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Abstract:  26 

Measuring electron transport properties of substrate-supported nanomaterials with the traditional 27 

two-point comparison method is difficult at electron energies below 50 eV, where core-level 28 

signals are too feeble to be detected against the strong secondary-electron background. Herein, a 29 

data-driven spectral analysis technique is used to study the low-energy electron transport 30 

properties of substrate-supported target nanomaterials while eliminating the influence from the 31 

substrate signal. Applying this technique, the electron transport properties of the effective 32 

attenuation length and the inelastic mean free path (IMFP) can be determined with extremely 33 

high efficiency over the entire measured energy range of 6–600 eV. Further, these results show 34 

excellent agreement with other experimental and theoretical results. Significant differences are 35 

observed between monolayer graphene and bulk graphite IMFP, which illustrates the importance 36 

of the nanometer effect in the electron transport properties of the material. Furthermore, this 37 

technique is readily applicable to any ultrathin material that can be transferred onto a 38 

polycrystalline gold substrate. 39 

1. Introduction 40 

Surface analysis techniques such as x-ray photoelectron spectroscopy (XPS) and Auger electron 41 

spectroscopy (AES) are widely used for a broad range of materials, and provide quantitative 42 

elemental and chemical state information from the surface of the material being studied [1–4]. 43 

Nowadays, these techniques are intensively employed to study nanomaterials and focus on a sole 44 

target, mapping the surface elemental composition of nanomaterial [5–6]. However, the 45 

capabilities of these techniques to play a greater role in nanomaterial studies are limited owing to 46 

the lack of quantitative knowledge of electron transport properties in the target nanomaterials. 47 

Although knowing that the transport properties of nanomaterials must differ from those of its 48 
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corresponding allotrope in bulk form, physicists working in surface analysis still try to analyze 49 

the measured spectra of nanomaterials using its bulk form parameters. Obviously, the 50 

information obtained thereby is built upon a false premise, making it unreliable for providing 51 

even qualitative information, let alone quantitative information. Even for the most 52 

straightforward application of mapping the surface elemental composition of a nanomaterial, the 53 

exact depth from which these elemental compositions were obtained is generally unknown. The 54 

situation is even worse when studying substrate-supported nanomaterials using any electron-55 

beam techniques that employ low-energy electrons (generally below 50 eV) as information 56 

carriers because of the ineluctable disturbance of secondary electron (SE) signals from both the 57 

covering nanomaterial and underlying substrate. For instance, we have no idea whether the 58 

scanning electron microscope image of a substrate-supported nanomaterial sample displays the 59 

nanomaterial itself or the morphology of the substrate beneath the nanomaterial. Undisputedly, 60 

this lack of quantitative information concerning the electron transport properties of 61 

nanomaterials has significantly blocked the way for further development of nanomaterial study 62 

using electron beam techniques. This is especially true for techniques involving low-energy 63 

electrons such as next-generation energy-filtered SE microscopy with improved energy 64 

resolution [7].  65 

Electron transport properties are generally quantified by the inelastic mean free path (IMFP) of 66 

electrons [8], which characterizes the average distance that an electron travels through a solid 67 

before losing energy. Much effort has been devoted to measuring the IMFPs of electrons in 68 

various materials, generally at kiloelectronvolt-scale energies, using elastic peak electron 69 

spectroscopy (EPES) combined with a corresponding Monte Carlo (MC) simulation [9–11]. 70 

Recently, X-ray absorption fine structure techniques have been used to determine the IMFPs of 71 
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bulk materials at electron energies (E) below 120 eV by comparison with a theoretical prediction 72 

[12]. However, these two techniques developed for bulk materials cannot be extended to 73 

nanofilm samples. The low-energy electron reflectivity from a nanofilm has been used to extract 74 

the IMFP of Fe in the energy range from 4 to 18 eV from an Fe film on W(110) [13]. However, 75 

such a measurement is difficult to apply to a graphene sample and/or to a wider energy range, 76 

because considerable prior knowledge of both the nanofilm and substrate is required. 77 

In addition to the IMFP, an experimentally defined quantification of the electron transport 78 

properties that includes the contribution of elastic scattering to their trajectories is given by the 79 

effective attenuation length (EAL) [14]. EAL is generally determined using the so-called 80 

overlayer method [15] from changes in the AES or XPS core-level signal intensities for 81 

overlayer films of various thicknesses deposited on a substrate. A large number of EAL 82 

measurements [14,16,17] have been obtained for thin films of various materials with thicknesses 83 

ranging from a few nanometres to tens of nanometres at the core-level energies of substrates. 84 

