensity dependencd4l cm *. The origin of the peak at 141 cm was identi-
with polarization direction, we rotate the sample azimuthallyfied through a separate experiment by depositing Sb on a
by 90° (@=90°) keeping everything else constant. The re-Singular Ge001) sample. The G@0J) surface was cleaned
sults are shown in the spectra label®ylin Fig. 4. Now the Py thermal at?r:‘(faa“rllg to 700 ;C f0r|]|0W9d byddeposmon of i

P rw : 10 ML Ge bhuffer layer. Under these conditions, a weal
solid line representsglle]|[110] and the dashed line, :
eiledl[110]. The intensity variation of the 130.5 crh fea- ¢(2x4) LEED pattern was observed. Once clean, 1 ML of

ture switches indicating the intensity must be related to the‘Sb was deposned on this surface. The Ram{:m regults are
orientation of the Sb-Sb dimers in the majority domain. WeS"OWn in Fig. 6, again for the;|[e|[110] configuration.
label this surface phonon mode agy,_s;. The sensitivity of F.rc_)m the_ figure, a feature centred at 141 “cnis clearly

RS to surface domain occupancies demonstrates its potenti\é'P'bIe' Like thewsps; surfac_e phonon, no feature_ was ob-
as a surface characterization probe. As this feature is onl erved for the c_rossed poIanzapop combma}tlon, £el.8s
observed when the parallel polarization combination, that i not shown in Fig. & Through similar selection rule argu-

whene;| e, is oriented along either of the principgl10] or ~ MeNts as u_sed fotogysi, we associgte th.e featur_e at
— les g P Pel L) 141 cmi ! with a surface phonon mode involving Sb dimers

[11.0] axes only, it has bgen_|den_t|f|e_d as Ap eigenmode bonded to the G@01) surface. This indicates that the feature
which defines a symmetric vibration in .the pl?ﬂrle normal 106 observe at 141 cil after growth of 20 MLs of Ge
the surface and parallel to the Sb-Sb dimer bond. mediated by Sb must be related to Sb bonding on the Ge
epilayer. Supporting evidence for an Sb dimer termination of
a Ge epilayer grown on &01) comes from previous scan-
ning tunneling microscopySTM) work31*2Hence the fea-

2. Surface phonons: Establishing a growth model for SMG
on vicinal Si(001)

Ge was then deposited on theX2)-Sb terminatediici-  ture at 141 cm? is likely to involve Sb dimers bonded to
nal surface held at 400 °C. Figure 5 shows the Raman speghe underlying Ge layer. We label this phononuas, ge. In
tra taken using the polarization combinatiam|leg|[110],  Fig. 6, the Raman spectrum for Ge also reveals a feature at

