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Abstract

In-line graphene characterization to determine quality, area coverage fraction, and layer number
on transparent substrates is critical to large-scale commercial graphene production. Many
applications, including biosensors and imbedded diagnostics, flexible electronics, and transparent
electrodes, require uniform graphene transfer from its native chemical vapor deposition foil to
transparent films. To enable high-volume production of these devices, graphene layer number,
quality, and area coverage must be mapped at high spatial resolution to enable growth and transfer
process optimization. To this end, we present a spatially resolved optical transmission technique
combined with statistical analysis of the measurements to determine graphene layer number on

different transparent substrates, including polymer films and glass. This method can be automated
and does not require user-inputted threshold values. Our method can effectively map >1 cm? areas
at 10 micron resolution and is not limited by type of substrate or thickness assuming the substrate
is transparent. We corroborate these experimental results with simulated data and present
guidelines to reasonably assess graphene quality, layer number, and feature size as functions of the

experimental parameters.

1. Introduction

The realization of commercial graphene products,
including biointerfaces [1-3], flexible electronics
[4-6], and transparent electrodes [4, 7, 8], requires
large-scale characterization of graphene across the
target substrate area to assess graphene quality
and coverage. Currently, roll-to-roll chemical vapor
deposition (CVD) of graphene onto metal foil, fol-
lowed by graphene transfer to the ultimate target
substrate is the most promising route to commer-
cial graphene device production [9]. CVD is a tun-
able process that can produce the uniform, large-
area graphene sheets needed for device fabrication
[10]. Maximizing the fidelity of transfer to the target
substrate and minimizing damage during the transfer
process are critical to scaling this technology up to
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large areas and commercial volumes [11]. Useful
efforts have made graphene detection on these nat-
ive metal foils possible via thermal annealing [12] and
plasma etching [13]. Additionally, post-transfer spa-
tial mapping of layer number can provide informa-
tion on the spatial homogeneity of layer number dur-
ing the growth process. Recent research advances have
significantly reduced contamination during transfer
[14, 15] and have introduced metal foil recyclabil-
ity [16, 17]. Because the electronic and mechanical
properties of graphene depend highly on the num-
ber of layers present and the overall graphene qual-
ity [18-20], the final graphene/substrate stack must
be thoroughly characterized to enable feedback and
ultimate process optimization of the manufactur-
ing and transfer parameters. To this end, we present
a simple, non-destructive, spatially resolved optical
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method to characterize graphene layer number on
transparent substrates. In this paper, we present res-
ults using a rastered laser but similar data and spatial
information can be obtained in a single-shot meas-
urement using a pixelated image sensor with a large
area. This single-shot variation of our technique may
be more conducive to integration as in-line quality
control and feedback in a commercial manufacturing
process.

The optical properties of graphene have been
well established both experimentally and theoretic-
ally. Single layer graphene absorbs 2.3% of incid-
ent light across nearly all visible frequencies [21-24]
and absorbance is governed by fine structure con-
stant [25]. UV absorbance is considerably higher
[26]. Visible absorbance follows layer number lin-
early for up to ~10 layers after which additional
absorbance per layer tapers off [27]. Groups have pro-
posed models to predict transmission based on layer
number [28], substrate type [29, 30], with particu-
lar attention paid to the effects of interfacial scat-
tering between graphene and its substrate [31], and
other experimental parameters [32]. With minimal
visible reflection, graphene transmission is remark-
ably high, making it an ideal candidate for transparent
optoelectronic devices.

Considerable research efforts have demonstrated
improved optical contrast between graphene and
non-graphene areas for graphene detection. Gao et al
reported better graphene detection when utilizing a
range of light instead of one specific wavelength [33].
Various heat and chemical treatments can selectively
oxidize copper beneath graphene through graphene
grain boundaries [34, 35]. The optical difference
between copper and copper oxide is then easily
detectable. Hong et al considered graphene cover-
age using deposited masks and reactive ion etching
to remove non-monolayer graphene areas on CVD
samples [36]. Elementally sensitive techniques then
revealed graphene coverage. While effective, these
methods can degrade and/or destroy graphene. Con-
trast can also be improved by manipulating the final
substrate. Capping Si with SiO, of a specific thickness
improves optical contrast [37, 38]. Altering the final
thickness of poly(methyl methacrylate) substrates
can also increase contrast [39]. Placing graphene
on specifically engineered substrates [40], includ-
ing photonic crystals [41, 42], improves detection
as well.