However, even using a synchrotron radiation source, this technique does not work at energies 85 

below 15 eV, where the core-level signals from the substrate are overwhelmed by the strong 86 

secondary electron (SE) background in AES and XPS measurements. 87 

However, in most electron spectroscopic data analyses the SE background signals are neglected 88 

as noise and are not quantitatively analyzed. The main reason for this is that the widely used 89 

physics-driven spectral analysis approaches on which the analysis is based, describe the 90 

measured data in terms of physically meaningful parameters, i.e. physically defined (PD) 91 

descriptors designated from an informatics point of view. Therefore, the currently available 92 

physics-driven spectral analysis approaches are only able to analyze the peak signal and 93 

generally do not make use of the SE background signal owing to the difficulty in modelling 94 
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accurate physical mechanisms of SE excitation and emission, despite it being known that the SE 95 

background signals must involve quantitative information about the electron transport properties. 96 

To extract meaningful information from the SE background signal, a new method is required that 97 

is fundamentally different to the conventional physics-driven spectral analysis approaches in 98 

which only peak signals can be analyzed. 99 

In this work, we propose a new heuristic data-driven spectral analysis technique to overcome 100 

current limitations. Instead of interpreting individual measurements in terms of only PD 101 

descriptors, analytically defined (AD) descriptors obtained through the data analysis of many 102 

slightly different conditions, are used to describe the background data. These AD descriptors are 103 

ranked according to specified scores so that those with high scores may be effective for 104 

describing the measurements under slightly different experimental conditions. 105 

In the following section, we demonstrate this new technique using an example that aims to 106 

measure the electron transport properties of substrate-supported graphene using the SE 107 

background in AES spectra, with no influence from the substrate. The implementation of this 108 

method comprises three steps: First, the SE spectra of graphene samples with different 109 

thicknesses or on different substrates are measured to accumulate information about graphene 110 

(Section 2.1). Then, specific combinations of these measurements, termed analytically defined 111 

(AD) descriptors, which have a high graphene information content are sorted from the extensive 112 

list of candidates (Section 2.2). Finally, the selected principle AD descriptors are further 113 

analyzed using a corresponding physical model to quantitatively reveal the electron transport 114 

properties of graphene, as described in Section 2.3. In addition, the correctness of the physical 115 

quantities of graphene obtained in this work is verified in Section 3. The reliability of the 116 

proposed technique in the energy range 50–600 eV is first verified by comparing the extracted 117 
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EAL and IMFP values of graphene with well-established ones obtained theoretically or 118 

experimentally and this is described in Section 3.1. The low energy performance of the proposed 119 

technique is then discussed in Section 3.2 and Section 3.3, focusing on the low energy electron 120 

transmissivity of graphene, and the resulting EAL and IMFP values of graphene, respectively. 121 

All of the evidence presented in this work suggests that the proposed method is able to extract 122 

reliable electron transport properties for graphene from SE background signal even when the 123 

graphene is supported by a substrate.  124 

2. Experimental Methods 125 

2.1. Measurements under slightly different conditions 126 

Because our goal was to extract quantitative information of graphene from SE spectra, the first 127 

step was to gather enough SE spectra containing graphene information in different ways. Figure 128 

1a shows a commercial AES setup with a cylindrical mirror analyser (CMA). Focused electrons 129 

were incident on the substrate-supported graphene sample and emitted electrons were detected 130 

by the CMA to capture SE spectra. A polycrystalline gold (Au) substrate (see Appendix A) was 131 

selected to support the target graphene because different types of SE spectra can be measured at 132 

different regions of a polycrystalline substrate to accumulate graphene information as a result of 133 

its distinct crystallographic orientations. According to the scanning electron microscopy image in 134 

the inset of Fig. 1b, four types of SE spectra with sufficient stability and repeatability were 135 

measured by selecting incident positions on bright (SB) and dark (SD) regions of the bare 136 

substrate and similar regions covered by graphene sheets, as illustrated in Fig. 1b. In these SE 137 

spectra, broad SE peaks with some weak features as shoulders were observed, which may 138 

originate from the coupling of several physical mechanisms including the diffraction effect and 139 
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characteristic SE emission, and therefore are generally regarded as part of the uninterpreted SE 140 

background.  141 

Although these four SE spectra measured from different specified regions of the same sample 142 

