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ABSTRACT

The paper presents results of solving two problems: nano-roughness evaluation for the surface of epitaxial
graphene and height measurement for a microstep on as-grown surface of sapphire in order to provide
homogeneous graphene films on large areas of silicon carbide or sapphire substrates. To investigate
dissimilar surface properties, different approaches have been used: off-specular grazing incidence X-ray
scattering and in-line phase contrast imaging with synchrotron radiation. Statistical and local parameters
of two types of surface morphology are measured. For the graphene surface, the dependence of the root-
mean-square roughness of terrace-step nanostructure on the direction of the steps is estimated. For the
vicinal face of sapphire, a surface step height of about one micron is determined directly from a phase
contrast image, proving for the first time that the phase contrast imaging resolves surface morphology on
a micrometer scale. Atomic force microscopy confirmed the obtained results.
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Introduction

Silicon carbide (SiC) and sapphire (Al,Os) substrates are widely used for epitaxial films
and thin coatings. Substrate production requires the use of complex processing to obtain
a smooth surface with standard roughness parameters (root mean square roughness,
RMS; mean height of peaks; mean depth of valleys, etc.). Nevertheless, a residual damage
layer remains on the substrate surface and its removal leads to the formation of terrace-
step nanostructures (TSN). Thus, both flat and TSN surfaces are specific to SiC and AL,Os
depending on their processing. The fabrication of high-quality graphene by the thermal
decomposition of SiC meets requirements on cleaning and annealing of substrate. The
removal of the residual damaged layer results in TSN. The formation of a continuous
graphene sheet on such a substrate may be a serious problem [1]. Chemical vapor
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deposition (CVD) offers an alternative possibility to synthesize graphite films on Al;Os
substrates at elevated temperature. According to some authors [2], CVD films
demonstrate improved electrical parameters compared to epitaxial graphene on SiC.

When making single-layer graphene on a substrate containing TSN, one should
consider the minimum step height and maximum terrace width at the lowest surface
roughness values. During thermal processing, the graphene sheet partly repeats the TSN
pattern on the substrate. Moreover, single- and few-layer graphene grow on the same
substrate leading to the formation of regions with different values of surface potential [3].
Increasing roughness, in turn, results in a spread in the electrical resistance of electronic
devices (see, e.g., [4]). For example, in sensor chips that detect viruses, harmful gases,
chemicals, etc., the conducting graphene channel is located between contact pads whose
orientation does not correspond to that of the TSN. At the same time, the correlation
between the root-mean-square roughness and the direction of steps is not yet clear.

Various methods can be suitable for the fabrication of graphene, each with its own
advantages and substrate requirements. For instance, the synthesis of graphene on
sapphire reduces the cost of purchasing substrates. The main benefit of the Stepanov-
LaBelle technology over those for growing large sapphire crystals is the production of
finished substrates. In particular, basal-faceted sapphire ribbons do not require the use
of machining and finishing processes. The ribbons can serve as substrates for GaN, Ga,0s3
or graphene. Wide and thin ribbons which can be used to epitaxially grow these materials
still have structural defects. The defects include microsteps arising due to small
differences in the ribbon thickness or deflection of its surface from the basal face.

In this work, grazing-incidence X-ray scattering (GIXS) measurements and phase
contrast imaging (PCl) using Synchrotron Radiation (SR) have been employed to
investigate the nano- and microscale morphology of graphene and sapphire. Specular
reflectometry and off-specular X-ray scattering technique allow roughness, density and
thickness determination in extremely thin surface layers. Spectral data processing and
inverse problem solution are based on the theories of grazing incidence X-ray methods
(see, e.g., [5-10]). Particularly, off-specular GIXS provides an opportunity to determine
Power Spectral Density (PSD) function, which is directly associated with the statistical
parameters of roughnes [10-13].