Optical contrast improvement is not limited to
substrate choice. Lewis et al and Kong et al repor-
ted graphene detection using dark field microscopy,
which is highly sensitive to small changes in sur-
face topology [43, 44]. Graphene retains the rough-
ness of the initial copper foil during CVD growth
while uncovered copper regions are smoothed,
meaning graphene detection is possible. Differential
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interference contrast microscopy has also been
employed to observe differences in surface features,
which are then attributed to graphene [45]. How-
ever, much like atomic force microscopy, these tech-
niques cannot easily distinguish between graphene vs
other surface topological features, and so risk mis-
attributing non-graphene-related surface roughness
to the presence of graphene.

Chemically sensitive experimental techniques can
provide more thorough graphene characterization
but may require sampling from the assembly line
when integrated into commercial manufacturing pro-
cesses. Raman spectroscopy is well-documented and
detects vibrational features within the graphene crys-
tal lattice [46] although it is largely limited by its
point-resolution [9]. Interference reflection spectro-
scopy shows impressive graphene detection in real-
time on substrates with appropriate reflection con-
trast [47]. Huang et al reported fast graphene grain
boundary detection using transient absorption spec-
troscopy, as graphene grain boundaries have differ-
ent densities of states compared to pristine areas when
using a complex setup [48].

In this article, we report a simple, spatially
resolved transmission technique for graphene detec-
tion with automated data analysis. We tightly focus a
633 nm laser beam to 1/e* beam width of ~10 ym
and power of ~3 mW. Using an automatic micro-
meter stage, we measure the optical transmission at
rasterized locations across the sample. When com-
bined with knowledge of the statistical distribution of
transmission values typical of the substrate, this data
can be used to assess graphene coverage and quality
on different transparent substrates. This method can
characterize large samples, >1 c¢m?, and is not limited
by the thickness or type of substrate, assuming the
substrate is transparent. The experimental data are
corroborated with simulated data, in which we probe
the effects of the beam radius and optical step length
on final image clarity. Using these collected transmis-
sion data, we create optical transmission and layer
number maps that explicitly quantify graphene cov-
erage over the substrate with spatial resolution the-
oretically down to the diffraction limit of the laser
wavelength. This methodology provides information
comparable to two-dimensional Raman spectroscopy
mapping in a fraction of the data collection time.
Our statistical analysis can be automated and allows
graphene coverage fraction determination without
user-input threshold values, a marked improvement
over traditional image analysis methods. We also con-
sider the relationship between the calculated probab-
ility density functions (PDFs) and the graphene fea-
ture length scales. These results and our model can be
used to assess graphene coverage, layer number, and
uniformity for commercial graphene manufacturing
processes.
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2. Methods

2.1. Graphene transfer to glass

CVD graphene samples of different layer numbers
(ACS Graphene) were transferred to glass. CVD
graphene samples were carefully flattened in between
two clean glass slides. Twenty microliters of 20 wt%
poly(methyl methacrylate) (PMMA) (Sigma-Aldrich,
200336) in N-methyl-2-pyrrolidone were spin coated
onto the graphene side of each sample to act as a
support layer during transfer. Samples were annealed
at 120 °C for 60 min. The copper substrates were
removed via chemical etching in 0.4 M ammonium
persulfate (Sigma-Aldrich, 215589) for 2 h. Remain-
ing graphene/PMMA stacks were carefully trans-
terred to tresh DI water to remove all ammonium per-
sulfate. Samples were scooped on to glass slides. Slides
were cleaned by oxygen plasma etching for 3 min
using 450 W, soaking in basic hydrogen peroxide (pH
12) for 5 min, soaking in acidic hydrogen peroxide
(pH 4) for 5 min, soaking in DI water for 10 min, and
lastly patting dry. The PMMA support substrate was
lastly removed by soaking the PMMA/graphene/glass
stack in hot acetone.

Raman data to confirm the presence of graphene
were collected on a WiTec confocal Raman spectro-
scopy instrument using a 532 nm laser source with a
diameter of a few microns.

