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Faceted Ge surfaces result from the growth of a graphene overlayer on Ge (001) by chemical vapor deposition.
The surface exhibits four-fold symmetry after faceting, with the surface normal of the facets tilted towards
[100] from the average surface normal. X-ray reflectivity measurements allow the facet angles, directions, and
symmetry to bemeasured precisely as a function of deposition conditions. Graphene grown from a CH4 precursor
in a H2/Ar carrier atmosphere at temperatures from 870 to 920 °C yields facets on the Ge surface with an average
facet angle of 7.70° ± 0.07°. Additionally, a distribution of facet angles is observed with an angular spread of ap-
proximately ±1°. The facet pattern has four-fold symmetry over a large area with no indication of the formation
of competing facets from reflectivity measurements. The facet angle tends toward the {107} facet of Ge with
slight variation as a function of temperature indicating that the facet angles are dominated by surface energetics.
The slight dependence on temperature is accompanied by a reconstruction of the surface into {001} facets under
slow-cooling conditions, suggesting that the surface diffusion kinetics and temperature dependence have an
important role in the formation of the faceted surface structure at lower temperatures.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

The formation of surface facets provides insight into the chemistry
and energetics of crystal surfaces and their interfaces with other mate-
rials. The faceting of an initially planar surface occurs through a process
of nanometer scale self-assembly that exposes new crystal faces and
creates additional surface area [1]. While surface faceting is ultimately
driven by a minimization of the total surface free energy, the evolution
of the surface upon, for example, the creation of interfaces, is controlled
by kinetic processes including nucleation and diffusion [1]. By studying
the surface geometry and processing conditions that lead to faceting, it
is possible to examine the interplay between thermodynamics and ki-
netics in complex interfacial systems. Although faceting phenomena
have most often been observed with atomic or molecular absorbates,
recent observations have found that faceting can also occur during the
formation of two-dimensional materials.

In particular, the formation of Ge facets below graphene grown on
Ge (001) via chemical vapor deposition was recently reported [2].
These Ge facets formduring the deposition of graphene at elevated tem-
peratures and are stable under ambient conditions after rapid cooling to
room temperature [2]. The faceting is highly selective, as it only occurs
in areas where graphene has nucleated and is even observed below
relatively small crystals with dimensions less than 10 nm. Atomic
force microscopy shows that the Ge/graphene faceting pattern exhibits
four-fold symmetry, with approximately equal area occupying each of
et al., Graphene-induced Ge
the four facet domains [2]. The nanometer-scale structure of the faceted
Ge/graphene surface is clear from scanning tunnelingmicroscopy stud-
ies, which show that the facets are stable under ambient conditions and
upon reintroduction into vacuum [2]. These Ge facets belong to the
{10 L} family. Interestingly, such faceting was not reported in other
studies of graphene growth on Ge (001), which may be due to differ-
ences in growth conditions, differences in the thermal profile, or the ab-
sence of characterization of the Ge surface [3,4].

The formation of {10 L} facets has been previously observed on Ge
surfaces under a number of conditions. The heteroepitaxial growth of
elastically strained Ge with a thickness of a few atomic layers on Si
(001) results in the formation of Ge islands with {105} facets, allowing
the elastic relaxation of the near-surface region and lowering the total
strain energy [5,6]. The Ge {107} facet is formed as a result of mounding
in Sn-mediated Ge/Ge (001) homoepitaxy [7]. Contributions to the
relative energetic stability of facets onGe include the atomic reconstruc-
tion of the faceted surface and the strain dependence of the Ge surface
energy [6,8].

