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We report the fabrication of a Si(111) crystalline thin film on graphene by the aluminum-induced

crystallization (AIC) process. The AIC process of Si(111) on graphene is shown to be enhanced

compared to that on an amorphous SiO2 substrate, resulting in a more homogeneous Si(111) thin

film structure as revealed by X-ray diffraction and atomic force microscopy measurements. Raman

measurements confirm that the graphene is intact throughout the process, retaining its characteristic

phonon spectrum without any appearance of the D peak. A red-shift of Raman peaks, which is

more pronounced for the 2D peak, is observed in graphene after the crystallization process. It is

found to correlate with the red-shift of the Si Raman peak, suggesting an epitaxial relationship

between graphene and the adsorbed AIC Si(111) film with both the graphene and Si under tensile

strain. VC 2016 Author(s). All article content, except where otherwise noted, is licensed under a
Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
[http://dx.doi.org/10.1063/1.4947101]

One of the most interesting applications of graphene for

future electronic and photonic devices is to integrate it with

currently widely used Si and III-V semiconductors in such

a way that the characteristic properties of both graphene

and semiconductors are well retained and utilized for their

high performance. Several pioneering examples can be men-

tioned, for example, graphene-Si junctions for triode barris-

tors and solar cells,1,2 and the epitaxial integration of III-V

semiconductor nanowires with graphene as a substrate.3,4

On combining graphene with Si, most studies are

focused on devices where commercially available crystalline

Si substrates are used with transferred graphene on top. The

opposite case, using graphene as a substrate and depositing

Si on top of graphene, is rarely reported.5–7 In fact, graphene

is considered to be chemically inert due to its lack of dan-

gling bonds, resulting in a low adsorption probability of for-

eign atoms and molecules. It has been found that graphene

retains its high quality by direct deposition of Si7 and its

sheet resistance when covered with a thin Si capping layer

after post-crystallization,5 due to the reduced carrier mobility

being compensated by an increase in carrier concentration. If

the crystal quality of the Si layer can be improved, the con-

ductance of the Si/graphene film may be further increased.

In this letter, we present a method that allows for a crys-

talline (111)-oriented Si thin film on graphene as a substrate

by a crystallization process of Si termed metal-induced crys-

tallization (MIC). Using Al as the metal (AIC), this process is

known to give a high quality Si film with a large grain size.8

By combining this with transparent and flexible graphene, it

can be highly beneficial for low cost production of Si photo-

voltaic cells9,10 and photodetectors11 as well as for the epitax-

ial growth of III-V nanowire devices on graphene.12 The latter

requires an (111)-orientation of the Si film, and the growth of

vertical GaAs nanowires on a 10 nm thick crystallized Si(111)

layer on SiO2 has been demonstrated.13,14

MIC is a diffusion-driven process, where thin layers of

metal and Si are deposited on top of each other before under-

going an annealing step at 150–500 �C.15,16 Al and Ni form

eutectics with Si and can be used as the metal catalyst.17,18 The

Si diffuses through the metal layer and rearranges as a crystalline

film at the metal/substrate interface, making the Si and metal

layers exchange positions. The coverage and orientation of the

Si are determined by the thickness of the metal and Si layers as

well as the annealing process. With Al as the metal layer, the

process has been investigated to obtain crystallized Si films on

arbitrary substrates19 with either (001)- or (111)-orientation.

Kurosawa et al. have summarized which parameters favor which

orientation, concluding that longer Al oxidation time and thinner

(<100 nm) Al layers result in (111)-oriented Si.20

The samples used in this study were of two types proc-

essed in parallel: commercial chemical vapor deposition

(CVD) grown monolayer graphene transferred onto Si(001)

substrates from Graphenea S.A. and thermal SiO2 (300 nm)/

Si(001) substrates, respectively. The purpose of the latter sub-

strate is to check the overall MIC process with optimized

process parameters, in comparison with the substrate with gra-

phene. On these samples, we deposited 50 nm Al by e-beam

evaporation at a rate of 1 Å/s and a pressure of �10�8 Torr.

The samples were oxidized for 24 h in an ISO5 cleanroom

atmosphere before depositing 50 nm amorphous Si (a-Si) by

e-beam evaporation at a rate of 1 Å/s and a pressure of

�10�8 Torr. All depositions were done at room temperature.

The samples were annealed for 15 h at 500 �C in a nitrogen gas.