2.2. Spatially resolved optical transmission set up
and analysis

The full beam path is shown in figure 1. A HeNe
laser at 632.8 nm (ThorLabs, HNL150L) is spatially
cleaned using a 75 pm pinhole and two lenses with
focal lengths of 50 and 75 mm before and after
the pinhole, respectively, to remove unwanted higher
order modes and expand the beam to a 1/e? width
of ~550 pm. The beam of power Py is split using
a 0.5 inch non-polarized beam splitter (ThorLabs,
BS040) and the incident beam power Py, which is
equivalent to 7Py where 77 accounts for the beam
splitter fraction, is measured by focusing on a large-
area Si detector (ThorLabs, PDA100A2). The remain-
ing beam, (1 — 1)Py, is focused to a 1/e? width of
10 pm using a 36X infinity background corrected
reflective objective lens (Newport, 50102-02) with a
power efficiency of . The focused beam of power
Y(1 — n)Py passes through a specific location on a
sample mounted on an automatic micrometer stage
(Newport, ESP301) 10.4 mm away from the lens.
Samples were mounted on glass or quartz slides to
prevent sliding during data collection. Some poly-
mer samples were sandwiched between glass or quartz
slides to ensure surface planarity. The transmitted
beam power, Pp, is measured by focusing on another
large-area Si detector (ThorLabs, PDA100A2). The
stage then moves an inputted optical step length and
transmission at a different location on the sample
is considered. The beam path, objective lens, and
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Figure 1. Schematic (a) of spatially resolved optical
transmission set up where an incident beam of power P
passes through a beam splitter. A portion of the beam, 7Py,
is measured as the incident power, Pr. The remainder of the
beam, (1  17)Py, is focused to a 1/¢? beam radius of 10 pm
using an objective lens. The tightly focused beam of power
(1  1)P, passes through a specific location on the
mounted sample and the transmitted power, Pp, is detected
on a stationary detector. The sample then moves and
another location is considered. Cross section of typical
sample (b). Methodology difference between rastered
measurement technique (used to measure all data in this
paper) and the proposed snapshot variation of this
technique, which uses a pixelated detector and may be more
amenable to in-line measurements of a commercial

process (c).

final detector remain stationary. Transmission data
are calculated using the transmitted beam powers
and the incident beam powers. For this wavelength
and beam waist, the Rayleigh range is z = 243 pm
and the beam depth of focus is thus 486 pm. Beam
expansion through the graphene thickness is min-
imal. The slight expansion through the substrate can
be accounted for by measuring a substrate back-
ground although we focus primarily on transmission
through the graphene itself.

Data were collected in LabView using a pro-
gram developed in-house. Detector voltage val-
ues were converted to power via P=V—(¢/GR),
where V is the measured voltage, ¢ is an off-
set to account for the background voltage, G is
the transimpedance gain of the detector, and R
is the detector responsivity. Detectors were set to
gain = 0, meaning G = 1.53 x 10° V A™%, The
detector responsivity at 633 nm is 0.425 A WL,
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Power values were collected for 100 counts using a
frequency of 500 Hz. These values balance accurate
power collection and overall experiment time (sup-
porting information (is available online at https://
stacks.iop.org/2DM/8/025001/mmedia)). The object-
ive lens efficiency, v, was determined before each
measurement using the incident beam power
and transmitted beam power through a non-
sample (NS) area, i.e. through the glass support,
such that

n  Ppns
1—mn) Prns

— 1
7( (1

Correction values hover near 0.538 + 0.0006
(supporting information). The final experimental

transmissions through a sample sitting on top of a NS
substrate (S + NS) was then calculated using

_ n  Ppsins _ Ui Pp sins
¥(1=n) Prsins (1377) 1;‘[’5; (1—n) Prs+ns
_ Pins Ppsins )

Pp.ns Prsins

Data analyses were completed in Python using a
program developed in-house. Substrate sample edges
were determined by examining a loss in transmit-
ted power consistent with diffuse scattering off of the
sample edge. These edges were used isolate sample
transmission values. The PDF of each data set was
calculated using the statsmodels package [49], which
uses a kernel density estimation based on a Gaus-
sian kernel and a rule of thumb bandwidth estim-
ation based on default parameters. Resulting PDFs
were fit to Gaussians using a minimization of the
sum of squares. From these fitted peak centers, which
correspond to transmission values, the probability
of graphene’s presence was determined. For mono-
layer graphene samples, the graphene coverage frac-
tion was calculated by dividing the probability dens-
ity values for graphene-assigned peaks by the sum
of all of the probability density values. The uncer-
tainty in the coverage was calculated using bootstrap
methodology [50].