X-ray phase contrast imaging has become widespread due to the construction of
3rd-generation SR sources [14,15] and to upgrades of existing ones. In the setup of PCl,
SR propagates through the sample and illuminates the volume within the field of view.
When a local phase shift caused by small changes in electron density is variable over the
beam cross-section, the corresponding intensity variation can be detected through the
phenomenon of refraction. Though this method was used to quantitatively analyze micro-
inhomogeneities in crystals [16,17], its feasibility for quantitative surface imaging has not
been demonstrated yet. It has recently been shown that PCl is applicable to thin
composite layers [18] that may contain microcracks [19]; however, this method has only
been employed for qualitative observations.

We emphasize that the quantitative aspects of using PCl for characterization of
surface morphology have not been previously considered, but will now be addressed in
this paper. In the next sections, two different experimental methods are briefly described.
X-ray scattering measurements near the critical angle for total external reflection of
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epitaxial graphene are discussed. The results of imaging experiments on sapphire ribbons
conducted at Pohang Light Source-II (PLS-1l) are analyzed.

Materials and Methods

Semi-insulating SiC (0001) substrates purchased from different commercial channels had
off-axis miscut angles, typically of the order of < 0.2-2°. The residual damaged layer was
eliminated by high vacuum annealing in a closed tantalum cell in the temperature range
of 1400-1500 °C at a residual gas pressure of 10 Pa [20,21]. As a result, a fairly regular
pattern of terraces separated by steps formed on the polar silicon (Si) face of SiC. A further
increase in temperature to 1725 °C allowed us to obtain a graphene sheet in an area of
~ 1 cm?. Graphene was formed under an argon (Ar) atmosphere at a pressure of ~ 10° Pa.
The specific properties of graphene were confirmed by Raman spectroscopy.

Figure 1(a) shows a cross-section view of a typical multilayer graphene on 4H-SiC
substrate obtained by high resolution transmission electron microscopy (HRTEM). An
electron-transparent lamella was prepared by cutting the substrate, with the cutting line
lay perpendicular to the step direction. It can be seen that the graphene is not uniform. A
white line encircles the step on the substrate surface. The image shows a distinct feature
located at the interface between the film and substrate, but we cannot distinguish a gap
from a step on the film. Both types of these defects increase the surface roughness.

Fig. 1. (a) High resolution TEM image of the interface between Si-face 4H-SiC and multilayer graphene.
White line encircles a step on the SiC surface; (b) AFM image of graphene surface. Arrows represent
the X-ray scan directions, selected parallel (green, magenta) and perpendicular (red, blue) to the steps

The X-ray measurements were performed on a laboratory diffractometer [22].
A conventional X-ray tube with a Cu-anode served as a source. Radiation with wavelength
A =0.154 nm reflected in a monochromator Si (111) within a passband of A\/A = 10°.
A vacuum collimator was placed between the sample and the detector to reduce parasitic
scattering by air molecules. The collimated beam had a width of ~ 0.2 mm, a divergence
of ~ 10 rad and an intensity of | = 3-10°¢ c’. The initial position of the sample surface was
horizontal and parallel to the direction of the incident beam. During X-ray measurements,
the source and detector rotated around a stationary sample. A scintillation detector
SCSD-4 (Radicon Ltd., St. Petersburg, Russia) was used in conjunction with a position-
sensitive strip Dectris MYTHEN 2R (Dectris AG, Baden-Dattwil, Switzerland). The detectors
provided good linearity and made it possible to measure the intensities of specularly
reflected and scattered radiation in one process. Angular scanning varied between 0° and
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3°; the direction of incidence was fixed by the angle 0.236°; the scattering transfer vector
and spatial frequency were in the range of 0-0.42 A* and 0.05-10 pm, respectively.
When the direct beam width in the plane of detector was 20 um, the beam spot width on
the sample was 5 mm at a grazing angle of 0.236°. The GIXS methodology for estimating
TSN parameters was previously developed using Al,Os and SiC substrates [23-25].

