
Surfactant enhanced solid phase epitaxy of Ge/CaF2/Si(111): Synchrotron
x-ray characterization of structure and morphology
J. Wollschläger, C. Deiter, C. R. Wang, B. H. Müller, and K. R. Hofmann 
 
Citation: J. Appl. Phys. 110, 102205 (2011); doi: 10.1063/1.3661174 
View online: http://dx.doi.org/10.1063/1.3661174 
View Table of Contents: http://jap.aip.org/resource/1/JAPIAU/v110/i10 
Published by the American Institute of Physics. 
 
Related Articles
Control of the optical and crystalline properties of TiO2 in visible-light active TiO2/TiN bi-layer thin-film stacks 
J. Appl. Phys. 111, 024301 (2012) 
Enhanced thermoelectric figure of merit in SiGe alloy nanowires by boundary and hole-phonon scattering 
J. Appl. Phys. 110, 074317 (2011) 
Undoped and in-situ B doped GeSn epitaxial growth on Ge by atmospheric pressure-chemical vapor deposition 
Appl. Phys. Lett. 99, 152103 (2011) 
Investigation on p-type lithium niobate crystals 
AIP Advances 1, 032171 (2011) 
Magnesium, nitrogen codoped Cr2O3: A p-type transparent conducting oxide 
Appl. Phys. Lett. 99, 111910 (2011) 
 
Additional information on J. Appl. Phys.
Journal Homepage: http://jap.aip.org/ 
Journal Information: http://jap.aip.org/about/about_the_journal 
Top downloads: http://jap.aip.org/features/most_downloaded 
Information for Authors: http://jap.aip.org/authors 

Downloaded 24 Jan 2012 to 131.173.9.252. Redistribution subject to AIP license or copyright; see http://jap.aip.org/about/rights_and_permissions

http://jap.aip.org/?ver=pdfcov
http://aipadvances.aip.org?ver=pdfcov
http://jap.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=J. Wollschl�ger&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://jap.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=C. Deiter&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://jap.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=C. R. Wang&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://jap.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=B. H. M�ller&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://jap.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=K. R. Hofmann&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://jap.aip.org/?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.3661174?ver=pdfcov
http://jap.aip.org/resource/1/JAPIAU/v110/i10?ver=pdfcov
http://www.aip.org/?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.3671428?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.3647575?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.3645620?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.3647503?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.3638461?ver=pdfcov
http://jap.aip.org/?ver=pdfcov
http://jap.aip.org/about/about_the_journal?ver=pdfcov
http://jap.aip.org/features/most_downloaded?ver=pdfcov
http://jap.aip.org/authors?ver=pdfcov


Surfactant enhanced solid phase epitaxy of Ge/CaF2/Si(111): Synchrotron
x-ray characterization of structure and morphology
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The structure and morphology of CaF2/Si(111) and Ge/CaF2/Si(111) layered structures with film

thicknesses in the range of very few nanometers has been studied with synchrotron-based radiation.

While the CaF2 film is grown via molecular beam epitaxy, the Ge film is fabricated by surfactant

enhanced solid phase epitaxy with Sb as surfactant. The CaF2 film forms two laterally separated

phases of relaxed CaF2 and pseudomorphic CaF2, respectively, although the film thickness is very

homogeneous. The Ge film is completely relaxed and forms A-oriented parts as well as B-oriented

parts, due to twinning. In spite of the large surface roughness of the Ge film, it completely wets CaF2/

Si(111) also after annealing at 600 �C, due to the application of Sb during the annealing process.
VC 2011 American Institute of Physics. [doi:10.1063/1.3661174]

I. INTRODUCTION

For various applications in the fields of microelectronics

and nanoelectronics as well as optoelectronics and photovol-

taics, it is advantageous to use lattice-matched epitaxial films

of insulating materials. For instance, large efforts are made

to develop the germanium-on-insulator (GeOI) technique to

integrate new materials on the Si technology platform. This

technique offers very good possibilities, e.g., to integrate Ge

for high speed applications1–3 or III-V materials for photo-

voltaic devices on the reasonable Si platform.4,5

Here, the use of CaF2 as insulating material is advanta-

geous, since CaF2 has an extremely large bandgap (12.1 eV),

its cubic crystal structure (fluorite) is similar to the diamond

structure of Si, and, finally, the CaF2 lattice constant matches

almost the lattice constant of Si (lattice mismatch 0.6% at

room temperature).6–8 Furthermore, CaF2 may serve as a

perfect intermediate between Si and Ge (lattice mismatch

4.0% with respect to Si) at higher growth temperatures, since

the thermal expansion of CaF2 is much larger than the ther-

mal expansion of both Si and Ge. However, while ultrathin

CaF2 films grow very well on Si(111) (laminar growth

mode), due to the low surface energy of CaF2(0.45 J/m2)

compared to the surface energy of Si (1.24 J/m2), it is

expected that Ge (surface energy 1.06 J/m2) does not wet

CaF2(Volmer Weber growth mode, 3D island formation).7

Therefore, techniques have to be developed to surpass the

thermodynamic equilibrium of de-wetting.