The difference in transmission between sample
areas containing one layer of graphene and areas con-
taining no graphene changes depending on the sub-
strate used, as graphene absorbance varies. Specific
absorbance values were calculated using

Ao 4adnny i 3)
(no + ny + adn)

where adn = e?/4ephic = 0.0229253, n = refractive
index of graphene, d = thickness of the multilayer
graphene, a = the absorption coefficient of graphene,
np = refractive index material above graphene, and
n, = refractive index material below graphene,
as derived by Holovsky et al [30]. Differences in
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transmission due to multiple layers of graphene were
calculated directly via

T=(1+'2raN) " (4)

where « is the fine structure constant and N is the
number of layers [28].

2.3. Simulation set up and analysis

A vectorized code written in Python was used to
model the previously described spatially resolved
optical transmission experiment. A laser beam of an
inputted 1/e? beam radius, r, was rasterized across a
sample of specified dimensions using a chosen optical
step length. For each beam position, as determined
by the optical step length and sample dimensions, the
incident beam power, P, was calculated [51] as a func-
tion of the distance between the location coordinate,
d, and the beam center, y, using the beam o defined
as o = 2r [51], via

Locations within 30 of each beam center were
considered. The transmitted power was calculated
using both the calculated incident power and an
inputted transmission pattern. The PDFs of these
simulated data were determined and fitted using the
methodology previously described.

3. Results and discussion

Experimentally, we first assess uniform graphene
coverage. The optical transmission of nominally
ten layers of graphene on poly(ethylene terephthal-
ate) (PET) was measured using a 1/e* beam radius
of 7 um and an optical step length of 50 pm
(figure 2(a)). The uncertainty of these measured data
are limited by the fractional volt uncertainty of the
detectors used, which is & 0.018% for our setup, and
the fractional position uncertainty of the micrometer
stage, which is +1%. Such detection limits are sim-
ilar to other graphene characterization methods, such
as Raman spectroscopy and optical microscopy. Data
are normalized such that transmission through the
NS substrate is 1. Transmission through the sample
substrate may be lower than 1 if other contamin-
ates are present. We observe two primary transmis-
sion values (figure 2(b)) at 0.778 and 0.992. Assum-
ing the higher transmission peak describes transmis-
sion through non-graphene polymer areas, the lower
peak corresponds to transmission through graphene
sections. Using equation (4), the predicted transmis-
sion for ten layers of graphene is 0.783, which is in
excellent agreement with the experimentally determ-
ined transmission. Using the transmission values and
rearranging equation (4), we calculate the number
of layers of graphene present at each measured pixel
(figure 2(c)). The layer number is largely consistent
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Figure 2. Experimental optical transmission maps: of ten layers of graphene on a polymer substrate (a) with its corresponding
probability density function (b), and graphene layer number map (c) including histogram inset of layer values greater than 12;
four layers of graphene on glass (d) with its probability density function (e) and layer number map (f); and eight layers of
graphene on glass (g) as confirmed with Raman spectroscopy (inset) with its probability density function (h) and layer number
map (i). Calculated probability density functions fitted with normal Gaussians provide prominent transmission values, which are
useful for quality assessment. Transmission data less than 40% are likely non-sample contaminates, such as dust, and were
removed.

across the sample area as well and hovers around ten
layers. A few locations across the sample show more
than 12 layers of graphene present (figure 2(c), inset).
These values occur at locations of low transmission
and are likely not graphene. Instead, they are probably
NS contaminates, such as dust. Slight fluctuations
appear in the measured transmissions and are from
minor sample movement during the measurement.
Using one set of measured data, we can definitively
characterize the number of graphene layers present,
the coverage fraction, and the coverage area.

Next we experimentally consider a sample with
inconsistent graphene coverage. Using a beam radius

of 7 um and an optical step length of 55 um, we
measured the optical transmission of four layers of
graphene on glass (figure 2(d)). The PDF (figure 2(e))
shows two primary transmission values at 0.900 and
1.003, which correspond to graphene sitting on top
of glass and the plain glass substrate respectively,
as equation (4) predicts transmission through four
layers of graphene to be 0.904 and non-graphene sub-
strate areas were normalized to transmission = 1. By
again rearranging equation (4), we directly calculate
the number of layers of graphene at each measured
pixel and present a layer coverage map (figure 2(f)).
Usefully, our spatially resolved optical transmission
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Figure 3. Optical transmission of macro-patterned graphene on poly(vinyl butyral) measured with a 1/e? beam radius of 8 um
and an optical step length of: 300 pm (a) with its corresponding probability density function (PDF) (b); 200 em (c) with its
corresponding PDF (d); 100 pom (e) with its corresponding PDF (f); and 50 um (g) with its corresponding PDF (h).