This temperature was chosen to decrease the annealing time

as much as possible while still staying well below the Al-Si

eutectic temperature of 577 �C. After the layer exchange by

annealing, the top layer of Al was removed by etching in a
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phosphoric acid mixture.21 The overall process is shown in

Figure 1. X-ray diffraction (XRD) measurements were done

with a D8 HRXRD system, and the data shown here have been

normalized to the Si(004) substrate peak intensity. Atomic

force microscopy (AFM) images were acquired with a Veeco

Multimode V system. The Raman spectra were collected by a

Renishaw micro-Raman backscattering spectroscopy system

using a 532 nm focused laser beam and 50� objective lens.

Raman maps were created by collecting spectra with a step size

of 1 lm from a 20 lm� 20 lm area. Average peak positions

and peak widths were calculated by averaging the values of 25

random spectra from the map.

It is worth to note that there is one major difference in

our aluminum-induced crystallization (AIC) process com-

pared to the conventional process. Most groups investigating

the AIC process use sputtering for the Al layer deposition,

which gives a preferable (111)-orientation of the Al grains.22

However, the sputtering process involving a plasma with

high-energy particles may damage the graphene layer,

whereas e-beam evaporation provides a more gentle

approach. In our experience, it is imperative to have a high

vacuum during the e-beam Al deposition step. If the vacuum

is too low (>10�7 Torr), the layer exchange between Si and

Al is incomplete, resulting in poor Si(111) crystallization.

We suspect this might be because the microstructure of Al is

affected by the deposition pressure. Further investigations

are needed to check this hypothesis.

The XRD data shown in Figure 2 were taken after

e-beam deposition of Al and amorphous Si (top graph),

after annealing (middle graph) and after etching of the

top Al layer (bottom graph) on the graphene/Si(100) and

SiO2(300 nm)/Si(100) substrates. From Figure 2, it is

observed that the as-deposited Al film is different for the two

substrates. While all the Al(111)-, Al(002)-, and Al(022)-

peaks show approximately the same intensity for the SiO2

sample, the Al(111) peak is about ten times as large as

the other crystal orientations for the graphene sample.

Furthermore, the Si(111) peak that appears after annealing is

more than ten times larger than the Al(111) peak for the gra-

phene sample, while it is only twice as large compared to the

largest Al-peak for the SiO2-sample. The data imply that the

graphene directly affects the film formation of Al and conse-

quently the AIC process. It should be mentioned here that

the effect of the Si(100) substrate below graphene on the

observed enhanced AIC process should be negligible. The

Si(100) substrate was exposed to air before the graphene

transfer so it is covered with a native amorphous oxide, simi-

lar to the SiO2/Si(001) substrate. The prominent Al(111)

peak may be explained in terms of an epitaxial relationship

with graphene. The triangular lattice of the Al(111) plane

matches well with the hexagonal lattice structure of graphene

with a lattice mismatch of 0.8%, while the other (002) and

(022) Al planes have a lattice mismatch of more than 10%.23

The Al(002)- and Al(022) reflections can still be observed

after etching, and we attribute this to local Al residues in

some areas of the sample. These local residues could poten-

tially be detrimental to device performance, and further

improvement of the Al removal might be necessary.

Optical microscopy and AFM images of the two sam-

ples processed in parallel are shown in Figure 3. The appear-

ance of the Si films differs both due to the color of the

underlying substrate and their morphology after the AIC pro-

cess. Dendrite structures are clearly visible in the images of

the SiO2 sample, which are not observed on the graphene

sample. The height profiles in the AFM images (Figs. 3(e)

and 3(f)) show that there are two distinct layers present

on the SiO2 sample which are not observed on the graphene

sample. The dendrites seen in the optical images are islands

with a height of about 30 nm on top of a 50 nm layer,

which corresponds to the original Al thickness. The islands

observed in Figures 3(a) and 3(c) are similar to what is

observed for the crystallization process of Ge,24 showing

two distinct layers corresponding to the original thickness of

Al and a-Si of 50 nm. Figure 3 indicates that the Si(111) film

obtained by AIC on graphene is smoother than that obtained

FIG. 1. Schematic showing the process steps of the Al-induced crystallization (AIC) process on graphene. An Al layer is first deposited and subsequently oxidized

at room temperature for 24 h. Amorphous silicon (a-Si) is deposited on top of the stack, and the whole structure is annealed in a N2 atmosphere. The layers

exchange positions as the Si atoms diffuse towards the substrate and rearrange as a polycrystalline Si film (poly-Si), and the top layer of Al can be etched away.

FIG. 2. XRD 2h/x scans after deposition of Al and amorphous Si (top), after

the Al-induced crystallization of Si (middle), and after the etching of Al (bot-

tom). The red scans are from the graphene/Si(100) sample and the blue scans

are from the SiO2/Si(100) sample. The data have been normalized to the inten-

sity of the substrate Si(004) peak. The Si(002) peak is also from the Si substrate.
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by AIC on SiO2 with more homogeneity in thickness. Some

local Al residues can be seen as bright spots in Figure 3(d).