Here we report a systematic x-ray reflectivity study of the formation
of facets below continuous graphene films grown on Ge (001) by chem-
ical vapor deposition. Unlike atomic force and scanning tunneling mi-
croscopy measurements, x-ray scattering provides precise insight into
the orientation and roughness of the facets over large areas and thus
provide precise statistical averages for the faceted surface structure.
The creation of multiple surfaces with different orientations splits the
surface diffraction spots in surface x-ray diffraction and reflectivity, pro-
ducing multiple crystal truncation rods [9]. For an accurately oriented
high-index surface, each truncation rod passes through both the origin
of reciprocal space and a series of Bragg reflections. With small
(001) surface faceting, Surf. Sci. (2016), http://dx.doi.org/10.1016/
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misorientations, the origin and each Bragg reflection produce a rod of
intensity at a specular angle depending on the misorientation [9]. At
the small angles of x-ray incidence onwhichwe focus here, the specular
reflection from the surface is thus split by the pattern of facets [10]. In
the limit of the x-ray beams with short transverse coherence lengths
produced by laboratory x-ray sources, the scattering pattern of surfaces
withmultiple facets can be accurately approximated as the appropriate-
ly weighted sum of the intensities of a series of misoriented surfaces. X-
ray reflectivity studies of faceted surfaces have included step-driven
faceting in Si [11–13], faceting in Au [14] and Pt [15], and earlier studies
on Cu surfaces [10]. In a technical sense, the results reported here ex-
tend x-ray reflectivity methods to the special case of Ge/graphene and
describe the analysis methods necessary to perform such studies using
large two-dimensional x-ray detectors.

Understanding the surface energetics and interactions of the Ge/
graphene system is also important to advance the synthesis of graphene
on semiconducting substrates, and in ultimately promoting better
compatibility of graphene with conventional microelectronics [2,3].
The formation of facets during the synthesis of graphene nanoribbons
on Ge (001) is particularly interesting, as this growth process has the
potential to lead to arrays of high-quality semiconducting nanoribbons
directly on a substrate compatible with conventional microelectronics.
An improved understanding of the thermodynamics and kinetics of
the Ge/graphene system will help lead to increased structural control
during the creation of graphene nanoribbon arrays and continuous
graphene sheets, and will enable expansion of this insight to growth
procedures for other monolayer/substrate combinations.

2. Experimental conditions

The faceting of the Ge surfaces was investigated using Ge/graphene
samples grown at temperatures of 870 °C, 910 °C, and 920 °C at atmo-
spheric pressure using 4.6 sccm of CH4 as the carbon precursor and a
mixture of 200 sccm of Ar and 100 sccm of H2 as the reducing carrier
gas. Growth times of 42, 12, and 10 h were used for synthesis at
Fig. 1. (a) SEM and (b) AFM images of faceted Ge (001)/graphene. (c) Schematic of the geome
facet, one from the left facet, and one from the flat surface. The geometry of the problem is defi
The total angle of the reflecting plane is τ andϕ is the angle of azimuthal sample rotation aroun
average surface. The angular location of the reflected x-ray beams is given by the angles α and β
sample grown at 910 °C. The center streak is the x-ray reflection from the portion of the surface
left and right facets. (e) Intensity profile taken horizontally across the image in (d).
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870 °C, 910 °C, and 920 °C, respectively, to ensure that a continuous
layer of graphene covered the entire surface. Following growth, the
samples were rapidly cooled in the same environment used during syn-
thesis by sliding the furnace away from the growth zone to bring the
samples to room temperature. This process resulted in complete cover-
age of the surface by a single layer of graphene distributed across hill-
and-valley facets [2]. Fig. 1(a) and (b) show SEM and AFM images, re-
spectively, of the local surface faceting of the Ge under the graphene.
The dimensions of the faceted structure visible in the SEM and AFM
images are typically less than 6 nm high and nearly 70 nm wide,
valley-to-valley, along their short axis. The ridges between facets are
nearly parallel to the b100N directions. The faint ripples visible in the
AFM image in Fig. 1(b) arise from wrinkling of the graphene during
cooling as a result of themismatch in the thermal expansion coefficients
between graphene and Ge. Interestingly, graphene growth followed by
a much slower cooling rate of 0.5 °C/min results in a different Ge
faceting motif, which will be discussed in more detail below.