and the coverage where the growth was interrupted is indi162 cnm! which is the second-order transverse acoustic
cated in the figure. The spectra shown are difference spectréqTA) phonon peak of Ge. The bulk 2TA peak is approxi-
and signify subtraction of the clean(801-(1X2) from the  mately 20 times smaller in amplitude than the Ge bulk LO
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phonon(not shown in Fig. & Hence the 2TA feature cannot  Although the step repulsion term controls the surface en-
be observed in the Raman spectrum for the Ge epilesser  ergetics, the surface is still under considerable stress due to
Fig. 5, as a peak 20 times smaller than the Ge epilayer LQlimerization of Si atoms on the terraces. Now, if this surface
phonon would place this 2TA phonon in the noise level ofis exposed to an additional stress, elastic relaxation around
our experiment. each step causes a long-range attractive interaction between
Further evidence that theg, g, phonon at 141 cm'is  them, leading to step bunching, which is independent of
a surface feature comes from its removal after the Sb/20whether an external flux is present or on the initial step den-
ML-Ge/Si(001) sample was deliberately oxidized through sity of the samplé® In our work, the additional stress is
exposure to aifsee Fig. 5. Exposing the sample to air is a provided by the size difference between the growing Ge and
well-known way to determine whether a feature observedhe Si substrate. Hence, initially, as surfactant exchange is
under UHV conditions is indeed a surface feature, as expocompleted and Ge bonds with the Si substrate, the steps be-
sure to air generally destroys any surface features througbome increasingly bunched. Such bunching has been ob-
surface reactions involving oxygen. Thes, . phonon is  served experimentally for Ge growth on a bare 3.9° offcut
removed through exposure to air, confirming that it was aSi(001) surface!® STM revealed buncheB-type steps, sepa-
surface feature. It should be noted that despite the existencated by 20 A terraces, along with wider terraces 200 A in
of many Raman studies of this systéin’’ this data repre- width.*® Although step bunching on the bare vicinal surface
sent an observation of surface related phonons involving Stvas not observed until the sample annealing temperature ex-
at 130.5 cm?® (for wg, ) (see also Ref. 29 and ceeded 600°@%in the presence of Sh, which is also known
141 cmt (for wsy_geo). All previous Raman studies have to affect the step structure of a vicinal(@1) sample” the
been carried out in air, after the surfactant had been removegmperature for step bunching may be substantially reduced.
and a thick Si layer grown to protect the Ge lay&r’ We propose that step bunching occurs during deposition
By following the intensity of thavg, g; andwgy,_ge sur-  of the first Ge ML or so. This also implies the generation of
face phonons with Ge coverage, interesting information conwide terraces in order to preserve the overall 4° vicinal angle
cerning SMG onvicinal Si(001) is revealed(see Fig. 5. [see Fig. )]. As these wide terraces now constitute much
First, a gradual reduction in theg,_g; peak intensity at of the surface area, surfactant mediated layer-by-layer
130.5 cm ! with increasing Ge coverage up to 3.5 MLs is growth commences here preferentially through the well un-
observed indicating a gradual loss of Sb dimers from thederstood mechanism for surfactant exchange outlined by
interface. This is in conflict with the general understandingCopel and co-workefs [see Fig. )]. As the diffusion of
of SMG where no thermodynamic or kinetic barrier to Shimpinging Ge is known to be limited by Sb on these broad
site exchange is expected upon deposition of above 0.5 ML&rraces, they grow at the expense of the narrow step-
of Ge, especially for growth at an elevated temperature obunched regions. As well as Ge impinging directly on these
400°C"*®From such a growth model, we would expect to terraces, they are also supplied indirectly with Ge which dif-
see complete removal of thes,, g; surface phonon by depo- fuses over the bunched step regions. From the theoretical
sition of between 0.5-1.0 MLs and not the gradual reductiorwork of Ohet al,'® Sb bonding aD steps causes a reduction
in intensity that we observe up to deposition of 3.5 MLs ofin its associated Schwoebel barrier, allowing Ge to diffuse
Ge. over the step edges, and presumably, to become incorporated
We propose that the only reasonable model that can su@t the lowest step of the step bunch. Hence the terraces of the
cessfully explain the gradual disappearance of this phonostep bunched regions are starved of Ge and so, Sb dimers can
and the appearance of thgy, g phonon must be related to still be found here bound to the bare Si surface at Ge cover-
changes in step structure at the initial stages of Ge growthages, where on thsingular surface, such bonding would
Any layer-by-layer growth model cannot satisfactorily ex- have long disappeared. This mechanism readily explains
plain the intensity dependence upon Ge coverage observedhy the wgy, g; surface phonon is observed at coverages
of both surface phonons. For example, if a 2D Ge layer wer@bove 1 ML[see Fig. )].
hypothetically allowed to cover the Sb layer above 0.5-ML  According to the work of Tersoff and co-workers, in the
coverage, then a shift in phonon frequency for thg, 5;  presence of a flux, such as Ge, step bunching reaches a maxi-
phonon would be inevitable. Since no shift is observed, sucinum and then decreases through step overgréwnce
a model is impossible. step bunching has maximized on our surface, subsequent
In order to understand the mechanism of growth occurringleposition of layer-by-layer grown Ge causes the steps to be
here, it is important to first explain briefly the nature of stepsgradually overgrown. With the appearance of more Ge at the
on a 4° clean vicinal $001) surface. On such a surface, a step-bunched region, SMG is promoted and hence the
regular array of steps of double atomic heigld 6teps  ws, s Ssurface phonon feature gradually disappears while
rather than single atomic heigh® Gteps are stabilized. The the wgy_ ¢ feature appearsee Fig. 7c)]. Since thewgy, s;
formation of a significant amount o steps occurs for surface phonon disappears above 3.5 MLs of Ge deposition,
samples with vicinal offcuts greater than 2° in order to re-this coverage is related to the coverage where all bunched
duce the step repulsion term, which dominates the surfacgteps have been overgrowsee Fig. 5. At the same time,
energetics when steps become too cf3&/henD steps are  the ws;,- g phonon is further established, consistent with the
formed, the terrace width must double in order to maintainexchange of Sb to the surface of the Ge epilayer. Subsequent
the vicinal angle. Hence the formation Bfsteps halves the growth is expected to occur in a layer-by-layer fashisee
number of steps on the surface, and because the terrace widtig. 7(d)]. It is worth noting that an interface comprising
has doubled, the step repulsion energy is reduced. bunched steps will give rise to fluctuations in layer thickness
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a) ously related to a Ge-Ge vibratioh®’ is observed in the
. o region of 314.5 cm?, but only for a Ge coverage of 20
Sloan 4 ofieut vicinal-2ll0HL) MLs. This peak is shifted relative to the bulk Ge-Ge vibra-
[110] tion which is known to occur at approximately 300 ¢
:.540 and can be explained in terms of strain within the 20 ML Ge
off [110] . ; : e . .
epilayer. Analysis of this strain gives us information con-
cerning the quality of the 20 ML-grown Ge epilayer. For 5
ML Ge coverage, a small broad feature just above the noise
level of our experiment is observed in the region of
250-300 cm?! (see Fig. 5 Observation of this peak at
lower Ge coverages was not possible owing to poor sensitiv-
ity of the Raman experiment in separating the Ge signal from
Broad terraced <&  Broad terraced the strong 2TA contribution of the Si bulk.
c) region s region The effect of strain within any pseudomorphic epilayer
P grown on a Si001) substrate on the LO phonon associated
Ospce with that layer is to remove its degeneracy, producing a dou-
blet consisting of frequency shifted LO and TO branches.
The effect of strain in Raman spectroscopy was treated in
detail by Anastassalisand other$?“3 The strain induced
shift of the LO and TO phonon frequencies can be approxi-
mated by®