were of suitable quality for use as basic elements to construct candidate AD descriptors, more 143 

interrelated SE spectra were needed to implement the proposed data-driven spectral analysis 144 

method. Here, two more representative experiment variables were applied to accumulate more 145 

graphene information from different aspects; these variables were the energy of the incident 146 

electron beam (Ein), which was assessed at three levels, i.e., 10 keV (E10), 15 keV (E15), and 20 147 

keV (E20), and the layer number of graphene (Gn), for which two levels were considered; i.e., 148 

monolayer graphene (G1) and bilayer graphene (G2). Taking into account the two possible 149 

incident positions (SB and SD), up to 18 different types of SE spectra could be measured from one 150 

sample in the energy range of 0–50 eV, as presented in Appendix A. To compare our results with 151 

well-established theoretical and experimental approaches that are only available at electron 152 

energies (E) above 50 eV, one more group of SE spectra was measured at E of up to 600 eV (see 153 

Appendix A). From the viewpoint of mathematics, SE spectra can be interpreted as functions that 154 

depend on the selected experimental variables; thereby, the spectra measured for the bare 155 

substrate and graphene could be written as JSub(E, Si, Ein) and JGra(E, Gn, Si, Ein), respectively, 156 

where Si represents specific regions on the substrate . E is omitted below for brevity. 157 

2.2. Determining principle AD descriptors 158 

Based on these SE spectra, candidate AD descriptors for certain combinational math operations 159 

of these spectra were randomly constructed with algebra and further defined as a descriptor 160 

space. To create an affordable descriptor space, here, the candidate AD descriptors were 161 

[ ]i B D,S S S∈
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constructed merely by exhaustively listing all the possible ratios of linear combinations of four 162 

SE spectra measured from different specified regions of the same sample, as follows: 163 

   (1) 164 

where D(a, Gn, Ein) is a candidate AD descriptor as a function of weight factor vector a, Gn, and 165 

Ein. The eight components of vector a (a1, a2, a3, a4, a5, a6, a7, and a8) were used as weight 166 

factors to construct candidate descriptors and each component ai was restricted to the value of 167 

−1, 0, or 1 for simplicity.  168 

The next step involved identifying the AD descriptors with a large percentage of graphene 169 

information from the candidates. Clearly, such AD descriptors should be insensitive to the 170 

experiment variable that has almost no effect on the proportion of graphene information in the 171 

measured spectra, represented by Ein, and simultaneously sensitive to any slight changes in the 172 

experiment variable that strongly affect the proportion of graphene information in the measured 173 

spectra, represented by Gn. Therefore, the essence of the selection of requested AD descriptors 174 

according to their sensitivities to experiment variables is a typical multi-objective optimization 175 

problem, and could be solved by introducing the economic concept of Pareto optimality [18]. 176 

The Pareto optimality describes resource allocation in which reallocation to benefit any one 177 

individual or preference criterion is not possible without making at least one individual or 178 

preference criterion worse off. Here, the sensitivities of AD descriptors to experimental variables 179 

are set as criteria in the presented Pareto optimization process to determine the Pareto optimal 180 

descriptors that reach an optimal insensitivity to Ein and optimal sensitivity to Gn at the same 181 

time. To demonstrate such Pareto optimization processes in a more intuitive way, the 182 

sensitivities of every candidate descriptor to Ein (Score1) and Gn (Score2) were calculated using 183 

( ) ( ) ( ) ( ) ( )
( ) ( ) ( ) ( )

1 Gra n B in 2 Gra n D in 3 Sub B in 4 Sub D in
n in

5 Gra n B in 6 Gra n D in 7 Sub B in 8 Sub D in

, , , , , ,
D , , ;

, , , , , ,
a J G S E a J G S E a J S E a J S E

G E
a J G S E a J G S E a J S E a J S E

+ + +
=

+ + +
a
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simple statistical arguments (refer to the Methods section for details) and drawn in a descriptor 184 

performance map (Fig. 2a) as the x- and y-axis, respectively. In this map, a set of Pareto optimal 185 

descriptors (Dn) that could not be improved in either Score1 or Score2 without degrading the 186 

other one was found at the upper-left boundary of all candidate descriptors and numbered in this 187 

descriptor performance map in order of increasing Score1. The weight factors a of these Pareto 188 

optimal descriptors are listed in Table 1. 189 

For comparison, three traditional AD descriptors, i.e. JGra(Gn, Si)/JSub(Si), 190 

( ) ( )
( )