Compared to GIXS, PCl setup is very simple. Apart from the SR source, sample and
detector, nothing else is required, provided that the spatial coherence of the incoming
beam is sufficient. PCl is an appropriate technique to use, when a surface step entails a
detectable phase shift. Since only intensities are measured, analytical means are needed
to regain the phase-related information. Several efficient phase retrieval algorithms were
produced.

The PCl experiments were carried out at the PLS-Il operating at an electron energy
of 3.0 GeV. At the BL6C beamline, a wiggler with a strong magnetic field (2.0 T) provides
SR in the spectral range £ = 23-50 keV. At a given energy of £ = 23 keV, the double crystal
monochromator selected a bandwidth AE/E = 2.9-10*. To obtain X-ray images, a sapphire
ribbon was placed in the beam with its basal face perpendicular to the beam direction at
a distance of r, = 36 m from the wiggler source. Images were recorded with a scintillator
screen coupled to a digital detector [26] located at a distance of rs= 8 mm or 20 cm from
the sample. Magnifying light optics projected a luminescent image onto the pixelated
detector, and high image resolution was ensured by the small pixel size. In particular, the
detector was equipped with a CCD matrix PCO Edge (PCO AG, Kelheim, Germany). Each
chip had a resolution of 2560 x 2160 pixels and a size of 6.5 x 6.5 um? The combination
of x20 objective lense with the PCO matrix led to an effective pixel size of 0.325 um and
a view field of 832 x 702 um? For each pixel, a 16 bit analogue digital conversion was
available.

Statistical parameters of roughness of epitaxial graphene on SiC

A characteristic feature within our approach is the computation of PSD function from angular
distribution of scattered X-ray radiation [11-13]. The integral of the PSD function gives the
effective roughness height o, The o5 is determined in the region of spatial frequencies
limited by the width of the X-ray beam on one side and by the beam intensity on the other.
In our case, the frequency range is limited by values vmin = 0.05 pm™ and vmax = 10 pm™.

X-rays illuminate large surface areas; actually, the entire sample area (up to
25-30 mm, when the width of the direct beam in the detector plane is ~ 100 pm),
therefore GIXS technique can detect high o,y values. An increase in the average roughness
height leads to a significant increase in the PSD-function values. Atomic force microscopy
(AFM) scan size is usually lower than 100 x 100 um2 Nevertheless, AFM has higher
resolution, therefore this method can image finer roughness scales. With this approach,
a probed area is approximately three orders of magnitude smaller. One can characterize
the roughness scales by comparing the values of the PSD functions calculated from GIXS
and AFM data.

Figure 1(b) is an AFM image of TSN on the surface of a multilayer graphene film.
The image shows X-ray scan directions relative to the step edges. Colored lines numbered
1 and 3 indicate two parallel scans located perpendicular to the step edges. In Fig. 2 the
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red (1) and blue (3) markers represent the PSD-curves plotted against frequency for scans
1 and 3, respectively. In the same diagram, the PSD-plots 2 and 4, shaped by green and
magenta markers, refer to directions 2 and 4, which are parallel to the step edges. Note
a peak in functions 1 and 3 that occurs when the beam scan is directed perpendicular to
the steps. The position of the peak on the abscissa axis corresponds to the spatial
frequency of the average TSN period. The peak shape is approximated by a Gaussian. The
spread of periods and uneven edges of the terraces increase the peak width. The period
value estimated from the GIXS data is 2.96 um, but it should be noted that this result is
obtained by averaging over a surface area of ~ 1 cm? illuminated by the beam. Scanning
with a 90° rotation results in smoothing of the peak, as in the case of functions 2 and 4.