%fi j Aw o= — woeL , )

b)

1 ' Awro=5 woeL, )
Thinner f
Ge layer . .

" whgre wq is the phonon frequency of an unstrained layer,

Ge layer while

dgi—a

==== Sh monolayer EL:M’_ 3)
[ Gelayer ace

| for the initial ¢ cinal We note that <0 for a compressively strained epilayer,
( )FLG‘ £ ﬂl:/lodte o;t et 'n't'af Sta%es |o4§MﬁG£0rg£cnna (?m)l' whereas; andag, correspond to the lattice constant of the
& SNows fhe step Struciire of an ideal = - ofic sampie. In - gy pstrate and epilayer, respectively. Assuming a 4.2% lattice

(b), the extra stress induced by the lattice mismatch between Sb, . . ? . g
Ge, and the vicinal $001) substrate leads to step bunching as tismaich between Ge and Si and the unstrained Ge-Ge vi

outlined in Refs. 13 and 14. SMG takes place predominantly on thgratlon frequency to be 300 cim (see Ref. 38 we expect

broad terraces. lific), the step bunched regions have nearly beentn® LO phonon frequency to be shifted up in energy by ap-

. _l .
overgrown with Ge and surfactant exchange of Sb is largely comProximately 12.6 cm and the TO frequency to be shifted
plete. In(d), the substrate steps have been overgrown and the gdownwards by 6.3 cm'. From examination of Fig. 5, we

epilayer thickness has increased. It can be seen that substrate S@l@se_rve _that the Ge-Ge feature COHSiSt_S of two s_ignificant
bunching leads to inhomogeneities in Ge thickness which in turrfontributions centered at 314.5 and 296 Cnrespectively,

lead to inhomogeneities in strain. causing shifts of 14.5 and 4 cmh, respectively, with re-
spect to the unstrained bulk Ge-Ge value. These shifts agree
once the growth is terminatgdee Fig. 7d)]. We return to  well with the calculated shifts thus confirming that the Ge
this point in the next section. epilayer grown in the presence of a surfactant still contains
In the spectroscopic ellipsometry section, we discussegegions under strong compressive strain. We assign the fea-
SE data for SMG orsingular SI(OO].) From the discussion tures to the ep”ayer Ge-Ge LO and TO phonons, respec-
above, it would appear that SE, which we have shown to b@vely. Small discrepancies between the experimental and
sensitive to the growth mode for such a system, would bgalculated shift demonstrate that some relaxation has oc-
appropriate in determining whether step bunching does incurred within these strained regions. From Fig. 5 it can also
deed occur during the initial stages of SMG eftinal  pe seen that after oxidation, the Ge-Ge LO and TO phonons
S|(001) However, the differences between a surface Containare still resolvable at 310.8 and 297 f;il'm respective|y' in-
ing a regular array of steps, or less but bunched steps, woulgicating that strain still exists, although some convergence
be small since the average surface roughness would not hgwards the degenerate bulk LO value has occurred indicat-
much affected. Thus it follows that the difference in an SEjng further relaxation.
spectrum caused by step bunching would be negligible. Despite the main contributions to the Ge-Ge phonon peak
, L , _ being the strained LO and TO doublet, the overall broadness
3. Ge epilayer phonon: The determination of Ge epilayer quality of the Ge epilayer phonon peak shown in Fig. 5 indicates
Upon observation of Fig. 5, along with the surface pho-that the layer, although still containing some strained regions
non peaks, a strong asymmetric and broad feature, previndicative of a layer-by-layer grown epilayer, is by no means
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ez olles 010 ' oysisem’ servation by other authors at this coverdye’ Previous
work has either been carried out at different excitation ener-
gies, polarization combinations, or growth conditions. The
work of Tsanget al,*® for example, showed a significant
peak in the region of 300—310 crheven for 2—-3 ML-Ge
coverage but the excitation wavelength used was 568 nm or
2.18 eV, which is close to th; resonance of bulk Ge. Two
previous studies have been carried out using 514.5 nm exci-
tation, one by Ostert al,*® who observed a small Ge-Ge
peak at 4 ML-Ge coverage but for a cross polarization com-
bination. Ichimuraet al®’ also used a 514.5 nm excitation
and found a small peak in the region of 300—-310 ~érfor
a 7 ML-Ge covered sample, which, along with being of
greater thickness than our 5 ML thickness, the polarization
combination used was not quoted and so direct comparison
R0 ML cheen Si] with our results is not possible.