Transmission

method can quantify the success of the transfer pro-
cess. Most areas in figure 2(f) show four layers of
graphene are present. Barren areas where graphene
transfer was unsuccessful are easily identifiable in
both the transmission data and final layer map. In
a previous work [11], we compared this coverage
analysis to Raman measurements and found excep-
tional agreement, implying that our optical transmis-
sion method can reliably detect the graphene cover-
age fraction. Thus, transfer success can be considered
by measuring both graphene coverage and layer con-
sistency in a non-destructive manner. We also com-
pare our optical transmission map to two-dimension
Raman mapping over three notable graphene peaks,
D, G, and 2D in the supporting information and
demonstrate layer agreement.

We highlight the ability of our spatially resolved
optical transmission method to determine graphene
edges by experimentally measuring the optical trans-
mission of eight layers of graphene on glass using a
1/e? beam radius of 8 ym and an optical step length of
100 pm (figure 2(g)). We see two very distinct regions
with transmissions of 0.816 and 0.981 that are high-
lighted in the calculated PDF (figure 2(h)). We attrib-
ute the higher transmission peak to pixels describing
plain glass and the lower transmission peak to pixels
describing eight layers of graphene deposited on plain
glass. These assumptions are confirmed with Raman
spectroscopy (figure 2(g), inset), which shows the

characteristic D, G, and 2D graphene peaks at 1360,
1595, 2695 cm ™!, respectively [46]. Via equation (4),
we expect the transmission of eight layers of graphene
to be 0.821, which agrees well with our experimental
data. The small deviation may be due to residual
poly(methyl methacrylate) remaining after the trans-
fer process. Additional studies can consider detect-
ing sacrificial polymer residues on graphene samples
post-transfer. We map the layer number across the
entire measured sample in figure 2(i). As expected,
we see a clear region where eight layers of graphene
are present. There is a well-defined edge between
the graphene and glass background substrate where
the number of layers transitions from 8 to 0. The
slight change in transmission across the plain sub-
strate is attributed to residue on the glass itself intro-
duced after transfer and is considered within the
widths of the PDF peaks, a feature of this analysis
method. These data in particular highlight the ability
of our spatially resolved optical transmission method
to determine graphene area edges, an important con-
sideration in large-scale transfer where edge effects
can impact the graphene performance.

Our optical transmission analysis considers the
PDF of each measured data set to obtain prom-
inent transmission values. For graphene samples
on consistent substrates, two major transmissions
are determined and correspond to transmission
through the substrate and transmission through
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graphene sitting on top of the substrate. We verify
this by calculating the absorbance of graphene,
which depends on the number of layers present,
via equation (3). We also consider samples where
the transmission through the plain substrate var-
ies. A macro-patterned monolayer graphene sample
was transferred to poly(vinyl butyral) and the optical
transmission was measured using a 1/e? beam radius
of 8 um and different optical step lengths (figure 3).
The largest optical step length of 300 pm yields a
low-resolution transmission map where the pattern is
difficult to distinguish (figure 3(a)). The high trans-
mission spots of ~1 are artifacts from the macro-
pattern process where a pocket of air remains trapped
between the glass slides. We calculate the PDF of the
optical transmission data (figure 3(b)) and determ-
ine two major transmission peaks at 0.911 and 0.930.
Using equation (3) and assuming the index of refrac-
tion of poly(vinyl butyral) [52] is 1.48 and the index
of refraction of plain glass [53] is 1.54, monolayer
graphene absorbs 1.52% of incoming light when
placed on poly(vinyl butyral). The higher transmis-
sion value of 0.93 describes sample areas where only
the polymer background is present. We expect areas
containing graphene and the polymer to have trans-
mission values of 0.930 — 0.0146 = 0.915, which
agrees well with the measured transmission of 0.911.