Early studies on Ge epitaxy on thin CaF2 films were

motivated by microelectronic applications as improved gate

insulators and 3D integration.6 Thus, in these studies, the

films of both materials Ge and CaF2 were several 100 nm

thick. On the one hand, the crystalline quality of the Ge films

improved with increasing deposition temperature, while, on

the other hand, the surface roughness increased too.10,11

Furthermore, twinning formation has been observed for Ge

films (as well as for Si films). The size of Ge crystallites,

however, is much larger than the size of Si crystallites, if de-

posited at the same temperature. The twinning has been

attributed to nucleation of both A-oriented and B-oriented

semiconductor islands on the B-oriented CaF2 films. For the

B-orientation, the crystal structure is rotated by 180� about

the ½111� surface normal. The B-orientation of the CaF2 film

is caused by the formation of dissociated CaF at the

interface, which improves the binding between the CaF2

film and Si(111) substrate.7 Recently, it has been reported

from density functional theory (DFT) calculations that

similar effects occur at the Ge(111)/CaF2(111) interface.12

B-oriented Ge(111) films are favored if fluorine is removed

from the CaF2(111) surface, while, in contrast to A-oriented

Si(111) films, A-oriented Ge(111) films are stabilized by F-

double layers at the Ge(111)/CaF2(111) interface.

The roughness of the Ge film, however, could be

decreased if, initially, Ge films of nanometer thickness were

pre-deposited at room temperature prior to the second

growth stage at higher temperatures (typically 600 �C)13,14

or if the CaF2 surface was modified by electron beam expo-

sure to remove F from the surface of the CaF2 film and to

increase the binding at the interface between the Ge film and

CaF2 film.15 The use of nanometer-thick boron films as inter-

factant has also been demonstrated to improve the quality of

the Ge film.16

However, Si-based nanoelectronic applications, e.g.,

resonant tunneling devices, where CaF2 films and semicon-

ductor films (e.g., Si, Ge) serve as tunneling barriers and

quantum wells, respectively, require much higher demands,

since all involved films can only have nanometer thickness

and have to be atomically smooth.17 Recently, it has been

shown that the homogeneity of Si films deposited on CaF2/

Si(111) is improved if solid phase epitaxy (SPE) is combined

with the use of surfactants (e.g., B, Sb), which are deposited
a)Electronic mail: joachim.wollschlaeger@uos.de.

0021-8979/2011/110(10)/102205/10/$30.00 VC 2011 American Institute of Physics110, 102205-1

JOURNAL OF APPLIED PHYSICS 110, 102205 (2011)

Downloaded 24 Jan 2012 to 131.173.9.252. Redistribution subject to AIP license or copyright; see http://jap.aip.org/about/rights_and_permissions

http://dx.doi.org/10.1063/1.3661174
http://dx.doi.org/10.1063/1.3661174
http://dx.doi.org/10.1063/1.3661174
http://dx.doi.org/10.1063/1.3661174


during the annealing.19–21 Electronic devices, which were

fabricated on the base of this technique, perform much better

than devices fabricated with other techniques.22–24 Further-

more, due to its passivating property, the surfactant As has

been applied after removal of fluorine from the CaF2 inter-

face by electron exposure prior to Si deposition.24 This pro-

cedure improves the laminar growth of ultrathin Si films

with B orientation for deposition at 500 �C.

Here, we report on surfactant-enhanced solid phase epi-

taxy (SE-SPE) of ultrathin Ge films on CaF2/Si(111). We use

Sb as surfactant, since it was successfully applied as surfac-

tant for Ge/Si(111), switching the growth mode from

Stranski-Krastanov to Frank-van der Merve.25 Compared to

Si, Ge has the advantage of lower surface energy (see

above). Therefore, the driving force to form islands on CaF2

films is smaller, but cannot be ignored. Nevertheless, very

little is reported on Ge/CaF2/Si(111) if the thickness of films

of both Ge and CaF2 are in the range of 1 nm necessary to

fabricate nanoelectronic devices, since small Ge islands are

formed if Ge is deposited at elevated temperatures.26,27 De-

spite these difficulties to form homogeneous Ge films of

nanometer thickness on CaF2/Si(111) tunneling diodes with

Ge quantum dots embedded in a CaF2 film, the tunneling

barrier exhibits negative differential conductance.27

Although room temperature–deposited Ge films of few

atomic layer thickness are crystalline and have homogeneous

thickness28 (compared to room temperature–deposited amor-

phous Si films), it is advantageous to anneal these films in

order to improve the crystalline quality of the Ge films.

Annealing above 400 �C, however, leads again to complete

de-wetting, due to island formation, as proven by x-ray pho-

toelectron spectroscopy (XPS)29 and combined studies of

spot profile analysis of low-energy electron diffraction

(SPA-LEED) and Auger electron spectroscopy (AES).28 Sur-

prisingly, modifications of the CaF2 film via electron expo-

sure did not improve the annealing behavior.29

In our studies, Ge/CaF2/Si(111) as well as CaF2/Si(111)

structures were characterized by synchrotron radiation–based

x-ray techniques as x-ray reflectivity (XRR), x-ray diffraction

(XRD), and gracing incidence x-ray diffraction (GIXRD).

These investigations were supported by x-ray photoelectron

spectroscopy (XPS) and atomic force microscopy (AFM).

Here, we will focus on our detailed synchrotron radiation–

based studies.

II. EXPERIMENTAL

Both CaF2/Si(111) and Ge/CaF2/Si(111) structures were

fabricated via molecular beam epitaxy (MBE) under condi-

tions of ultra high vacuum (UHV) in a VG80 Si MBE sys-

tem. The base pressure in the UHV chamber was less than

10�8Pa. An e-beam evaporator was used to deposit Ge, while

both CaF2 and Sb were evaporated from graphite crucibles.

Four-inch n-type Si(111) wafers were used as substrates.