Gra n i Sub i

Sub i

,J G S J S
J S

−
, and ( ) ( )

( ) ( )
Sub i Gra n i

Sub i Gra n i

,
,

J S J G S
J S J G S

−
+

, are also presented in this map. The first 191 

corresponds to the most widely used spectral ratioing technique. It is located in the central area 192 

of deleted candidates, which implies that is not an appropriate solution to provide quantitative 193 

information on a substrate-supported graphene sample from the collected SE signals. Meanwhile 194 

the latter two are located at the upper left boundary of all candidate descriptors, and are D28 and 195 

D33 of the selected Pareto optimal descriptors, respectively. They are the best solutions that were 196 

produced completely digitally to extract information on the substrate-supported graphene. 197 

Furthermore, D28 and D33 were used as contrast parameters in Refs. [19,20], respectively, to 198 

quantitatively analyse the incident beam energy-dependence of the SEM contrast of graphene for 199 

various layers.  200 

Although every Pareto optimal descriptor has a large percentage of graphene information and 201 

can be directly used to characterize graphene as D28 and D33 descriptors, some of them contain 202 

more graphene information than others and can be further identified by their coefficient of 203 

variation (cv). As shown in Fig. 2b, the cv of these descriptors was calculated to evaluate whether 204 

the bias of the Pareto optimal descriptors caused by different Gn was sufficiently large to be 205 
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observed under the disturbance of different Ein (see the Appendix B for details). A total of 12 206 

Pareto optimal descriptors with cv smaller than 15% were found in Fig. 2b, but only nine of them 207 

were a suitable distance away from the main area of deleted candidates indicated by a blue 208 

dashed oval in Fig. 2a. Considering that the distance between two descriptors in Fig. 2a roughly 209 

reflects the difference between them, only nine descriptors; (i.e., D18, D19, D20, D21, D22, D23, D38, 210 

D39, and D40, see Appendix B for more details) are of the most interest. This is because these 211 

descriptors have a larger probability of providing unique graphene information than those located 212 

near the main area of deleted candidates. These descriptors are hereafter named the principle AD 213 

descriptors. 214 

2.3. Physical picture of principle AD descriptors 215 

The weight factors a of the principle AD descriptors are listed in Table 2. Careful inspection 216 

revealed that a associated with two different substrates (i.e., [a1, a2], [a3, a4], [a5, a6], and [a7, 217 

a8]) always appeared in the same combination with opposite signs. Therefore, Eqn. 1 can be 218 

rewritten as  219 

( ) ( ) ( ) ( ) ( )
( ) ( ) ( ) ( )

1 Gra n B in Gra n D in 2 Sub B in Sub D in
n in

3 Gr
Principle

a n B in Gra n D in 4 Sub B in Sub D in

, , , , , ,
D , , ;

, , , , , ,
b J G S E J G S E b J S E J S E

G E
b J G S E J G S E b J S E J S E

− + −⎡ ⎤ ⎡ ⎤⎣ ⎦ ⎣ ⎦=
− + −⎡ ⎤ ⎡ ⎤⎣ ⎦ ⎣ ⎦

b  220 

 (2) 221 

where four components of vector b = [b1, b2, b3, b4] are used to replace the eight-component 222 

vector a, as shown in Table 2. This simplification of Eqn. 1 implies that Si-independent terms 223 

exist in the measured SE spectra that can be offset through the subtraction of one measurement 224 

from another for the principle descriptors. According to this reasoning, the SE spectra measured 225 

for graphene, JGra(Gn, Si, Ein), are considered to be the sum of the offset term fOff(Gn, 226 

Ein)TFCMA(E), which is independent of the variable Si and the remaining term fRem(Gn, Si, 227 
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Ein)TFCMA(E). TFCMA(E) represents the CMA transmission function, and is written as TFCMA 228 

below for brevity. Because the SE spectra of the substrate JSub(Si, Ein) are the limiting cases of 229 

graphene spectra JGra(Gn, Si, Ein), where any Si-independent terms are zero, it follows that JSub(Si, 230 

Ein) = JGra(Gn = 0, Si, Ein) = fRem(Gn = 0, Si, Ein)TFCMA. By separating the terms associated with 231 

the variable Gn, then fRem(Gn, Si, Ein)TFCMA could be rewritten as fTar(Gn, Si, Ein)fRem(Gn = 0, Si, 232 