A systematic precise study of the faceting angles was performed
using x-ray reflectivity. The Ge/graphene surface produces specular x-
ray reflections from the facets that form during the growth of the
graphene layer. Reflectivity measurements can be interpreted with
geometric optics in methods similar to previous studies of faceting
of Si surfaces [12,16]. These methods must be adapted for the use
of large-area two-dimensional x-ray detectors that permit the col-
lection of intensity data from multiple surface truncation rods
simultaneously.

X-ray reflectivity measurements were performed with a Bruker D8
Discover with a VÅNTEC 500 Area Detector in a theta–theta geometry
with the detector subtending an opening angle of 39°. A Bruker IμS
microfocus x-ray source was operated at 50W to produce a Cu kα inci-
dent x-ray beamwith a flux estimated to be 2.3 × 107 photons per sec-
ond and a beam divergence of 0.03°. The incident beam had a diameter
of 0.5 mm, which was sufficiently small to ensure that the incident
beam footprint was never larger than the dimensions of the sample,
but sufficiently large to gain ensemble information about the faceting.
try of the x-ray experiment. Reflected x-rays form three distinct spots: one from the right
ned by three angles. The x-ray incident angle relative to the average surface is given by θ.
d the average surface normal. The angleχ defines the angle of the facet with respect to the
. (d) X-ray scattering pattern acquired with an incident angle of 4°, from the Ge/graphene
aligned with the average surface. The left and right streaks arise from reflections from the
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Fig. 2. (a) Azimuthal (ϕ) intensity dependence showing that the maxima in the total
reflected intensity, from a region which includes the reflectivity from the flat surface
and right and left facets, are observed at multiples of 90o. The reflection from the flat
surface appears throughout the 360° scan, while the reflection for the right and left
facets appears and disappears every 90°. (b) Intensities of the right, left, and center
streak as function of the azimuthal angle ϕ over a narrow range. With the assumption
that there is equal population of right and left facets, alignment of the x-ray beam with
the long axis of the faceting occurs at the point at which the intensities of the scattering
from the right and left facets are equal.
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In x-ray reflectivity measurements of planar surfaces, a theta-two
theta scan is performed to measure the scattered intensity along the
specular rod of reciprocal space with scattered wavevector (0, 0, qz)
[17]. The faceted Ge surface presents a more complex x-ray reflectivity
problem. We first consider the special case in which the footprint of
the incident x-ray beam lies along a [100] direction. In this case, two
of the facets of the Ge/graphene surface are illuminated at sufficiently
small angle to produce specular reflections. Intensities from these two
facets as well as from small areas retaining the (001) orientation lead
to the creation of three surface rods simultaneously.

The more general geometrical arrangement of the x-ray reflectivity
measurement is shown in Fig. 1(c). The sample surface orientation is
defined as a function of several angles. The surface normal of the aver-
age sample surface, denoted navg, serves as theϕ axis. A rotation around
navg is denoted by angle ϕ. The θ axis is fixed normal to the ϕ axis. The
incident beam is normal to the θ axis and moves with θ. Thus a right
handed coordinate system can be defined in which the θ axis is in the
x direction, the ϕ axis is in the y direction, and the z direction is the
beamdirection at θ=0°. The tilt angle τ is defined as the angle between
the surface normal of the reflecting facet and the ϕ axis. The τ axis is
normal to the ϕ axis and rotates with ϕ. The tilt angle τ is the sum of
the angle of the facets on the surface χ and a small rotation of the sam-
ple around an axis parallel to the beam axis at θ = 0° [12]. This small
misorientation of the sample with respect to the incident beam causes
the left and right facets to appear to have slightly different values of τ,
an effect which will be discussed further below. The angular locations
of equal reflection on the x-ray detector is measured as angles α and
β, the azimuthal and polar elevation with respect to the incident
beam, respectively. α is the angular location of the x-ray reflectionmea-
sured around an axis normal to the incident beamand in the sameplane
as the ϕ axis. Note that the ϕ axis tilts as θ changes. β is the angular lo-
cation of the reflection measured around a fixed axis coincident with
the θ axis. The values α= β=0 correspond to the location of the direct
x-ray beam on the detector, indicated schematically by a transmitted
beam spot in Fig. 1(c). These angles can in turn be used to determine
the orientation of the surface from which the x-rays are reflected. The
surface facets are assumed to be oriented approximately along the inci-
dent beam footprint with a small azimuthal misorientation (Fig. 1(c)).
With these definitions, the detector angles α and β can be expressed as:

α θ; τ;ϕð Þ ¼ tan�1 2 cosϕ sinτ cosθ sinτ sinϕþ cosτ sinθð Þ
1� 2cos2θsin2τ sin2ϕþ 2cos2 τsin2θþ sin2 τ sinϕ sin2θ

� �

ð1Þ

β θ; τ;ϕð Þ ¼ sin‐1 2 cosθ sinτ sinϕþ cosτ sinθð Þ cosτ cosθ‐ sinτ sinϕ sinθð Þ½ �:
ð2Þ

In the case where the azimuthal angle ϕ is zero, such that the direc-
tion of the x-ray beam is along the long axis of the facets, the relation-
ship then simplifies to:

α θ; τð Þ ¼ tan‐1 2 sinτ cos τ sinθ�Þ
1‐2cos2 τ sin2θ

� �
ð3Þ

β θ; τð Þ ¼ sin‐1 2cos2τ cosθsinθ
� �

: ð4Þ

When the small angle approximation is applied to θ and τ, the rela-
tionship further simplifies to:

α θ; τð Þ ¼ 2τ θ τ2 � 2
� �

θ2 τ2 � 2ð Þ2 � 2
ð5Þ

β θ; τð Þ ¼ ‐
1
4
θ θ2 � 2
� 	

τ2 � 2
� �2 ð6Þ
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With these relationships, the tilt angle, τ, can be calculated from the
position of the reflection on the detector by substituting measured
values of α and β into Eqs. (3) and (4) and numerically solving the sys-
tem of equations for θ and τ.

A detector image and a reflectivity profile extracted along the hori-
zontal direction across the image are shown in Figs. 1(d) and 1(e), re-
spectively. The three intensity maxima in the detector image comprise
two reflections from the facets (the maxima to the left and to the right
of the center of the image) and a single central reflection fromunfaceted
regions in which the local surface normal is oriented along the average
macroscopic surface normal [12]. In comparison, the reflectivity of the
starting, unfaceted Ge surface produces a detector image consisting of
a single sharp high-intensity reflection.

3. Results and discussion

The in-plane symmetry of the faceted surface was probed by study-
ing the x-ray reflectivity as a function of the azimuthal orientation of the
sample. A series of scattering patternswere acquired at values of the az-
imuthal angle ϕ ranging from 0° to 360° with an incident angle θ = 2°
and exposure times of 30 s per pattern.Maxima in the total reflected in-
tensity from a region of interest which includes the scattering from the
flat surface and right and left facets are observed at multiples of 90°, as
shown in Fig. 2(a). The reflection from the flat surface appears through-
out the 360° scan, while the reflection for the right and left facets
(001) surface faceting, Surf. Sci. (2016), http://dx.doi.org/10.1016/
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Table 1
The measured values of α and β and the corresponding fit values of θ and τ for each tem-
perature and incident angle.