PSD, um?
10°

10
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10-1(]
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Fig. 2. Roughness PSD functions for multilayer graphene on Si face of 4H SiC. Plots corresponding to
different scan directions are represented by markers of different colors: green, magenta (parallel) and red,
blue (perpendicular) to the steps of TSN, respectively. PSD functions derived from AFM scans across
(black) and along (cyan) the steps are indicated by curves without markers

In Fig. 2, solid lines (without markers) correspond to AFM scans directed along
(cyan) or across (black) the steps, respectively. The behaviors of these PSD curves
depending on the calculation direction are similar to those obtained with GIXS.
Particularly, calculations across or along the steps result in a broad peak or monotonic
decline, respectively. The discrepancy is seen in the low frequency region. The reason for
the discrepancy relates to the decrease in AFM resolution that occurs when the roughness
period is close to the AFM scan size. It should be stressed that in case of SiC substrates,
a better match was obtained between the GIXS and AFM curves [25].

The effective roughness height o, can be determined by the equation:

Opff = \/fvvrﬁx PSD (v)dv.

The value of oo extracted from PSD curves [-1V for directions 1-4 is: geft = 0.37 nm;
oe = 0.35 nm; g = 0.35 nm; o5 = 0.31 nm. Thus, we see that the deviation (calculated
as the arithmetic mean of the absolute values of the deviations) does not exceed 17 %.
According to various researchers who have measured the root-mean-square roughness of
graphene, these values are unlikely to result in a noticeable variation in electrical
resistance.
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Local step height on as-grown surface of sapphire

As described in the previous section, spatially averaged X-ray scattering gives the root-
mean-square roughness of the entire sample area (e.g. ~ 1 cm?). In this section we have
again used the interaction of X-rays with matter, but in a different approach, which has
the essential advantage of ensuring locality of measurements. The ensemble of local
measurements constitutes an image. The image shows contrast due to changes in
absorption, phase, or Bragg diffraction. Here we present X-ray phase contrast. The PCl
setup provides a relatively limited field of view - from a few square millimeters to
fractions of a millimeter. Nevertheless, the method combines localization and a fairly
large area by moving the sample in front of the detector and recording images [27]. Since
PCl cannot display morphology in a way similar to AFM, the latter is used in this work to
obtain additional information about a surface structure.
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Fig. 3. (a) 2D representation of AFM data showing various defects in the sample. White arrows point to a
particle (1) and a pit (2). The green dashed line indicates the AFM probing direction across the surface
step. (b) AFM map of the step location. The solid line stands for the probing direction, identical to that

shown in (a). In the phase contrast image (c), the green arrow points to the step region probbed by AFM.
White arrows point to the same features as in (a). Profile (d) of the step height (y, um) vs. the distance

across the step (x, um)

Figure 3 contains AFM and PCI images of the sapphire ribbon grown from the melt
using Stepanov’'s method at a growth rate of 1 mm/min up to a size of
10 x 0.4 x 100 (WxHxL) mm?>. The misorientation of the ribbon surface relative to the basal
facet was only a few arc minutes. Figure 3(a) shows several defects imaged by AFM. At the
bottom of the figure, one can see a rounded pit and an irregularly shaped defect in the vicinity
of the pit. In the 3D representation of the AFM data, this defect appears as a particle (data
not shown). The wavy line dividing the light and dark areas defines a step on the surface of
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the ribbon. Green dashed line is for AFM scan across the step. The same scan is shown by the
solid line in Fig. 3 (b), which displays a large-scale AFM map of the step location. At the top
of the map, the light contrast corresponds to the step, and the dark contrast at the bottom
comes from the material underneath the step. Furthermore, in the phase image (Fig. 3(c)) the
same surface step is represented by a wavy line of black and white contrast. The green arrow
indicates the position of the AFM scan on the sample surface. Note that the same location
was chosen for the contrast evaluation on the phase image.

The pit and particle indicated above are present inside the region of interest. They were
used as markers to localize both AFM and PCl measurements. We assume the following
scenario for their formation. When a ribbon is pulled out, the metallic shaper heats up to a
high temperature. A molten droplet can fall on the ribbon at some distance from the
crystallization front, and overheating of the surface will lead to the formation of a pit.