In a first deposition step, 12 triple layer (TL) CaF2

(3.8 nm) were deposited on Si(111) at 500 �C. Here, TL

denotes a molecular layer of CaF2, which consists of a Ca

layer embedded in two F layers. It has been reported previ-

ously that almost perfect CaF2 films with negligible rough-

ness are produced under these conditions.9,30 For one

sample, furthermore, 8.4 nm Ge was additionally deposited

on the CaF2 film at room temperature, as proven a posteriori
by XRR. This Ge film thickness is equivalent to 26 bilayer

(BL) Ge, where BL denotes the crystallographic Ge(111)

layer, which combines two mono-atomic Ge layers. After Ge

deposition, the sample was annealed to 600 �C and was

exposed to additional flux of Sb when the sample tempera-

ture reached 400 �C.

The CaF2/Si(111) and Ge/CaF2/Si(111) structures were

studied with synchrotron radiation at HASYLAB (DESY).

Both x-ray reflectivity (XRR) and specular x-ray diffraction

(XRD, H� 2H scans) experiments were performed at the

beamline W1, while studies with grazing incidence x-ray dif-

fraction (GIXRD) were performed at the beamline BW2.

Double-crystal Si monochromators were used to select a

wavelength of 1.24 Å (10 keV photons). Crystal truncation

rods (CTR) measured under these conditions were analyzed

with the program package ANA-ROD,31 while XRR experi-

ments were analyzed with the homemade software iXRR.32

III. RESULTS

A. X-ray reflectivity

Figure 1 compares XRR measurements of the two sam-

ples before and after deposition of Ge on CaF2/Si(111). The

CaF2/Si(111) sample (Fig. 1(a)) shows well-developed inten-

sity oscillations (Kissing fringes), which point to a layer

thickness of 3.8 nm (12 TL) of the CaF2 film, due to the peri-

odicity of the intensity oscillations. The long-lasting inten-

sity oscillations indicate that both the surface and the

interface of the CaF2 film are very smooth. Thus, addition-

ally, the XRR intensity has completely been analyzed using

the Parratt algorithm,33 including the roughness model of

Nevot-Croce.34 This analysis (cf. line in Fig. 1(a)) confirms

that the CaF2 layer is 3.8 nm thick and that both the CaF2/

Si(111) interface roughness and the surface roughness of the

CaF2 film are less than 0.1 nm.

The XRR measurement on the Ge/CaF2/Si(111) sample

(Fig. 1(b)) also shows intensity oscillations. On the one

hand, for large vertical scattering vectors Q?, the periodicity

of the intensity oscillations is similar to the CaF2/Si(111)

sample without Ge. On the other hand, a shorter periodicity

FIG. 1. (Color online) XRR analysis of (a) CaF2/Si(111) and (b) Ge/CaF2/

Si(111). Dots denote the experimental data, while the solid lines show fitting

curves to the data following the Parratt algorithm with modeling of the inter-

face via Nevot-Crocet ansatz.
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is observed for smaller scattering angles, due to the increased

total film thickness (Ge/CaF2 double layer). Thus, it can be

concluded that the deposited Ge film is very rough compared

to the CaF2 film. The full analysis almost reproduces the

characteristics of the CaF2 film reported above (4.2-nm

thickness, roughness of both interfaces less than 0.2 nm).

The Ge film, however, is characterized by a film thickness of

8.4 nm (26 BL) and large surface roughness of 4.1 nm. Fur-

thermore, the reduced dispersion of the Ge film points to the

formation of islands due to partial de-wetting during the post

deposition annealing (PDA).

B. X-ray diffraction

Complementary XRD measurements (H�2H scans)

perpendicular to the sample surface and close to the Si(111)

Bragg peak are presented in Fig. 2 for both samples CaF2/

Si(111) and Ge/CaF2/Si(111), respectively. Thus, the scans

in reciprocal space are performed in ½111� direction. The

vertical scattering vector Q? of the XRD scans are scaled to

the reciprocal lattice vector of Si by Q? ¼ 2pl
cSi
ðl 2 RÞ, with

cSi¼ 313.55 pm and ~Q ¼ 2p
cSi
ðlllÞ.

The diffraction pattern of the CaF2/Si(111) sample

(Fig. 2(a)) exhibits a clear CaF2(111) Bragg peak very close

to the Si(111) Bragg peak. The CaF2 Bragg peak is broad-

ened, due to the finite CaF2 film thickness. Compared to the

sharp Si(111) Bragg peak, it is slightly shifted to lower l val-

ues. The position of the CaF2 Bragg peak yields a vertical

CaF2 lattice constant of 316 pm, matching the vertical bulk

CaF2(111) lattice constant (315.3 pm) within the experimen-

tal error. In addition, well-developed fringes are observed,

which confirm the high degree of crystallinity of the CaF2

film and point to a very homogeneous film thickness. In

agreement with the XRR analysis presented above, the perio-

dicity of the intensity oscillations point to a crystalline film

thickness of 3.9 (60:1) nm.

After Ge deposition, clear changes of the XRD diffrac-

tion pattern are observed (cf. Figure 2(b)). A Ge(111) Bragg

peak emerges at l ¼ 0:964ð60:003Þ, pointing to a vertical

Ge lattice constant cGe¼ 325(61) pm (cf. bulk value:

326.638 pm). Thus, the Ge film is almost perfectly relaxed

perpendicular to the surface.

On the one hand, the periodicity of the fringes is gener-

ally shorter than for the CaF2/Si(111) sample, due to the

increased total film thickness (CaF2 film and additional Ge

film). On the other hand, the periodicity of the fringes is not

constant, but depends on the vertical scattering vector. It is

shorter for scattering vectors close to the Bragg peaks, while

it becomes larger if the scattering vector deviates more from

the Bragg condition. This effect can be attributed to the large

roughness of the Ge film already observed in the XRR

experiments. The roughness of the Ge film decreases the Ge

diffraction signal for scattering vectors, which deviate signif-

icantly from the Ge Bragg condition, so that interference

effects are only well pronounced close to Bragg peaks. Fur-

thermore, the intensity of the fringes shows some beating,

pointing to the fact that the CaF2 film and the Ge film have

similar but not identical thickness. It can be estimated from a

simple and very rough analysis based on the periodicity of

the fringes close to the Bragg peaks and on the beating perio-

dicity that the CaF2 film thickness and the Ge film thickness

are 15 TL and 21 BL, respectively. This result reasonably

agrees with the XRR analysis.