(LO) 304cni!

Osp.ge
141¢m™

Without surfactant
(TO) 296¢ni’

=

Raman intensity (arb. units)

With surfactant

T T T T T T T T T T
100 1560 200 250 300
Raman shift (cm-")

IV. CONCLUSIONS

In this paper we have shown that spectroscopic ellipsom-

FIG. 8. Raman spectra, using a 476.2 nm excitation wavelengthetry (SE) and in particular, Raman spectrosco®S), can
showing the frequency of the Ge-Ge vibration after the depositiomprovide information concerning SMG of Ge smgularand
of a nominal Ge thickness of 20 MLs with and without the use of vjcinal Si(001). In the absence of a surfactant and at low Ge
Sb as a surfactant. The sample was cooled down to room tempergpyverages, SE shows that an SK growth mode exists on the
ture before data acquisition. singular Si(001) surface and that the critical thickness for

, . Jisland formation is in the region of 5 MLs, in agreement with

perfect. In Fig. 8, we compare the Ge-Ge peaks obtained igiher work. Using RS, two surface optical phonons have
the presence and absence of the surfactant layer using th@en found for SMG onicinal Si(001); one associated with
476.2 nm line of the Ar ion laser. First, it is clear from the gp_sp dimers bonded to Si (130.5 chy and the other with
figure that the presence of_ Sb greatly affects the shape of they_sp dimers bonded to Ge (141 chy opening up new
Ge-Ge related feature. Without the surfactant, a sharper Gg,sqinjlities for the understanding of surfactant processes.
peak is observed centered at 304 "cmThis indicates that Tpe pehavior of these phonons during the initial stages of Ge
without the surfactant, the Ge layer has undergone substagoth, js explained by step bunching, which is driven by the
tial relaxation, which is well known to occur through the gy ain associated with the lattice mismatch between Sb and

formation of misfit dislocation$'*** For growth of Ge in e and thevicinal Si(001) substrate. Under the growth con-
the presence of the Sb surfactant, the Ge epilayer LO peak giions used, and in the presence of a Sb monolayer depos-

315 cm * contains a significant shoulder at 304 tmOb-  jiaq prior to Ge growth, RS also shows evidence of strain
servation of th|§ shoulder lclearly demonstrates relaxation,q relaxation within a 20 ML thick Ge epilayer, pointing to

within the Ge epilayetsee Fig. 8 A background asymmet- iynomogeneities within the epilayer. Such inhomogeneities
ric broadening of the Ge-Ge Raman feature towards loweg,n pe explained as a direct consequence of step bunching.
energies is also present suggesting that disorder due to thick- |, general, the aim of this paper has been to elucidate the
ness variations are also present within the Ge layer. This iﬁower of surface optics in deducing key parameters of the
consistent with the growth model outlined in the last SeCtiO”complex processes involved in surfactant mediated growth.

where inhomogeneities in Ge thickness are expected to exigf s hoped that the potential of surface optics outlined here
due to growth on a step bunched (1) substratgsee Fig. i jead to more experimental investigations in this direc-
7(d)]; hence the thin regions produce a strain shifted LO ang;

TO phonon contribution, being closer to the 11-12 ML criti-
cal thickness for dislocation formation, while the thicker re-
gions are more likely to be relaxed and defected.

No distinct Ge-Ge feature is observed in the region of J. R. Power acknowledges support from the Alexander
300-320 cm* for a Ge coverage of 5 MLs despite its ob- Von Humboldt foundation.
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