S(x/xq) - C(x/xy) (I-1o) / I
0.4 Al
0.2 4 0.02
0 0
0.2 -0.02
041 0.04
LA L L B A B B B B R B R R AL A B LJN L B B L B B B B B B N BN B B
-10 -5 0 5 10 -10 -5 0 5 10
X, um X, um

Fig. 4. Intensity profiles vs. the distance across the surface step. (a) Theoretical profile calculated for
coherent radiation from a point source. xo = 2.32 um. (b) Experimental (open circles) and theoretical
(smooth red curve) relative intensity distributions. The red curve is obtained by averaging the profile in (a)
after convolution with a Gaussian function (FWHM is 3 um)

To evaluate theoretical intensity distribution for the step we employed X-Ray Wave
Propagation (XRWP) computer program [28]. The result obtained for a point source and
fully coherent radiation is shown in Fig. 4(a), where the maximum is located on the side
of the smaller sample thickness. We note that many Fresnel fringes are formed besides
the maximum and minimum.

The experimental profile was obtained by measuring the contrast of the phase
image recorded in a CCD (Fig. 3(c)). The image was stored in TIFF format, 16-bit. TIFF file
was converted into a matrix. In the course of further processing, the matrix was used to
produce the image of the step with highest possible contrast. The intensity was measured
perpendicular to the step section. Here we want to emphasize again that the section was
located within the region of the AFM scan (Fig. 3(a)). In Fig. 4(b) open circles stand for the
experimental data. One can see that the Fresnel fringes are simply not detected.

The theoretical and experimental intensity distributions were compared. Prior to
the comparison, averaging on the fringes was performed. As an averaging method we
propose to employ the standard convolution with a Gaussian function. The method is
successful in cases when the factors responsible for the reduction in spatial coherence
are unspecified. The full width at half maximum (FWHM) of Gaussian can be determined
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from preliminary experiments on test objects [29,30]. Finally, the smoothed theoretical
profile is drawn by the red line in Fig. 4(b) (FWHM of the Gaussian is 3 um).

Analytical solution gives the same results in a much more simple way. When the

phase shift ¢ introduced by a surface step is small compared to unity, the intensity profile
can be calculated as a power series of ¢. Retaining only the first dominant contribution,
we conclude that the contrast is proportional to ¢, and the intensity profile is calculated
analytically using an equation:
/1o = 1+ ¢[S(x/x0) = C(x/%0)], b = K&t, xg = (Arg/2)"/?, (1)
where S(x) and C(x) are the sine and cosine Fresnel integrals, ry is the distance from the
object to the detector, ¢ is the local phase shift introduced by the step; ¢<< 1. The
contrast of the step determined from the plot is 0.2¢. Using the estimation of phase
¢ = 0.2, obtained from the comparison of the experimental and simulated contrasts, and
the decrement of the refractive index of sapphire 6= 1.532-10¢, we find the step height
t from the Eq. (1):t=1.12 um. This value is confirmed by the AFM data. The AFM analysis,
whose graphical result is presented in Fig. 3(d), gives the step height versus the distance
across the step. One can see that the step height changes slightly from 1 to 1.5 um.

Conclusions

The present study is an example of the application of grazing-incidence X-ray scattering
technique and phase contrast imaging to graphene and sapphire. The quality of graphene
surface was estimated by statistical parameters of roughness. The surface of sapphire was
investigated by in-line PCl method, which did not yet deal with solid surfaces and crystal
faces. The novelty in the PCl experiment is that the microstep height has been determined
directly from an image with fairly good accuracy (~ 1 um), despite the relatively large
decrease in spatial coherence. Our experimental design involves techniques that are not
feasible in the same setup. Nevertheless, the combination of X-ray-matter interactions,
namely scattering and refraction, which are commonly used for different purposes, has
led to a better interpretation of surface morphology.
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