Furthermore, Fig. 3 presents in-plane scans in ½110�
direction for different vertical scattering vectors 2p

cSi
ðlllÞ,

which correspond to intensity maxima of the out-of-plane

scan shown in Fig. 2(b). Thus, the lateral scattering vector is

denoted by ðhh0Þ. The out-of-plane scans exhibit very sharp

peaks at h¼ 0, due to the crystal truncation rod (CTR) of the

Si(111) substrate. Additional broad peaks appear at the same

position, due to the lateral disorder of the epitaxial films.

The broad but intense peak at l¼ 0.96 is caused by the

FIG. 2. (Color online) XRD characterization of (a) CaF2/Si(111) and

(b) Ge/CaF2/Si(111). The (111) Bragg peak of the Si substrate is at l¼ 1.

Dashed lines show the positions of bulk Ge and bulk CaF2, respectively. The

well-developed fringes point to very homogeneous films.

FIG. 3. (Color online) In-plane scans for Ge/CaF2/Si(111) with fixed verti-

cal scattering vector 2p
cSi
ðlllÞ. The broad but intense peak for l¼ 0.96 is caused

by the relaxed Ge film.
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relaxed Ge film. Fitting this peak with a Lorentzian-like

function yields the lateral grain size of 60 nm for the Ge

film. Obviously, the broad peak becomes sharper for smaller

vertical scattering vectors. Since the Ge film does not con-

tribute to the diffraction signal, due to the large roughness of

the Ge film, this peak is governed by the diffraction signal

from the CaF2 film (cf. Figure 2(b)) and can be assigned to a

lateral size of 160 nm for the CaF2 film.

C. Grazing incidence x-ray diffraction

Additional GIXRD experiments have been performed to

enhance the sensitivity of the x-ray diffraction investigations

to the epitaxial films and to obtain information concerning

the lateral order of the film structures. Finite size effects of

the ultrathin films as well as the half infinite substrate lead to

the formation of crystal truncation rods (CTRs). Therefore,

in the following, we will use the surface notation (cf. Fig. 4

and Table I) instead of the bulk notation used before for

XRD.

1. CaF2/Si(111)

First, high resolution in-plane scans were performed on

the CaF2/Si(111) sample to study the degree of lateral relaxa-

tion of the CaF2 film after deposition on Si(111). These

experiments are presented in Fig. 5. In-plane (KKL) scans

with variable K and fixed L close to L¼ 0 (Si Bragg condi-

tion on the (11L) CTR) show very sharp peaks, due to the

Si(111) substrate and an additional shoulder. The maximum

intensity of the shoulder is shifted to lower values of the lat-

eral scattering vector (H ¼ K<1). Thus, the shoulder can (at

least) partly be attributed to laterally relaxed CaF2. Super-

posed to the diffraction signal of the relaxed CaF2 film,

however, disorder at the CaF2-Si interface as well as pseudo-

morphic CaF2 can cause additional diffuse scattering and

additional diffraction intensity due to constructive interfer-

ence, respectively. For detailed analysis, we fitted the in-

plane scans to a superposition of three peaks, due to relaxed

CaF2 and pseudomorphic CaF2 as well as diffuse scattering

(due to interface roughness). The result for L¼ 0.03 is pre-

sented with solid and dashed lines in Fig. 5.

Since the superposition of diffraction intensity due to

the Si substrate complicates the diffraction analysis for the

(11L) CTR, in-plane scans are also recorded on the (01L)

CTR close to L¼ 1/3, where the CaF2 film has a Bragg peak

due to its B-orientation, while the Si substrate does not have

any significant diffraction signal, except some remaining

very low intensity of its CTR. This contribution, however,

can be neglected, since all Si Bragg conditions are far away

(cf. schematic drawing of Fig. 4). These ð0KLÞ scans with

variable K and fixed L are also shown in Fig. 5. The splitting

of the CaF2 Bragg peak in two components is clearly

resolved. The positions of these peaks have been determined

by fitting to two Lorentzian-like functions, yielding peak

positions at K¼ 0.994 and K¼ 1.000. Therefore, the peaks

can be assigned to relaxed and pseudomorphic CaF2 phases,

respectively, as previously reported for thinner CaF2 films.35

The smaller intensity of the peak due to relaxed CaF2

(K¼ 0.994), shows that the majority of the CaF2 film is pseu-

domorphic. In agreement with Ref. 35, we conclude from the

complete analysis of the L dependence of the in-plane scans

(L¼ 0.10–0.35) that both phases are laterally arranged and

have a thickness of 12 TL. The lateral grain size of the

relaxed and pseudomorphic CaF2 phases is 60 nm and 100

nm, respectively, as concluded from the FWHM of both

peaks.

Out-of-plane scans have been performed with lower

lateral resolution for the (10L), (01L), and (11L) CTRs.

Rotating the sample with respect to the surface normal,

FIG. 4. (Color online) Schematical drawing of the reciprocal space assum-

ing bulk lattice constants of Si, CaF2, and Ge as well as both A orientation

and B orientation of the epitaxial CaF2 film and Ge film, respectively.