Decreasing the optical step length to 200 pm,
100 pm, and lastly 50 um (figures 3(c), (e) and (g))
increases the resolution of the final image by increas-
ing the number of descriptive pixels. Consequently,
smaller step lengths show better image clarity and can
even distinguish thin-film diffraction rings present
from the interaction of the sample with its support
glass slides (figure 3(g)). Despite this improvement,
the optical step length has minimal impact on the cal-
culated PDFs with regards to PDF shape and prom-
inent features (figures 3(d), (f) and (h)). Decreasing
the optical step length increases sample measurement
time, as each individual pixel takes about 4 s to meas-
ure. The lowest resolution sample, completed with an
optical step length of 300 um, took around 54 min
to obtain. Using a much smaller optical step length
of 50 um greatly increased data collection time to
1949 min. Comparatively, we see a 6x improvement
in image clarity at the expense of a 36x increase in
data collection time. The snapshot variation of the
technique suggested in figure 1(c) would overcome
these measurement time challenges.

From each PDF, we calculate the graphene cov-
erage fraction by dividing the probability density
values for the graphene peaks by all of the prob-
ability density values. This metric describes the
sample area covered by graphene and is determ-
ined from the PDE Typical image analysis meth-
ods to assess coverage fractions cannot automatic-
ally distinguish between graphene and non-graphene
areas without specific user input, usually in the form
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of threshold cutoffs. Image-based coverage calcula-
tions can also become more complicated when con-
sidering samples with non-uniform backgrounds, as
the threshold limits vary across the sample area.
Our coverage calculation eliminates user-specified
thresholds. Background variation is captured within
the width of each peak in the calculated PDE. We reas-
onably assign the highest transmission peak to sample
areas of the pure background, meaning the remain-
ing lower transmission peak must describe areas with
graphene and the background. Graphene layer num-
ber variation is captured in this analysis by additional
lower transmission peaks.

To verify our coverage calculation, we process the
highest resolution optical transmission image, collec-
ted using an optical step length of 50 pum (figure 3(g)),
with Image] [54] to determine the graphene cov-
erage fraction. Visually, two brightness cutoff val-
ues, after converting the image to grayscale, appeared
reasonable, 97 and 98. From these, we determine
a coverage fraction range between 0.791 and 0.823,
respectively (figure 4). We also calculate the graphene
coverage fraction by counting the number of image
pixels above a set threshold, which we determine
as the intersection between the two peaks of cal-
culated PDE. At this point, the likelihood the pixel
contains graphene and the polymer and the like-
lihood the pixel contains only polymer are equal.
The graphene coverage fraction via pixel counting is
0.818. We present the coverage fractions calculated
using our PDF analysis plotted over the optical step
length to 1/e* beam radius (figure 4). Specifically,
we find the graphene coverages are 0.814 £ 0.022,
0.813 4+ 0.022, 0.807 4+ 0.0071, and 0.812 + 0.0036,
for optical step lengths of 300 pm, 200 pm, 100 pm,
and 50 pm, respectively. Our PDF calculated cover-
age fractions all fall within the coverage range determ-
ined via Image]. Most values also show excellent
agreement with the coverage determined via pixel
counting. As expected, increasing the resolution of
the image by using a smaller optical step length
significantly decreases the uncertainty in calculated
coverage values by improving the image clarity. Not-
ably, even the larger optical step lengths provide reli-
able coverage values with very low uncertainties. Our
coverage determination provides useful graphene
coverage information from collected transmission
images without relying on user-inputted thresholds.
As shown, Image] analysis can generate a range of
acceptable coverages because the thresholds are static
and determined by the user. Pixel counting method-
ology also requires a user threshold and fails to differ-
entiate between different layers of graphene coverage.
Our PDF coverage analysis can be automated based
on peak assignments and can calculate coverage for
regions with different layers of graphene, in contrast
to the pixel-counting and threshold approaches used
in Image].
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using a 1/e? beam radius of 8 pum. Error bars are calculated
via the bootstrap method. The coverage fraction range
determined via Image] (purple region) and coverage
fraction calculated via pixel counting above a set threshold
(black dashed line) are shown.

