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Surfactant adsorption site and growth mechanism of Ge- on Ga-terminated $111)
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X-ray standing waves have been employed to study the microscopic mechanism of surfactant mediated
epitaxy of Ge on SiL11). After deposition of 0.5 BL Ge on the Ga($11)-6.3x 6.3 surface we find Ga
floating on the surface in a Ga-Ge bilayer with Ga in a substitutional adsorption site. Deposition of 0.5 BL Ge
on the Ga:Sil11)-y/3x /3 surface leads to a change of the Ga adsorption site Tipto substitutional and the
formation of very small 6.86.3 domains with a local Ga coverage of 0.8 ML. Since the average Ga coverage
of the y3% /3 surface is 0.33 ML only, the change of adsorption site is accompanied by the formation of
locally Ga free surface areas in coexistence with the<6.3 domains. Thus, further Ge deposition on this
surface leads to the formation of Ge islands of a uniform he{$1163-18286)51148-3

Since its discoveryin 1989 surfactant mediated epitaxy coverages to+20%. Sample preparation and growth was
has received considerable attention due to its capability ofmonitored by reflection high-energy electron diffraction
altering the growth mode of Ge on Si from layer by layer (RHEED) and Auger electron spectroscofdES). Ga depo-
growth for the first two bilayers followed by islanding sition at 470 °C. resulted in a streaky 88.3 RHEED pat-
(Stranski-Krastanov growjtio growth of a homogeneous Ge tern. For preparation of the Ga($11)-y3x /3 surface fur-
film of uniform thicknes€'° Surfactants in this context are ther annealing at 670 °C for 5 min was applied. This leads to
atoms which form surface active species. Among the list obartial desorption of surface Ga and the formation of &
surfactants Ga is of particular scientific interest since it canx \/3 surface reconstruction. This procedure resulted in a
be used to study the effect of surface reconstruction and sugnarp,/3x \3R30° RHEED pattern. The preparation of Ga-
factant coverage on epitaxial growth in a well-definedieminated substrates was followed by deposition~0D.5
manner’ , _ BL Ge. During growth a pressure better thax 10~ ° mbar

_ Adsorption of Ga on $11]) leads to the formation of two \ya5 maintained. After preparation the samples were trans-
distinct surface reconstructiohsas shown in Fig. 1. At a ferred into a portable UHV chamber, equipped with a hemi-
surface Ga coverage of 1/3 ML 8 /3 reconstruction is spherical Be window for x-ray measurements and a base
formed with Ga residing in &, site. At higher Ga coverages pressure better thanx110~° mbar. XSW measurements in
a discommensurate 6:3.3 reconstruction with a saturation (111) and (220 reflection were performed consecutively on
coverage of~ 0.8 ML is found with Ga in a substitutional the same sample after each preparation.
site in the upper half of the surface bilayer. It has been X-ray standing waves measurements were performed at
shown that the Ga coverage determines whether or not Ge HASYLAB bending magnet beamline ROEMO |I. For
acts as surfactant for Ge growth on (BiD.° The xsw a standard nondispersive setup with a monochromator
Ga:S(111)-6.3x6.3 surface has been shown to be an active:onsisting of a symmetric and an asymmetric Si crystal was
surfactant. Ge deposition onto the B@3-terminated sed at a photon energy of 12.5 keV, employiadl) and
Si(111) surface results in Ge films of uniform thickness, (220) crystals for XSW measurement ifi11) and (220
while growth of Ge ony3x y/3-terminated Si leads to is- Bragg reflection, respectively. The rocking curve and Ga and
landing of the deposited Ge. Hence the Ge/8l) system  Ge K, fluorescence yield were monitored simultaneously by
enables both the impact of surface coverage and surface rgepetitively sweeping the incidence angle through the Bragg
construction on heteroepitaxial growth to be studied. Thisondition. The coherent position and the coherent fraction of
paper will focus on the aspect of the adsorption site geomea and Ge were determined from the data by fitting reflec-
etry of the surfactant and Ge during growth. We thereforejyity and fluorescence to expressions derived from the dy-
employed x-ray standing wavéXSW's), which provide a namical theory of x-ray diffractio®3

high spatial resolutioif0.03 A in this casp ~ The coherent positio?¥' and the coherent fraction
Sample preparation was performed in an ultrahigh

vacuum (UHV) system with a base pressure ok30 !

mbar. After chemical cleaningRCA) Si(111)-7Xx7 sub- Ga (substitutional site)
strates were prepared by annealing at 900 °C for 10 min. Ga
and Ge were evaporated from Knudsen cells at a substrate
temperature of 470 °C and a deposition rate of 0.2—0.4 ML/
min [1 monolayer(ML)=7.83< 10** cm~?2; 1 bilayer (BL)
=2ML]. The deposition rate was measured with a quartz
balance. The final coverage was checked by x-ray fluores- FIG. 1. Adsorption site geometry of Ga on(8Bl11) in the 6.3
cence measurements. We estimate the accuracy of the givers.3 (substitutional and \3x /3 (T,) reconstruction.