TABLE I. Bulk and surface notation for the Bragg conditions of Si substrate

and completely relaxed CaF2 and Ge films (cf. Fig. 4). The surface indices

are scaled with respect to the reciprocal space of the underlying Si substrate.

CTR Material Bulk Surface

(00) Si (111) (0, 0, 1)

CaF2 (0, 0, 0.994)

Ge (0, 0, 0.960)

(10) Si (111) (1, 0, 1/3)

CaF2-A (0.994, 0, 0.331)

Ge-A (0.960, 0.320)

CaF2-B (002) (0.994, 0, 0.663)

Si (220) (1, 0, 4/3)

CaF2-A (0.994, 0, 1.325)

Ge-A (0.960, 0, 1.280)

CaF2-B (0.994, 0, 1.657)

Ge-B (0.960, 0, 1.600)

(01) CaF2-B (111) (0, 0.994, 0.331)

Ge-B (0, 0.960, 0.320)

CaF2-A (020) (0, 0.994, 0.663)

CaF2-B (202) (0, 0.994, 1.325)

Ge-B (0, 0.960, 1.280)

Si (131) (0, 1, 5/3)

CaF2-A (0, 0.994, 1.657)

Ge-A (0, 0.960, 1.600)

(11) Si (022) (1, 1, 0)

CaF2-A/B (022)/(022) (0.994, 0.994, 0)

Ge-A/B (022)/(022) (0.960, 0.960, 0)

Si (131) (1, 1, 1)

CaF2-A/B (131)/(113) (0.994, 0.994, 0.994)

Ge-A/B (131)/(113) (0.960, 0.960, 0.960)
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complete peaks have been recorded in GIXRD geometry

with a fixed value of L to determine the structure factor after

subtracting the background intensity from the measured in-

tensity. The integral peak intensities of these CTRs are pre-

sented in Fig. 6. Besides the strong Bragg peaks, due to the

Si(111) substrate (cf. Figure 4 and Table I), these CTRs

show broad CaF2 Bragg peaks, due to the B-oriented CaF2

film, as well as fringes, due to the excellent homogeneity of

the CaF2 film thickness (12TL CaF2, as determined from the

periodicity of the fringes). The CaF2 film is almost entirely

B-oriented, as can be judged from the (01L) CTR, where no

obvious Bragg peak due to A-oriented CaF2 appears close to

L¼ 2/3 (cf. Figure 4 and Table I), which could quite easily

be resolved, since the Si(0,1,2/3) Bragg peak is forbidden,

due to the diamond structure of Si (cf. the significant inten-

sity of the analogous Bragg peak due to B-oriented CaF2 on

the (10) CTR for L’2/3). A more detailed CTR analysis

yields an upper limit of 5% A-oriented CaF2.

Furthermore, the L-dependence of these CTRs were

completely analyzed using kinematic diffraction theory. Fol-

lowing Ref. 35, we modeled the CaF2 films by two lateral

separated CaF2 phases (two columns). One column models

the relaxed CaF2, while the second column models the pseu-

domorphic part. The analysis shows that the relaxed CaF2

phase assumes the bulk value for the vertical lattice constant

(316 pm). Thus, this part of the CaF2 film is completely

relaxed and no residual strain can be detected. For the pseu-

domorphic part, however, the determined vertical lattice con-

stant of 319 pm is slightly expanded, due to the tensile stress

at the CaF2/Si(111) interface.

2. Ge/CaF2/Si(111)

Figure 7 shows in-plane scans in radial direction

(H ¼ K) of the ð11LÞ CTR obtained from the Ge/CaF2/

Si(111) sample for small vertical scattering vectors L.

Besides the extremely sharp Si peak at K ¼ 1:000, there are

two additional peaks, which are much broader than the Si

peak. The in-plane scans were fitted to superimposed modi-

fied Lorentzians to obtain lateral lattice constants and grain

sizes of the films. This analysis shows that the broad peak

next to the Si peak is due to relaxed CaF2, as reported above

for the sample without Ge film. The position of the peak on

the very left hand at K¼ 0.959 shows that it is caused by (lat-

erally) relaxed Ge. From the halfwidths of both peaks, it can

be estimated that both the CaF2 and Ge grains have average

lateral sizes of approximately 50 nm (agreeing well with the

XRD analysis of the (00) rod presented above). In addition,

we had to assume two more peaks under the Si peak to

model also the wings on the right side of the Si Bragg peak.

These peaks are situated on the Si peak position, but are

FIG. 5. (Color online) In-plane scans with GIXRD geometry for CaF2/

Si(111): (11L) CTR (top) and (01L) CTR (bottom). The splitting of the CaF2

Bragg peak into two peaks points to coexisting relaxed and pseudomorphic

CaF2 phases. The solid lines denote Lorentzian-like contributions due to

relaxed CaF2(left) and pseudomorphic CaF2(right). The dashed line shows

additional intensity attributed to diffuse scattering at the rough CaF2-Si

interface. All fitting curves are shifted for clarity.

FIG. 6. (Color online) CTR analysis of the (10L) CTR, (01L) CTR, and

(11L) CTR (from top to bottom) for CaF2/Si(111). Open dots are experimen-

tal results, while the solid lines show the diffraction analysis following kine-

matic diffraction theory to obtain structural data. The CaF2 Bragg peaks

show that the CaF2 is B oriented to an overwhelming extent. The CaF2 film

is very homogeneous, as concluded from well-developed fringes.
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broader than the Si peak and have lower intensity. Therefore,

they can be assigned to the pseudomorphic phase of the

CaF2 film (grain size 120 nm) as well as diffuse scattering

due to interface roughness (cf. results for CaF2/Si(111) pre-

sented above).