Growth temperature Facet Measured α(°) Measured β (°) Fit θ (°) Fit τ (°)

870 °C Left −1.12 8.15 4.15 −7.76
−1.26 9.05 4.61 −7.83
−1.44 10.18 5.19 −7.91
−1.59 11.18 5.70 −7.97

Right 0.98 7.72 3.92 7.20
1.12 8.76 4.45 7.21
1.24 9.83 4.99 7.08
1.40 10.94 5.56 7.15

910 °C Left −1.28 8.86 4.52 −8.12
−1.40 9.91 5.05 −7.91
−1.55 10.82 5.52 −8.04
−1.77 11.79 6.02 −8.37

Right 1.12 8.57 4.36 7.38
1.34 9.70 4.94 7.75
1.46 10.82 5.51 7.53
1.57 11.71 5.96 7.50

920 °C Left −1.14 7.97 4.07 −8.07
−1.28 8.97 4.58 −8.02
−1.48 10.10 5.16 −8.19
−1.61 11.16 5.70 −8.08

Right 1.00 7.59 3.86 7.47
1.16 8.70 4.43 7.51
1.28 9.82 4.99 7.32
1.44 10.97 5.58 7.33

Fig. 3.Detector images at the indicated incident angles fromGe/graphene grown at 910 °C.
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appears and disappears at 90° increments. The surface thus has four-
fold symmetry, with the facets preferentially oriented close to the
b100N directions of the Ge (001) substrate [2]. A similar four-fold sym-
metry is apparent in the SEM and AFM images in Figs. 1(a) and (b).
Fig. 2(b) shows the intensity of each streak as a function of a very nar-
row range in ϕ. The intensity of each of the individual reflections from
the facets varies in this narrow range because the effective incident
angle with respect to the facets is changing. Fig. 2(b) was used to deter-
mine the alignment of the sample in which the long axis of the facet is
precisely parallel to the projection of the x-ray beam on the surface,
taking ϕ = 0 as the point of equal intensities of the two reflections.

Precise measurements of the faceting angles were performed by ex-
amining the variation of the angular positions of the reflected beams as
a function of the x-ray incident angle. A series of detector images was
collected at values of the incident angle θ from 4° to 5.5° in 0.5° incre-
ments. These measurements were conducted at the angle set as ϕ = 0
in Fig. 2. The value of θ in this case is far larger than the critical angle
for total external reflection, θc = 0.32°, and the intensity for each
reflected beam is thus several orders of magnitude weaker than the in-
cident beam. The images were acquired using exposure times of 3600 s.
The series of detector images for the sample grown at 910 °C is shown in
Fig. 3. Two reflections, one from each of the two facets illuminated at
small angle at ϕ = 0, move to higher angles and decrease in intensity
as θ increases. A faint streak of intensity from the flat surface can be
observed between the two facet streaks.

The facet angle can be determined from the detector images by ex-
amining the dependence of the locations of the intense reflections, α
Fig. 4.Anglesα andβ of x-ray reflections for samples grown at (a) 870 °C, (b) 910 °C, and (c) 920
all incident angles.

Please cite this article as: K.M. McElhinny, et al., Graphene-induced Ge
j.susc.2015.12.035
and β, on the incident angle θ. Fig. 4 shows the anglesα and β associated
with the point ofmaximum intensity of the reflections from the facets of
samples grown at different temperatures. Each set of values ofα andβ is
used to determine the values of θ and τ using equations (3) and
(4) above. The angles listed on Fig. 4 are the total misorientation desig-
nated as the tilt angle τ, which includes both the crystallographic angle
of the facet and the misorientation of the sample. The measured values
of α and β and the corresponding fit values of θ and τ for each temper-
ature and incident angle are shown in Table 1. The tilt angle τ is deter-
mined for each individual point with an accuracy that systematically
increases with increasing θ, ranging from Δτ = 0.4° at θ = 4° to Δτ =
0.3° at θ = 5.5° for the sample grown at 910 °C. The fit curves plotted
in Fig. 4 are calculated as a function of θ for the given average τ for
each facet.