Q Ga (T, site)

Si(111)
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The Ge fluorescence yield if111) and (220 Bragg re-
flection is displayed in Fig. 2. For XSW measurements on

(O) and reflectivity @) in (111 and(220) Bragg reflectionupper gl?gec:t ](_: r;lsfjai: (\:Ig;]r;?egﬁrrgzggsggfgrg ’V;”C ggeorg;tarp\)/(;?jltlon
and lower curves, respectivglgfter deposition of 0.5 BL Ge on d E th | fth : dl | Is of
Ga:S(111)-6.3x6.3 at 470°C. The Ge fluorescence has been ue 1o the equal occupancy of the upper and fower 1evels o
shifted by 2 for display purposes. the (111) bilayers. After_ deposition of 0.5 BL G_e_ on the
11
6.3x6.3 surface, we find a coherent Ge positidrs.
" _ _ =0.94+ 0.01 and a coherent Ge fractiég.'=0.82+ 0.02.
fa are the phase and amplitude, respectively, of thlelX  From the XSW measurements for Ga we concluded on the
Fourier component of the atomic distribution functibwith  tormation of a Ga-Ge surface bilayer, similar to the Ga-Si
(hkl) denoting the diffraction planes employed for Bragg syrface bilayer in the case of the G419i1)-6.3x6.3. Ga
reflection andA denoting the element. Details of the analysisOccupaﬁon of the on-top position is not compatible with the
can be found in the literaturé:*® » ~ GaXSW results. Thus, in the most simple view of the initial
From the literature, the coherent position of Ga in thegrowth process, Ge deposition leads to a replacement of the
6.3x6.3 reconstruction is known to bbg,'= 0.97!' Figure  Ga in the upper level of the substrate surface bilayer by Ge
2 shows the G&, fluorescence yield, the Gk, fluores-  and the formation of a Ga-Ge surface bilayer on the newly
cence yield and the reflectivity i111) and (220 Bragg formed Ge-Si interface bilayer.
reflection after deposition of- 0.5 BL Ge on Ga:§l11)- We have used this model as a starting point and calculated
6.3x6.3. Employing the(111) Bragg reflection for XSW  the coherent position and fraction for Ge, taking into account
measurements, a coherent Ga positiogt'= 0.98+ 0.01  a pseudomorphically strained structure as schematically
is found. This is consistent with Ga in a substitutional site.shown in Fig. 3 with a vertical expansion of 2—3%. In a first
From previous experiments it is known that Ga floats on theapproach we tried to model the XSW results allowing a con-
surface during Ge deposition on Gg®i1)-6.3x6.3% From  traction of the vertical spacing between the Ga-Ge surface
our XSW results we conclude that Ga floats on the surfacéilayer. Within the boundaries for pseudomorphic growth, it
and forms a surface bilayer with Ga in the upper and Ge irwas not possible to find a structure that yields agreement
the lower level of the surface bilayer, similar to Ga and Si inwith the measured coherent Ge positiondafi’=0.94 and

the 6.3<6.3 reconstructed starting surface. The coherenthe large coherent Ge fraction 6f1'=0.82, unless a sub-

fraction f 5= 0.35+0.02 is significantly reduced when com- stantial fraction of the interfacial Ge exchanges site with un-

pared to a perfect Gai@il1)-6.3x6.3 surface and we at- derlying Si. Agreement with the data can be found if 50—
tribute this to excess Ga atoms which accumulate on the0% of the Ge resides in the lower level of the interface
surface. In(220) Bragg reflection the coherent Ga fraction is pilayer. This value is rather independent of the Ge bond
very low. Together with the larger coherent Ga fraction inlength between Ge in the Ga-Ge surface bilayer and Si or Ge
(111 reflection this indicates the existence of a discommenin the underlying Ge-Si interface bilayer. The given range
surate surface reconstruction. If the domains of a discomrepresents a variation of this parameter between 2.32 A and
mensurate reconstruction are large compared to its quasi pg:52 A. For comparison, bulk Ge shows a value of 2.45 A.
riodicity then the corresponding coherent fraction mustThe conclusion on interfacial intermixing is supported by
vanish. We observe a value 6§-=0.06+ 0.02, which is  recent studies using high-resolution photoemission spectros-
small but distinct from 0. Thus we conclude that the domaincopy that also show substantial Ge-Si intermixing for MBE
size is in the order of some unit cells of the reconstructionand SME grown Ge films on &i01).°