It is already known that the substrate can influence the

crystallization of Si. Toko et al. concluded that the type of

substrate was important for the resulting Si-orientation, but

could not determine the exact origin except for excluding the

roughness of the substrate for being the reason.19 They sug-

gested that the difference in interfacial energy between Si

and the substrate is the determining factor, but not in what

form. The two samples used in this report for the AIC pro-

cess: a graphene/Si(001) substrate and a SiO2/Si(001) sub-

strate, respectively, were processed in parallel, so the

difference observed in the crystallized Si film should be a

direct effect of the substrate properties.

The AIC processed Al/Si layer on top of graphene can

be easily exfoliated from the Si(100) substrates by using

scotch tape as shown in Figure 4(a). This indicates that the

interaction between the AIC processed Si layer and graphene

gives stronger adhesion than the usual van der Waals interac-

tion between graphene and the bottom Si(001) substrate, and

that the AIC process occurs on the graphene surface without

any chemical interaction with the Si(100) substrate.

Figures 4(b)–4(e) show the Raman spectra and Raman

mapping data of crystallized Si and graphene measured after

exfoliation. The absence of the D peak at �1320 cm�1 in the

graphene spectra indicates that the AIC process does not dam-

age the graphene, similar to other results from Si deposited on

graphene devices.5,7 Compared to the reference Si peak from

a standard Si(100) substrate (520 cm�1) and graphene peaks

from bare CVD graphene (G peak at 1591 cm�1, 2D peak at

�2684 cm�1) on Si substrates, the AIC processed Si and gra-

phene show red-shifts of the Raman peaks. The Raman map-

ping reveals that the red-shifts of the Si and graphene Raman

peaks are correlated; the regions experiencing the largest red-

shift of the Si peak also experience the largest red-shift of the

graphene peaks. The red-shift is more prominent for the 2D

peak, which shifts up to �24 cm�1. This observation is oppo-

site to previous results from e-beam crystallized Si on gra-

phene, and Si-islands deposited on graphene where blue-shifts

of both the G and 2D peaks were observed.5,6

A shift of the characteristic phonon modes of graphene

indicates a change in doping and/or strain in the graphene

layer. In a comprehensive study, Das et al. showed that field-

effect doping of graphene leads to a blue-shift of the G peak

and a red- or blue-shift of the 2D peak depending on the

charge of the doping.25 The simultaneous red-shift of the G

and 2D peak indicates that tensile strain in graphene is the

origin of the shift. The Al-induced crystallized Si has been

known to be heavily p-doped by Al impurity atoms with val-

ues �1018–1019 atoms/cm3.26–28 This could give rise to

p-doping in graphene. According to the correlation analysis

of the G and 2D peak positions by Lee et al., the effects of

strain and doping can be separated. From the average values

of the G and 2D peak positions in Table I of 1584.5 cm�1

and 2669.3 cm�1, respectively, the graphene with the AIC

processed Si(111) film has a tensile strain of �0.25% and a

hole doping concentration of �7� 1012 cm�2.29

The red-shift of the Si peak at 520 cm�1 indicates that a

tensile strain is present also in the crystallized Si(111) thin

film. The correlation of the red-shift of the Si peak with that

of the graphene peaks indicates some form of chemical bond-

ing between the crystallized Si and graphene. We therefore

next consider the possible adsorption sites of Si atoms in the

(111) plane on graphene that would give rise to an epitaxial

chemical binding. Theoretical calculations of the adsorption

of a single Si adatom on three different graphene sites—H-

sites: hollow sites above the centers of C hexagons, T-sites:

sites on top of C atoms, and B-sites: bridge sites above the

midpoints of C-C bonds—on graphene predict that the B-site

is the most stable absorption site, followed by the T-site with

a slight decrease of the adsorption energy of less than 0.1 eV.

The H-site is the least favorable one with an adsorption

energy difference of more than 0.4 eV.30,31 However, for Si

atoms in a (111) lattice plane which have one dangling bond,

it is quite different. First-principles calculations show similar

adsorption energy in all three site configurations.32 Figure 5

shows possible arrangements of Si atoms in a (111)-plane

above the hexagonal graphene lattice with the Si atoms at B-,

T-, and H-sites. Figures 5(a) and 5(b) show the configuration

when the center Si atom is adsorbed at the B-and T-site,

FIG. 3. Optical images show the SiO2 sample (a) after the Al-induced crys-

tallization process and (c) after subsequent Al etching, and the graphene

sample (b) after the Al-induced crystallization and (d) after subsequent Al

etching. AFM images of (e) the SiO2 sample and (f) the graphene sample.