Our analysis method depends on considerable
distinction between graphene and non-graphene
pixels. While some PDF peak overlap is acceptable,
generally the background must be consistent enough
to distinguish between sample and NS areas. To high-
light this, we present experimental data collected on
a very inhomogeneous poly(methyl methacrylate)
substrate, measured using an optical step length of
75 ym and a 1/e? beam radius of 7 um (figure 5). The
image obtained with our spatially resolved optical
transmission technique reveals sample areas ranging
in transmission from 1 to 0.8 (figure 5(a)). Some
pixels show lower transmissions around 0.6. Cor-
respondingly, the calculated PDF covers a range
of transmission values (figure 5(b)). Because the
spread in transmission values approaches 20% and
graphene absorbance is nearly 1%-2%, graphene
detection on this particular substrate is not pos-
sible. We posit our optical transmission data could
be used to calculate surface roughness although
this method requires additional modeling and
analysis.

In addition to these experimental measurements,
we also simulate our spatially resolved optical trans-
mission process to understand the effects of the 1/e?
beam radius and the optical step length on the final
clarity and on the calculated PDF of the data. We
rasterized beam radii of different sizes across a sim-
ulated macro-patterned graphene sample using dif-
ferent optical step lengths and calculated the optical
transmission (figure 6). The background transmis-
sion does not vary and is conveniently set to 1. Using
equation (3) and assuming the refractive index of
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Figure 5. Experimentally collected optical transmission
data of a plain poly(methyl methacrylate) substrate
measure using a 1/e? beam radius of 7 zm and an optical
step length of 75 pm (a) and corresponding probability
density function and histogram (b).

the background is 1.458, i.e. quartz glass [55], the
absorbance of monolayer graphene is 1.56%, mean-
ing transmission through graphene areas becomes
1 — 0.0156 = 0.984. The largest beam radius of
100 pm and optical step length of 100 um pro-
duced a low-resolution image (figure 6(a)) with
poor clarity. Decreasing the step length to 50 pm
(figure 6(b)) and 25 um (figure 6(c)) only marginally
improves the overall image resolution and quality. For
these data, the large beam radius cannot distinguish
clearly between graphene and non-graphene areas.
The edges between these areas show intermediate
transmission values, as part of the laser beam passes
through graphene/polymer portions while part of the
beam passes through pure polymer portion. These
values are highlighted in the calculated PDF and his-
togram (figure 6(a), inset). Consequently, decreas-
ing the optical step length does not improve the final
image quality despite increasing the number of pixels
in the image.

Decreasing the beam radius to 50 gm and con-
sidering a larger optical step length of 100 pm
(figure 6(d)) improves image quality even though the
beam itself extends beyond the measurement area of
each pixel. We observe a reduction in intermittent
transmissions compared to the previous larger beam
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Figure 6. Simulated optical transmission data of macro-patterned graphene on plain substrate with no background variation
using: 1/e? beam radius = 100 pm, optical step length = 100 pum (A); 1/e? beam radius = 100 pm, optical step length = 50 um
(b); 1/€? beam radius = 100 pm, optical step length = 25 um (c); 1/e? beam radius = 50 um, optical step length = 100 pm (d);
1/€? beam radius = 50 pum, optical step length = 50 um (e); 1/e? beam radius = 50 pm, optical step length = 25 pm (f); 1/e2
beam radius = 25 pm, optical step length = 100 um (g); 1/e? beam radius = 25 um, optical step length = 50 um (h); and 1/e?
beam radius = 25 pum, optical step length = 25 pum (i). Calculated probability density functions and histograms are included in

each inset.

radius although decreasing the optical step length to
50 pm (figure 6(e)) and 25 pm (figure 6(f)) does not
significantly affect overall image clarity. We obtain
the best image quality for our highest resolution
samples calculated with a beam radius of 25 ym and
optical step lengths of 100 um (figure 6(g)), 50 um
(figure 6(h)), and 25 pm (figure 6(i)). The number
of intermediate transmission values that lie between 1
and 0.984 is significantly reduced and the edges of the
pattern are obvious. We posit that oversampling using
a large beam radius and a smaller optical step length
is not necessary to improve overall image clarity and
quality. A beam radius equivalent to the optical step
length yields the most descriptive data in that the pixel
area is fully considered by the beam. Larger optical
step lengths can also be used with a small beam if the
sample is relatively uniform, meaning the small area
directly measured by the beam can describe the larger
pixel accurately.