Ein)TFCMA and then re-written as fTar(Gn, Si, Ein)JSub(Si, Ein), where fTar(Gn, Si, Ein) is equal to 1 233 

when Gn is zero. Therefore, a measurement of graphene could be written as the following 234 

formula.  235 

 ( ) ( ) ( ) ( )Gra n i in Off n in CMA Tar n i in Sub i in, , , , , ,J G S E f G E TF f G S E J S E= +   (3) 236 

Substituting Eqn. 3 into Eqn. 2 gives: 237 

 238 

( )
( ) ( ) ( ) ( ) ( ) ( )
( ) ( ) ( ) ( ) ( ) ( )

n in

1 Tar n B in Sub B in Tar n D in Sub D in 2 Sub B in Sub D in

3 Tar n B in Sub B in Tar n

Princ

D in Sub D in 4 Sub B in Sub D n

iple

i

D , ,

, , , , , , , ,
;

, , , , , , , ,

G E

b f G S E J S E f G S E J S E b J S E J S E
b f G S E J S E f G S E J S E b J S E J S E

=

− + −⎡ ⎤ ⎡ ⎤⎣ ⎦ ⎣ ⎦
− + −⎡ ⎤ ⎡ ⎤⎣ ⎦ ⎣ ⎦

b

239 

  (4) 240 

In Eqn. 4, only fTar(Gn, Si, Ein) depends on Gn, which is the reason for naming it the “target” term. 241 

Because the principle descriptors should only be sensitive to Gn, the JSub(Si, Ein) term, which only 242 

depends on Ein and is independent of Gn, must be cancelled in the numerator and denominator of 243 

Eqn. 4. To this end, fTar(Gn, Si, Ein) is assumed to be independent of Si as fTar(Gn, Ein), so Eqn. 4 244 

can be rewritten as  245 

 ( ) ( )
( )

1 Tar n in 2
n in

3 Tar n i
Principl

n 4
e

,
D , , .

,
b f G E b

G E
b f G E b

+
=

+
b   (5) 246 

The assumption that fTar(Gn, Si, Ein) is independent of Si was verified by examining the 247 

consistency of fTar(Gn, Ein) when substituting different principle descriptors into Eqn. 5. Thus, 248 
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these principle descriptors only depend on fTar(Gn, Ein). Considering that the selected principle 249 

descriptors are insensitive to Ein, fTar(Gn, Ein) should also be insensitive to Ein and can therefore 250 

be further approximated as fTar(Gn). To confirm this, fTar(G1) and fTar(G2) at different Ein were 251 

calculated and found to be around 5% over the whole energy range as shown in Fig. 3, which is 252 

much smaller than the typical deviations between these SE spectra with different Ein of more 253 

than 30%. 254 

Using fTar(Gn) instead of fTar(Gn, Si, Ein), the expression of a measurement of graphene could be 255 

further updated to 256 

 ( ) ( ) ( ) ( )Gra n i in Off n in CMA Tar n Sub i in, , , ,J G S E f G E TF f G J S E= +   (6) 257 

Based on Eqn. 6, the physical meaning of fTar(Gn) can be revealed with the help of a 258 

phenomenological picture of SE spectral measurement (the inset of Fig. 3). Physically, an SE 259 

spectrum of substrate-supported graphene includes contributions from two sources. The first 260 

source is the reflection from graphene, which typically contains SEs originating from the 261 

interaction of the high-energy monochromatic incident electrons with graphene when the 262 

electron beam is first incident on graphene. These SEs are reflected from graphene before 263 

interacting with the underlying Au substrate and are thereby functions of Gn and Ein, which 264 

match up with fOff(Gn, Ein)TFCMA in Eqn. 6. When the electron beam is incident on graphene, a 265 

transmission process also occurs. These transmitted electrons then interact with the underlying 266 

substrate and lead to a reflected spectrum. Furthermore, these substrate-reflected electrons 267 

subsequently pass through the graphene on the top of the substrate, forming the second source 268 

contributing to the obtained spectrum. Because of the complete transmission of high-energy 269 

electrons through the graphene film, the spectrum of the substrate-reflected electrons can be 270 
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reasonably approximated as that without graphene (i.e., JSub(Si, Ein)). In this case, the transmitted 271 

spectrum originating from these substrate-reflected electrons should be JSub(Si, Ein) multiplied by 272 

the elastic electron transmission of graphene, which should depend on the single variable Gn, 273 

which has a value from 0 to 1, and perfectly match fTar(Gn). Therefore, fTar(Gn) is the elastic 274 

electron transmission of graphene and quantifies the possibility of energy loss by inelastic 275 

scattering when energetic electrons passed through the graphene layer. 276 

It is worth mentioning that D23, which has a b weight factor of [−1, 0, 0, −1], happens to have the 277 

same expression as fTar(Gn). Here, D23 was produced completely digitally, but turned out to be a 278 

meaningful physical parameter, which in the past has only been obtained by carefully 279 

considering the physical picture throughout the whole process of data measurement [21]. In 280 

addition, fTar(Gn), as quantitative graphene data, is obtained from the SE spectra, even though the 281 