This is also supported by a diffuse &8.3-like RHEED The incorporation of Si into the Ga-Ge surface bilayer or
pattern, observed after Ge deposition. A quantitative analysigitermixing of Ge and Si in bilayers below the interface have
of the lateral structure within the domains strongly dependsiot been accounted for in the calculation. Nevertheless, we
on details of domain size, shape and structural parametersgard these processes to be additionally possible. Here, we
and will thus not be performed here. Microscopical measurelike to point out that these would increase the Ge amount in
ments will be very interesting in order to address this questhe upper levels of th€111) bilayers and thus further in-
tion. Our observations are in agreement with previously puberease the calculated probabilities for Ge-Si site exchanges.
lished investigations showing that Ga adsorption ofl&®  The large amount of intermixing between Ge and Si at the
also leads to the formation of a discommensuraténterface may be understood in terms of interface stress
reconstructiort/ 18 which is due to the difference in lattice constant between Si

FIG. 2. GeK,, fluorescence yield4), GaK, fluorescence yield
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Y P e 5.0 X /3 surface. We find a coherent Ga position ®f,
06e=09410.01 - (111) 1} 00832002 (220) =0.98+0.01 and a coherent Ga fraction df:.'=0.99
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S 40f 10 . 140 +0.02. The coherent Ga position is identical to the one
= - m c found for Ga in the 6.86.3 reconstruction. Thus we con-
x 301 I 130 E clude that during Ge growth Ga changes its adsorption site
§ it 120 o from T, to substitutional. There are two possibilities to ex-
= 20 focs0.98:001, Paa=076£0.01 C W plain the data. Either the Ga forms &8.3-like domains
e f6,=0.99+0.02 ¥ o | | 15,=0.390.02 o . ) - ’ ;
o) . o ] with Ga-Si surface bilayers with no Ge involved or a Ga-Ge
> 10} 0000TTXETTY G0 6 1.0 i R L .
A surface bilayer is formed. From XSW it is not possible to
0.0 e —lgg distinguish between both possibiliti&5Any mixture of the
-20 0 20 40 -20 0 20 40 two models is also possible. The change of adsorption site is
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accompanied by a local change of the surface periodicity,
which is also visible in RHEED. Before Ge deposition, a

FIG. 4. GeK, fluorescence yield4), GaK, fluorescence yield shar ;
a. : ) p v3X+y3 RHEED pattern is observed and after Ge
(©) and reflectivity @) in (111) and(220) Bragg reflectionupper  yonqsition a very diffuse 6:36.3-like pattern is found. The
and Ipwer curves, respectivglgfter deposition of 0.5 BL Ge on formation of 6.3<6.3 domains requires a local Ga coverage
Ga's(lll)'ﬁ% 3 at 47.0. c The .daShed curve Shows.the Gaof 0.8 ML. As the average Ga coverage of the surface is only
fluorescence yield of the initial Ga{3il1)-3X 3 surface prior to 0.33 ML, the result of the process described above is a sur-

bGee egesph?fstgg)résg ;r;:—‘éizg;?%ijor; ossigasjl'he Ge fluorescence has face that is partially covered with small 6<8.3 domains
and patches of Ga-free areas.

_ _ Apparently theT, adsorption site is not favorable for Ga
and Ge. An abrupt interface is not stable and the systergp strained Ge/$11]) in agreement with studies on Ga ad-
lowers its total stress by extending the interface over Mor@orption on GEL11).2! MEIS data show that approximately
than one atomic plane. 2/3 of the surface is covered with Ge islaffdBhe average

We now turn to the evaluation of the measurements foigg coverage of the surface is 0.33 ML. Since thex®3
Ge in (220 Bragg reflection. We measure a coherent Gesirycture requires a local Ga coverage of 0.8 ML, the integral
fraction of f&37=0.74+0.03. For a perfect Ge film a value of syrface area covered by 68.3 domains is smaller than the
f&)=0.97 is expected. The reduced value can be attributephtegral surface area that is free of Ga. Thus we regard it
either to the involvement of Ge in a discommensurate Ga-Genost likely that Ge nucleation takes place in those surface
surface bilayer or the existence of stacking faults which hasireas that are not covered with Ga. This is supported by the
been reported from transmission electron microsoad®M)  coherent Ga fraction ofg-'=0.99+ 0.02 found for this sur-
measurementS.In (220 reflection we find a coherent Ge face. From MEIS measurements it is known that the Ge is-
position of ®Z=1.06+0.01, which can be understood by lands have a height distribution. The Ge islands have a dif-
the presence of strain in the Ge-Si layers. The result corréeferent vertical spacing than the Si substrate. Thus, if the Ga
sponds to a vertical expansion of the Ge-Si layers of 3%was residing on top of the islands, the coherent Ga fraction
This is consistent with the values used previously for thewould be significantly smaller due to Ga in different Ge
model calculations. 11220 reflection the coherent fraction “levels” with respect to the substrate.
for Ge is larger than for Ga. We fint2’=0.74=0.03 in This conclusion is also in agreement with previous studies
comparison tof22=0.06+0.02. The larger coherent Ge that found an enhanced surface diffusion of Si and Ge after
fraction is due to the small size of the &B8.3-like domains adsorption of group-I1l elements on($11)."° The enhanced
and the Ge atoms in the interface and deeper bilayers. Theséffusion results in a transport of Ge to surface areas that
are not discommensurate but well ordered with respect to thocally are not covered with Ga where Ge islands nucleate.
(220) diffraction planes and give rise to a high coherent frac-As mentioned above, the height distribution of the Ge islands
tion. is more sharply peaked than that found for Stranski-