Similar in-plane scans are additionally recorded for the

ð10LÞ CTR and the ð01LÞ CTR to clarify the orientation of

the Ge film. Figure 8 presents the in-plane scans for the

ð01LÞ CTR for L ’ 1=3 to be sensitive to B-oriented parts of

the films. Please note that the orientation of the Ge film is

presented in relation to the Si(111) substrate. On first sight,

three peaks can obviously be distinguished, due to pseudo-

morphic CaF2 (K¼1:000), relaxed CaF2 (K¼0:994), and

relaxed Ge (K ¼ 0:959) (from right to left). As just reported

for the (11L) CTR, the peaks due to relaxed CaF2 and Ge

have similar FWHM, while the peak due to pseudomorphic

CaF2 is sharper, due to larger pseudomorphic CaF2 grains.

The latter peak can clearly be observed here because of the

B-orientation of the CaF2 film, since it is not curtained by

the superimposed Si diffraction signal for this reason.

In addition to the three different peaks reported up to

here, the (01L) CTR shows an additional, but weak peak,

which is labeled for the topmost curve by an arrow in Fig. 8.

The position of this peak, however, shifts linearly if the verti-

cal vector L is changed. Furthermore, its position matches

the position of the bulk Bragg peak due to the relaxed

Ge(111) film for L¼ 0.32 (vertical scattering vector of the

Bragg peak of bulk Ge). Therefore, this peak is caused by

facets of the Ge film. The analysis of the peak position with

respect to the vertical scattering vector proves that the B-

oriented Ge film has (212) facets. Corresponding results

have also been obtained for Ge from the ð10LÞ CTR investi-

gated for L ’ 1=3. Especially, we observe diffraction peaks

due to relaxed A-oriented Ge, which exhibits Ge(212) facets

too.

Figure 9 presents the detailed analysis of the in-plane

scans for both the ð10LÞ CTR and the ð01LÞ CTR. For

the (01L) CTR, the L dependences of both intensities due

to pseudomorphic CaF2 (open dots) and due to relaxed CaF2

(open diamonds) show clearly fringes due to the homogene-

ous and identical thickness (12 TL) of both phases. Com-

pared to this, the diffraction intensity from the B-oriented Ge

exhibits no fringes, confirming that the film is very rough.

The complementary analysis of the (10L) CTR demon-

strates that the Si(10L) CTR (open dots) exhibits strongly

decreasing intensity due to the half infinite substrate, if the

vertical diffraction scattering deviates from its value for the

(bulk) Bragg peak (L¼ 1/3). Furthermore, we observe dif-

fuse scattering on the Si rod (open diamonds) due to residual

roughness at the CaF2-Si interface, which may be superim-

posed by diffraction from small A-oriented fractions of

the CaF2 film mentioned above. The diffraction intensity of

the A-oriented Ge does not show any fringes (equivalent

to B-oriented Ge reported for the (01L) CTR). Thus, the

A-oriented parts of the Ge film are also very rough. Both the

FIG. 7. (Color online) In-plane scans of the ð11LÞ CTR. The three immedi-

ately visible diffraction peaks are due to relaxed Ge film, the relaxed CaF2

film, and the Si(111) substrate (from left to right). In addition, a peak due to

pseudomorphic CaF2 has to be assumed to describe the scans completely.

Solid lines (shifted for clarity) show the contributions of the different films

to the diffraction pattern at L¼ 0.03.

FIG. 8. (Color online) In-plane scans of the ð01LÞ CTR. The three peaks are

due to relaxed Ge, relaxed CaF2, and pseudomorphic CaF2(from left to

right). Solid lines represent fits of the different contributions to modified

Lorentzians for L¼ 0.29.
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maximum intensity of the Ge CTR and its FWHM match the

results obtained for the B-oriented Ge. Thus, there is no pref-

erence to one of these phases, neither for the amount of Ge

nor for the average lateral grain size.

Furthermore, Ge Bragg peaks of both CTRs (due to A-

oriented and B-oriented Ge) show an azimuthal broadening

of 6 0.1� compared to the azimuthal halfwidth of both

Si(111) substrate and CaF2 film. Thus, the relaxation of the

Ge film is accompanied by some small azimuthal disorder

(texture).

Finally, the L dependence of the CTRs has been investi-

gated with lower lateral resolution (cf. above for the sample

without Ge film) to determine the vertical crystalline struc-

ture of the films from the structure factor. Thus, the diffrac-

tion intensity from the CaF2 film and the Si(111) substrate

are recorded simultaneously (including interference effects

between the substrate and pseudomorphic part of the CaF2

film). Nevertheless, the Ge diffraction signal was well sepa-

rated, due to the larger lateral mismatch of the relaxed Ge

film. Therefore, the Ge CTRs are recorded separately. Just as

for the first sample, the CTR intensities are recorded rotating

the sample with respect to its surface normal to separate the

CTR signal from the background.

The resulting structure factors are presented in Fig. 10.

The results for the CaF2/Si(111) CTRs (H, K¼ 1.00) match

the results of the sample without Ge. First, the CaF2 films are

B-oriented to an overwhelming majority. Second, the thick-

ness of the CaF2 is very homogeneous, as concluded from

the very well-developed fringes. Thus, the Ge film does not

influence the structure and morphology of the CaF2 films.