AFM line scans from (e) and (f) (denoted by blue and red arrows, respec-

tively) are shown in the bottom panels. All scale bars are 20 lm.
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respectively, with a Si interatomic distance (aSi-Si) between

the relaxed Si atoms (blue solid circles) of 3.840 Å. The green

hexagon in Figure 5(a) represents a lattice-matched arrange-

ment of atoms in a (111)-plane on graphene with an intera-

tomic distance a¼ 3.694 Å. The red hexagon in Figure 5(b)

represents a lattice-matched arrangement of atoms in a (111)-

plane on graphene with an interatomic distance a¼ 3.762 Å.

The same green and red hexagonal arrangements can also be

obtained for the case when the center Si atom is adsorbed at

the H-site (Fig. 5(c)). The lattice mismatch between (relaxed)

Si(111) and graphene with the green and red hexagonal con-

figurations is 3.95% and 2.07%, respectively. If conventional

epitaxial growth of Si(111) on graphene is considered, gra-

phene would be tensile strained while Si would be compres-

sively strained as a is smaller than aSi-Si. However, in the

Raman data (Fig. 4) tensile strain in the AIC crystallized Si

on graphene is observed. The MIC process itself is known to

introduce stress in the Si film, and this stress can be either

compressive or tensile depending on the process condi-

tions.33,34 It is worth to note here that we also observe a red-

shift of the Si Raman peak of the AIC Si on SiO2 in this study.

Therefore, if one considers that the crystal structure of Si is

(111)-oriented with tensile strain from the AIC process, it

appears that graphene adapts to the tensile strained Si to meet

the epitaxial relationship.

Theoretical calculations on the adsorption of single Si

atoms or a (111) plane of Si atoms on graphene predict a

strong chemisorption forming Si-C covalent bonds.30–32

This will affect the electronic structure of graphene signifi-

cantly, and even induce a large band gap in graphene.32 In

addition, there is disagreement to whether strain in gra-

phene opens up a band-gap or not.35,36 Since the Si/gra-

phene interface in our samples is formed from the Si-Al

interchange at an elevated temperature, Si(111) and gra-

phene may form a clean junction, which is not possible if

graphene is transferred on top of Si.

In summary, a heterostructure comprised of CVD gra-

phene and crystallized Si(111) has been fabricated by an

FIG. 4. (a) Photograph of the AIC

processed Si(111)/graphene sample af-

ter exfoliation from the Si(001) sub-

strate. (b) Raman spectra from the

crystallized Si and graphene after the

AIC process. Raman mapping images

corresponding to (c) the position of the

Si peak, (d) the graphene G peak, and

(e) the graphene 2D peak. In (b), spec-

tra from random locations denoted by

circles in (c), (d), and (e) are shown to-

gether with a reference spectrum from

pristine graphene on a Si(100) sub-

strate (top). The peak positions of the

reference spectrum are indicated with

vertical dashed lines. The heights of

the Si peaks and the graphene refer-

ence peaks have been normalized to fit

the plot.

TABLE I. Values for the mean frequency �� and full width at half maximum

(FWHM) of Si and graphene main Raman peaks from the positions shown

in the map in Figure 4 for graphene with crystallized Si(111) on top. Values

from Si(001)/G are reference values obtained from CVD graphene trans-

ferred to a Si(001) substrate.

��Si

(cm�1)

FWHMSi

(cm�1)

��G

(cm�1)

FWHMG

(cm�1)

��2D

(cm�1)

FWHM2D

(cm�1)

Si(001)/G 520.3 7.4 1591.0 13.1 2683.6 36.2

Blue position 513.4 10.8 1579.8 27.5 2659.6 42.4

Purple position 516.7 9.7 1582.6 14.5 2682.3 31.6

Green position 516.9 9.6 1589.5 12.1 2677.7 36.9

Average 515.7 8.6 1584.5 14.4 2669.3 37.1
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AIC process. Improvement of crystallization and homogene-

ity of the Si(111) thin film has been observed with graphene

compared to SiO2 samples. Red-shifts in the Raman G and

2D peak positions indicate a tensile strain in the graphene.

The red-shifts of the graphene Raman peaks correlate with a

red-shift of the Si Raman peak, suggesting an epitaxial rela-

tionship with also the crystallized Si(111) under tensile

strain. Theoretical modeling show that the adsorption of Si

atoms in the (111) plane on graphene can be configured with

a lattice mismatch of �2%.
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