Lastly, we consider the effect of the graphene
feature length on the shape of the obtained PDF
using our optical transmission model. We simu-
late patches of different length scales of monolayer
graphene on an arbitrary substrate using an optical
step length of 15 pum and a 1/e* beam radius of
10 pum and a constant graphene area coverage frac-
tion of 20% (figure 7). We assume the absorbance of
graphene in this case is 2.5%. For the smallest fea-
ture case of 100 um (figure 7(a)), a range of trans-
mission values between the expected transmission
through monolayer graphene on a substrate, 0.975,
and the expected transmission through the plain sub-
strate, 1.000, are observed. This is highlighted in
the calculated PDF (figure 7(b)). Likely, the small
beam radius and optical step length are unable to
exactly locate pure graphene areas and instead hit
graphene patch edges. The observed transmission
then changes depending on the portion of graphene
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Figure 7. Simulated optical transmission data of monolayer graphene on an arbitrary substrate for graphene patch lengths of:

100 pom (a) with corresponding calculated probability density function (PDF) (b); 200 pm (c) with corresponding PDF (d);

300 pum (e) with corresponding PDF (f); 400 pm (g) with corresponding PDF (h); and 500 um (i) with corresponding PDF (]).
Data were simulated using an optical step length of 15 um and a 1/e? beam radius of 10 um. The graphene coverage area was held
constant at 20% for all cases. The absorbance of graphene was assumed to be 2.5.

vs non-graphene area occupied by the beam during
the measurement. Nearly zero areas are observed that
are entirely covered by graphene, as noted by the
lack of dark purple regions in figure 7(a), although
most graphene areas show intermediate edge trans-
missions. This effect is lessened when we increase the
graphene feature size to 200 pm (figures 7(c) and
(d)). The PDF shows two distinct peaks at 0.975 and
1.000, as expected for monolayer graphene on our
substrate, and the plain substrate, respectively. We
also observe additional intermediate transmissions in
between these expected values though, as the beam
samples some graphene patch edges. Increasing the
feature size length to 300 ym mitigates intermedi-
ate transmission value measurements (figures 7(e)
and (f)) and by 400 pm almost all measured data
occur at either 0.975 or 1.000 (figures 7(g) and (h)).
The largest measured patch length, 500 pm, also
shows nearly no edge transmission data (figures 7(i)
and (j)). Instead, the beam can readily distinguish
between graphene and non-graphene areas. This
is probably because there are fewer edges present
over the sample surface area for these larger fea-
ture samples, meaning the likelihood the beam hap-
pens to fall on a transition from graphene to the
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glass substrate is lower. With a greater number of
data registering as either exactly 0.975 or 1.000, the
PDF will show fewer intermediate transmission val-
ues. This analysis is particularly useful when charac-
terizing samples with unknown feature size lengths,
as one could model the inputted experimental para-
meters and then vary the input patch length to obtain
the likely feature size.

4. Conclusions

Large-scale in-line detection of graphene on trans-
parent substrates is critical to future commercial
graphene application development. Many existing
techniques rely on optical contrast manipulation and
require user-inputted thresholds to locate graphene
on measured samples, or are inherently destruct-
ive. In this paper, we present a simple, spatially
resolved optical transmission method to determine
graphene coverage and layer number over different
transparent substrates, including polymer films and
glass. Our automated analysis uses PDFs to map
graphene layer values over entire sample areas and
to calculate total graphene area coverage. This tech-
nique is not limited to specific substrate types or
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thicknesses but requires substrates to be reasonably
uniform. Excessively rough substrates may diffusely
scatter light thus impeding the transmission meas-
urement process. Future research will model diffuse
scattering off of sample surfaces to assess surface
roughness. This approach of accounting for diffuse
scattering may enable novel application of the tech-
nique we have presented, such as the characterization
of graphene doped with heteroatoms. Because this
method relies on optical transmission, graphene layer
numbers up to the asymptotic limit of transmission
through graphene, stated in equation (4), can be con-
sidered. We demonstrate excellent graphene coverage
agreement with traditional image-based analyses and
have previously shown agreement with Raman-based
analysis [11]. In this work, we utilize a rastered laser
beam across sample area to provide high-precision
data. Our analysis and methodology could easily be
applied to pixelated image sensors to provide the same
information in a shorter time.

Additionally, we corroborate our experimental
results with simulated data to consider the effects of
different experimental parameters on measurement
quality. Our model provides reasonable guidelines to
assess graphene coverage, layer number, and typical
feature size, a useful tool when characterizing trans-
ferred samples. Future research will develop a max-
imum likelihood analysis to determine graphene fea-
ture sizes using one set of measured data with specific
inputted experimental parameters.
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