Both Ge CTRs (H, K¼ 0.96) show three Bragg peaks,

as expected if the Ge film exhibits A-oriented and B-

oriented parts (cf. Figure 4). The Ge Bragg peaks for

L¼ 0.32 are more symmetric than the Bragg peaks for higher

values of L. This effect can be attributed to the higher lateral

resolution of the experiment for small vertical scattering vec-

tors L. Thus, for L close to 1/3, the Ge Bragg peaks are better

separated from the Bragg peaks of Si and CaF2, respectively,

while the strong Si and CaF2 Bragg peaks influence the mea-

surement of the Ge Bragg peaks for higher values of L. The

L positions of the Ge Bragg peaks match the positions calcu-

lated for bulk Ge. Thus, the Ge film is also completely

relaxed in the vertical direction. The Ge Bragg peaks at

L¼ 0.32 were fitted to Lorentzians, since they are better

resolved than the other Ge Bragg peaks. Taking the pure

FWHM of these Bragg peaks, one would conclude an aver-

age Ge film thickness of 33 BL (10.7 nm). This result overes-

timates the Ge film thickness, since the rough Ge film

FIG. 9. (Color online) Analysis of the intensities of the different peaks of

the in-plane scans of both ð10LÞ CTR and ð01LÞ CTR (cf. Fig. 8). The oscil-

lations of the intensities of the peaks due to CaF2 demonstrate the extreme

homogeneity of the film thickness. The peaks due to Ge do not show oscilla-

tions, since the film thickness is inhomogeneous.

FIG. 10. (Color online) CTR analysis of the (H0L) CTR (top) and (0KL)

CTR (bottom) for Ge/CaF2/Si(111) for relaxed Ge (H; K¼ 0.96) and the

interfering CaF2 and Si(111) (H; K¼ 1.00). The CTRs for H; K¼ 1.00

show that the CaF2 film is B oriented and very homogeneous. The CTRs for

H; K¼ 0.96 demonstrate that the Ge film is relaxed and exhibits both A-

oriented as well as B-oriented parts. Open dots show experimental results.

The solid lines for H; K¼ 1.00 are calculated from kinematic diffraction

theory. The solid lines for the Ge CTRs for L ’ 0:32 are fit to Lorentzians

because of the rough and inhomogeneous Ge film.
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surface leads to a more drastic decrease of the wings of the

Bragg peak. Thus, the CTR results do not contradict the for-

mer XRR and XRD results.

IV. DISCUSSION AND CONCLUSION

Our synchrotron radiation–based experiments (XRR,

XRD, GIXRD) on both CaF2/Si(111) and Ge/CaF2/Si(111)

demonstrate that the crystalline structure of these layered

structures can be characterized to a large extent.

For instance, we established with our studies that the

12TL CaF2 film grown at 500 �C breaks up into two phases:

one pseudomorphic phase and one relaxed phase. This effect

has recently been demonstrated for thinner CaF2 films

(thickness< 7 TL, mainly deposited at 600 �C) and attributed

to the formation of partial edge dislocations at substrate

steps.35 Before, the formation of dislocation lines and the

correlation were reported from plan-view TEM studies.36

Compared to these former studies, on one hand, the

amount of relaxed CaF2 is larger here, due to the increased

film thickness driving the system to a higher degree of relax-

ation. On the other hand, the vertical lattice constants of both

phases agree with the previously reported vertical lattice

constants. Complete relaxation (determined from the vertical

CaF2 lattice constant of 315.5 pm) has also been reported for

15TL CaF2 deposited on Si(111) at 720 �C by Lucas et al.,36

while they obtained a vertical lattice constant of 317.4 pm

for a 10-nm film grown by a template procedure with initial

growth at 700 �C.37 Applying a similar two step template

growth technique (first deposition of 2 nm CaF2 at 750 �C
followed by deposition of additional 10 nm at 10 �C), the lat-

ter vertical lattice constant was also reported by other

authors.38,39 Thus, in these cases, the reported lattice con-

stants, which have an intermediate value compared to the lat-

tice constants reported here, may be due to an averaged

vertical lattice constant of pseudomorphic parts and relaxed

parts of the CaF2 film. The lateral CaF2 grain size of 60 nm

determined from in-plane scans for the relaxed phase coin-

cides very well with the value of 54 nm expected from the

lattice mismatch. Thus, the lateral grain size of the relaxed

phase seems to be confined by the formation of (interface)

dislocations.