The values from the individual points from different θ are averaged
to determine the average tilt angle for the right and left facets, which re-
duces the uncertainty significantly. For example, in the case of the sam-
ple surface formed at 910 °C the uncertainty in the average value is
±0.16°. The two values of the tilt angle τ for the right and left facet
are then averaged to determine the average tilt angle for a sample
grown at each temperature. The error in average tilt angle for a given
temperature is reduced to ±0.12o.

The average value of τ for the two facets is plotted in Fig. 5 as a func-
tion of the growth temperature. The error bars are computed by
°C. The solid black lines areα andβ for the total tilt angleχ of each reflection averagedover
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Fig. 6. (a) SEM image of Ge surface after slow cooling. In the case of slow cooling, the
surface is a terraced structure. (b) X-ray reflectivity pattern from a sample which was
slowly cooled. The angled streaks observed from the hill-and-valley structure are absent,
as would be expected from a terraced structure composed of a (001) faceted surface.

Fig. 5. Temperature dependence of facet angles. Horizontal dashed lines are angles of the
{1 0 L} family of crystal facets.
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propagating the error from an individual measurement. The horizontal
dashed lines indicate the facet angle of the {10 L} facets with integer L
to the data. A slight variation of the faceting angle with growth temper-
ature is observed. At 870 °C, the facet angle is closest to the {108} facet at
7.13°, while the higher temperature points are closer to the {107} facet
at 8.13°. These are both significantly different than the commonly ob-
served {105} facet observed in Si–Ge systems [6]. This growth regime
(870 °C–920 °C) was chosen because it is the regime over which high-
quality monolayer graphene growth is achieved, as indicated by
Raman spectroscopy. Specifically, the Raman D:G ratio was negligible
(less than 0.1) over this temperature range, indicating a low defect den-
sity. The trend in the faceting angle with temperature suggests that
while the faceting process is dominated by the energetics of the crystal
surface, kinetic processes, such as limiting the growth rate to allow for
surface diffusion, still play a role in the formation of facets in this tem-
perature regime.

A further question iswhether or not all facet angles are equal or if the
angles of the four sets of facets apparent in Fig. 1 are slightly different.
For example, a physical difference in angle can arise from the effects of
stresses due to sample miscut. If all facet angles are equivalent, howev-
er, a difference between the apparent values of τ can also arise from a
small overall misorientation of the sample with respect to the incident
beam. To investigate this, we compare the average value of τ from the
two facets to the τ value for the reflection from the flat surface for the
sample grown at 910 °C. The average value of the right and left facet is
τ = −0.29° ± 0.12° compared to τ = −0.52° ± 0.21° for the flat
surface. These two values are the same within error, and the angles of
the left and right facet are thus identical within the resolution of the
measurement. Hence, the average value of τ for a given sample is the
angle (χ) of the surface facets. The mean value of all of the samples is
7.7° ± 0.07°.

While reflectivity from the starting planar Ge surface appears as a
single spot on the x-ray detector consistentwith the incident beampro-
file, the reflectivity from these faceted surfaces is elongated into streaks
of intensity. The length andwidth of the streaks on the detector provide
insight into the angular distribution of the surface facets. In the limiting
case of zero roughness, the length of the streaks along their long axis can
be explained by a distribution in facet orientations in a combination of
Table 2
The angular widths of the facet reflections as a function of sample growth temperature.

Growth temperature 870 °C 910 °C 920 °C

Variation in θ 0.28° ± 0.01° 0.30° ± 0.02° 0.22° ± 0.01°
Variation in φ 2.47° ± 0.09° 2.26° ± 0.17° 1.85° ± 0.11°
Variation in χ 1.05° ± 0.11° 1.15° ± 0.08° 0.85° ± 0.06°

Please cite this article as: K.M. McElhinny, et al., Graphene-induced Ge
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the θ and ϕ angles. By taking the angular derivative of Eq. (4), we find
that the angular extent of the streak is twice the change in θ. The sample
grown at 910 °C, has an angular width corresponding to a variation in θ
of 0.30°±0.02°. Similarly, taking the angular derivative of Eq. (2) shows
that the angular extent of the streak given by 1/4 times the range of ϕ.
The sample grown at 910 °C has an angular width corresponding to a
variation in ϕ of 2.26° ± 0.17°. Thus, in the limit of zero surface rough-
ness, the elongation of the streaks could be due to rotational disorder of
the facets by as large as 0.30° in θ or as large as 2.26° in ϕ.