While the Ga terminated 6:36.3 surface successfully Krastanov growth on bare 8iThis can be explained by
acts as a surfactant for Ge heteroepitaxy, it has been shownicleation conditions that are more homogeneous due to the
by medium-energy ion-scatterind/EIS) that the 3x 3  decay process of the3x /3 reconstruction. This process
does not promote layer by layer growth. Instead, Ge islandgesults in a patchwork of surface areas that are free of Ga and
of uniform thickness are formed and, interestingly, the heighget overgrown by Ge islands with further Ge deposition. The
of the islands is much more uniform than is the case forcoherent Ga fraction measured (@20 Bragg reflection of
growth without G& In the following we will address the f22=0.39+0.02 (Fig. 4) is large in comparison to the value
question on the underlying mechanism. As schematicalljor the Ga:Si111)-6.3X6.3 and after Ge growth on this sur-
shown in Fig. 1, Ga occupies &, surface site in the face. For the Ga:8111)-6.3xX6.3 avanishing(zfdO value has
Ga:S{111)-\/3x /3 reconstruction. From the literature, the been reportedt And after Ge growth on this surface we
coherent Ga position for this structure is known to''oe measured a coherent Ga fractionf@f’=0.06+ 0.02. Taking
®Z!=0.59 (dashed curve in Fig.)4 This value was also into account the presence of disordered excess Ga known
confirmed in our control experiments. from the (111) results, one calculates a scaled coherent Ga

Figure 4 shows the G&, fluorescence yield, the Ge fraction offé§°~0.17. We attribute the larger coherent frac-
K, fluorescence yield and the reflectivity (b11) and(220)  tion to the existence of small 6%.3-like domains on the

Bragg reflection after deposition of 0.5 BL Ge on tf8  surface as confirmed by the observation of a diffuse RHEED
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pattern. If the domains “lock in” at a certain surface site  Previously we assumed that nucleation of Ge islands on
with respect to the surface, and the size of the domains is nahis surface takes place in those surface areas that are free of
large compared to its surface periodicity, then the Ga distriGa. In this case the origin of the stacking faults must be
bution is not truly random with respect to ti220) diffrac-  different from the origin of stacking faults found after Ge
tion planes. This results in a nonvanishing value of the cogrowth on the Ga:$111)-6.3x6.3. However, we strongly
herent Ga fraction. suggest further investigations of the system with microscopi-

The XSW data for Ge after growth of 0.5 BL on cal methods, such as scanning tunneling microsd&mMm)
Ga:S(111)-3% 3 are displayed in Fig. 4. Ifl11) Bragg ©F low-energy electron microscopEEM) for clarification
reflection we find a coherent Ge position @fill=0.94  Of this point.. o _
+0.01 and a coherent Ge fraction Hf-'=0.73+0.02. The In conclusion, we have shown that Ga maintains a dis-
+0. o=0. .02.

: . commensurate reconstruction during Ge growth on the
interpretation of these values strong%?epends on the surfa a:S(111)-6.3x6.3 surface, with Ga residing in a substitu-

morphology. I-]ovyevgr, the .value .@fGe<1 may be mter- tional adsorption site. During Ge growth Ga floats on the
preted as an indication of intermixing of Ge and Si at thesurface and successfully acts as surfactant. The @A
interface as discussed previously for growth on GA5D- V3% /3 surface fails asy surfactant due to .a change of ad
6.3X6.3 substrates. The coherent Ge fractiori220) Bra . . . o i
Subs S loriR0) 99 sorption site of Ga during Ge deposition. ThBx /3 re-

reflection is determined t622°=0.18+0.03. This value is : : >
construction decays into a surface locally consisting of small
smaller than found for Ga on the same surface. Hence, G

) N : €€, 5 3x6.3 like domains and Ga free areas in coexistence. Fur-
incorporation into a 6.86.3 like surface reconstruction is . .

. S . ther growth of Ge on this surface leads to formation of Ge
not sufficient to explain this result. However, it can be ex-.

plained by the existence of stacking faults in a significant'sIands with a narrow height distribution.
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