Compared to the very homogeneous CaF2 (cf. well-

developed fringes of all CTRs), the Ge film is very rough, as

proven by our XRR analysis and the missing fringes of the

GIXRD investigations. The large roughness of the Ge film is

also observed in supplemental studies with atomic force mi-

croscopy (AFM), which show the formation of large islands

(island diameter approximately 80 nm) and rms-roughness

of several nanometers. The inhomogeneity of the Ge film

thickness can also be judged from x-ray photoelectron spec-

troscopy (XPS), where more Ca2p and F1s photoelectrons

are detected than expected for a homogeneous Ge film of 8.4

nm thickness. Furthermore, we observe a slight increase of

the ratio between Ca2p and F1s photoelectrons, which can

be attributed to (partial) segregation of Ca to the surface at

the Ge film. This has to be compared with the growth of 200-

nm-thick Ge films on CaF2 films with predeposited boron,

where Ca segregation is suppressed, as demonstrated by

SIMS studies.16

While homogeneous Ge films are formed via deposition

at room temperature,28 annealing studies by electron spectros-

copy show that ultrathin Ge films are gradually rearranged via

formation of Ge islands.28,29 The rearrangement starts at

200 �C for ultrathin Ge films of less than 2 nm thickness and,

finally, leads to Ge islands of 11–12 BL (�4 nm) height after

annealing at 600 �C.28,29 Thus, it can be expected that the

roughening and de-wetting behavior due to annealing is less

drastic for the thicker Ge film studied here (thickness 8.4 nm),

which is also annealed at 600 �C. In addition, one expects

improvement and less rough Ge films in our case, since the

film is additionally exposed to the surfactant Sb, which

reduces the surface energy of Ge. Indeed, we observe that the

Ge film does not entirely de-wet and does not form 3D Ge

islands, although the surface of the Ge film is a very rough

surface, as concluded from all experiments. Furthermore, we

conclude from XPS that Sb is only very little incorporated

into the Ge film, in agreement with results reported for the Sb

surfactant-mediated epitaxy of Ge on Si(111).25

Complete relaxation has been reported for 200-nm-thick

Ge films on CaF2/Si(111).16 Our synchrotron radiation–based

XRD and GIXRD experiments show that ultrathin Ge films of

8 nm thickness are already completely relaxed (both in vertical

and lateral direction) after annealing at 600 �C. Furthermore,

we observe the formation of A-oriented and B-oriented phases

with equal parts. The formation of A/B-twins due to stacking

faults has been reported before for thin CaF2 films (thickness

250 nm, growth temperature 600 �C).14 The authors proposed

that the twinning starts from the formation of both A-oriented

and B-oriented Ge islands during the early nucleation stages.

Compared to this, Ge(111) films are preferentially B orien-

tated (with respect to the CaF2 film) when boron has been de-

posited before Ge deposition.16 Therefore, the structure of the

Ge-CaF2 interface plays an important role for the orientation

of the Ge(111) films, as pointed out recently from DFT calcu-

lations.12 Furthermore, the latter authors report that the amount

of B-orientated Ge(111) increases if the deposition tempera-

ture is increased. This effect is similar to the well-known

structure of the CaF2-Si(111) interface, where CaF2 is reduced

to CaF at higher deposition temperatures, inducing the

growth of B-oriented CaF2(111) films.7 Therefore, B-oriented

Ge(111) films can be related to the Ge-Ca-F interface.

Our studies, however, show equal parts of A-oriented and

B-oriented Ge phases. Therefore, we assume that fluorine is

only partly removed from the CaF2 interface due to Ge depo-

sition at room temperature, although room temperature–

deposited Ge films are single crystalline.28 Therefore, it is rea-

sonable that both A-oriented and B-oriented islands are ini-

tially formed during room temperature deposition, while twin

boundaries are subsequently formed when the islands coa-

lesce. Obviously, post deposition annealing cannot remove

these twin boundaries. Furthermore, we like to mention

that Si films prepared on CaF2 via SE-SPE (using B or Sb)

also show the formation of stacking twin due to A-oriented

and B-oriented parts of the films.

Thus, one can speculate whether fluorine removal (e.g.,

by electron bombardment) leads to the formation of Ge films
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without twin boundaries, as previously reported for ultrathin

Si deposited on CaF2 films, which are modified first by elec-

tron bombardment and then by As deposition.18 The stronger

binding of room temperature–deposited Ge films to CaF2

films exposed to electron bombardment has also been con-

cluded before from XPS studies.29

It is remarkable that the average lateral size of the Ge

grains matches the average lateral size of the relaxed CaF2

grains. Probably, Ge nucleates preferentially on relaxed

CaF2, since both the lateral and the vertical lattice constants

of relaxed CaF2 are closer to the Ge bulk lattice constant.

Another explanation may be that the increase of Ge grain

size is confined by the grain boundaries of the CaF2 film.

The Ge film does not show only randomly distributed

surface roughness, but forms f221g facets during annealing.

This is surprising, since, in contrast to this, the formation of

f113g facets and f331g facets is often observed for Ge/

Si(111). We like to mention, however, that the formation of

f221g facets is also reported for Ge epitaxy on Si(331).40

Finally, the success of Sb as surfactant for solid phase

epitaxy of Ge/CaF2/Si(111) has to be compared to the effec-

tiveness of surfactants during SE-SPE of Si/CaF2/Si(111).

Using Sb or B as surfactant, it was demonstrated for 11-nm-

thick Si films, which were deposited at room temperature on

CaF2/Si(111) and subsequently annealed to 635 �C, that the

Ge films were very smooth with rms-roughness of less than 1

nm.20,21 Compared to these results, the Ge film is much

rougher (rms-roughness 4.1 nm), although the tendency to

form 3D islands should be less pronounced for Ge compared

to Si, since the Ge surface energy is smaller than the Si sur-

face energy. Furthermore, the Ge surface energy is addition-

ally decreased by the adsorbed Sb. Thus, the increased

roughness can be attributed to both a higher mobility of Ge

compared to Si and to a weaker binding of Ge at the inter-

face. Therefore, these results demonstrate the importance to

tailor also the Ge-CaF2 interface energy. Besides the use of

surfactants, one probably has to add interfactants to increase

the interface binding and to force the wetting of CaF2 by Ge.

One possibility may be to pre-deposit B, as demonstrated by

Cho et al.16 for a Ge film of several 100 nm thickness.

Another possibility is to use a more gentle annealing, which

may sufficiently re-crystallize Ge films without breaking into

islands. These studies are under investigation.

In conclusion, we characterized CaF2/Si(111) and Ge/

CaF2/Si(111) with synchrotron-based radiation. The latter

structure has been fabricated with surfactant (Sb)-enhanced

SPE. On the one hand, the CaF2 film is very smooth, with

homogeneous thickness, although the formation of two

phases (relaxed and pseudomorphic) was verified. On the

other hand, the Ge film is completely relaxed, but very

rough. Therefore, Sb does not completely suppress the de-

wetting tendency of Ge films at 600 �C, as observed for SE-

SPE of Si/CaF2/Si(111). We attribute this effect to the higher

mobility of Ge compared to Si.
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