The width of the streaks perpendicular to their long axis can be ex-
plained by a distribution in facet orientations in the χ angles. Since χ
varies with the same relationships as τ, taking the angular derivative
of Eq. (4) shows that the angular width of the streak is 0.136 times
the change inχ at 4° and 0.188 times the change inχ at 5.5°. The sample
grown at 910 °C has an angular width corresponding to a variation in χ
of 1.14° ± 0.08°. However, it is unclear whether this distribution arises
from variation within the individual facets or from variation between
different facets. Additionally, while the model assumes sharp peaks
and troughs with flat plateaus, it is possible that a more rounded hill-
and-valley structure could account for the observed variation in the
facet angle. The presentation of the reflectivity as streaks provides
insight into the surface homogeneity over a large length scale.

Table 2 shows the angular widths of the facet reflections as a func-
tion of sample growth temperature. As sample growth temperature in-
creases, the distribution of facet orientations narrows, suggesting that
the higher growth temperature allows the system to reach a state closer
to its thermodynamically favored state.

Further insight into the interplay between kinetics and thermody-
namics at the Ge/graphene interface can be obtained by varying the
rate at which the sample is cooled after growth. A SEM image of the
(001) surface faceting, Surf. Sci. (2016), http://dx.doi.org/10.1016/
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Ge surface for a sample cooled at 0.5 °C/min, is shown in Fig. 6(a). If a
slow cooling rate is used, the surface adopts a terraced structure instead
of the hill-and-valley structure observed using faster cooling rates. A re-
flectivity pattern from the terraced structure is shown in Fig. 6(b). The
reflectivity pattern shows an elongated streak from the (001) oriented
surface, with no evidence of reflectivity from angled facets. We hypoth-
esize that during the previously discussed, fast cooling process, the
facets are quenched into place. However, when a relatively slow cooling
rate is used, the temperature decreases below the value at which the
{107} facets are stable, and the (001) facets are favored. It was previous-
ly shown that the faceted Ge surface becomes atomically-flat after an-
nealing at 800 °C [2]. Thus, we believe that the temperature at which
the {107} facets becomes more energetically-favorable than the (001)
facet is between 800 and 870 °C. It is not yet clear if other transitions
exist between these two temperatures. The formation of the terraced
structure implies that the faceting is kinetically-limited by surface diffu-
sion. At lower temperatures, the germaniumdiffusion length during the
cooling time is short, leading to the formation of terraces rather than a
planar (001) surface.

4. Conclusion

This reflectivity study provides insight into the surface energetics
and kinetics at the Ge (001)/graphene interface. The reflectivity data in-
dicate the presence of a four-fold symmetric faceted surface structure.
The data also provide precise values for the facet angles, which are
found to be approximately 7.7°, with the facets being symmetric within
experimental error. Additionally, the study provides insight into the lat-
eral homogeneity of the faceted surface, yielding an upper limit on the
distribution of sample angles found on the surface. The facet angle
tends toward the {107} facet of Ge with a slight variation with temper-
ature, suggesting that in this temperature regime, while the facet angle
under a complete layer of graphene is dominated by surface energetics,
the surface diffusion kinetics still play an important role in the forma-
tion of the faceted surface structure. This is further demonstrated by
the development of a terraced structure at slower cooling rates.
Please cite this article as: K.M. McElhinny, et al., Graphene-induced Ge
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