TFCMA of the instrumentation is unknown. That is, even though many instrumental parameters, 282 

such as pass energy, bias voltage, and magnetic shielding, could greatly affect SE spectral 283 

intensities, they will not affect the intensities of these selected principle descriptors. This is 284 

because the instrumental effects are counteracted via subtraction and ratioing between SE spectra 285 

measured with the same instrumental parameters. 286 

3. Results 287 

3.1. Extracting EAL and IMFP of graphene 288 

The EAL of graphene (λEAL) was determined from fTar(Gn) using the standard relationship of a 289 

straight-line approximation [22] by 290 

 ( ) ( )( )EAL n 0 Tar nln cosG d f Gλ θ= − ⋅   (7) 291 



15 | P a g e  

 

where d0 is the thickness of a graphene layer (3.35 Å) and θ is the emission angle. Considering 292 

that the expression of D39(Gn) is ( )
( )

Tar n

Tar n

1
1

f G
f G

+
−

 which could be further approximated to 293 

( )Tar nln 2f G−  Eqn. 7 could be updated to  294 

 ( ) ( )( )EAL n 0 39 n2 cosG d D Gλ θ≈ ⋅   (8) 295 

In Eqn. 8, λEAL is the ratio of the electron flight length in graphene (Gnd0/cosθ) to D39(Gn); 296 

thereby, in a sense, D39(Gn) produced completely digitally is an undefined important physical 297 

parameter related to λEAL. Furthermore, Eqn. 8 also provides a theoretical basis that supports that 298 

λEAL is one of the best descriptors to summarize the essential information of a target sample from 299 

electron beam-based measurements, even if its definition was created seemingly inadvertently 300 

according to several modifications of the definition of attenuation length based on human 301 

experience [23]. 302 

The resulting λEAL for both mono- and bilayer graphene are plotted in Fig. 4. At E above 150 eV, 303 

the λEAL values determined for mono- and bilayer graphene are broadly consistent with each 304 

other except around the C KVV Auger electron energy range, where the disagreement originates 305 

from the different levels of overestimation of λEAL caused by the accompanying C KVV Auger 306 

electrons in mono- and bilayer graphene. However, at E below 150 eV, marked differences 307 

between λEAL of mono- and bilayer graphene are observed. The λEAL values of monolayer 308 

graphene are about 20% lower than those of bilayer graphene in the energy range of 10–150 eV. 309 

This deviation is probably the result of two factors. One is the difference between the electronic 310 

states in monolayer graphene and bilayer graphene. The other is that the accompanying SE 311 

contributions excited when the substrate-reflected electrons pass through the graphene layer, 312 
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which can no longer be neglected in the case of bilayer graphene. This point can be proved by 313 

the comparison of the presented λEAL values with other independently measured or calculated 314 

λEAL values. The λEAL values predicted by a newly developed hybrid method (see Appendix C) at 315 

50 eV and 100 eV for both mono- and bilayer graphene show excellent agreement with the 316 

presented λEAL values for monolayer graphene. Furthermore, the λEAL values measured with the 317 

overlayer method using the AES technique for a graphene/nickel sample at 57 eV (Ni MVV 318 

spectra) [24], for a graphene/silica (SiO2) sample at 78 eV (Si LVV spectra) [24], and for a 319 

graphene/buffer layer/SiC sample at 48 eV, 228 eV, 298 eV and 498 eV (Si 2p spectra) [25], 320 

measured using synchrotron photoelectron spectroscopy, also agree well with the presented λEAL 321 

values, particularly for monolayer graphene at E below 100 eV. We present the details in 322 

Appendix D. Considering the excellent agreement between the presented λEAL values for both 323 

mono- and bilayer graphene with those measured by AES at 503 eV (O KLL spectra) for a 324 

graphene/SiO2 sample, the present λEAL data for monolayer graphene should be recognized as 325 

reliable, at least in the energy range of 50–600 eV.  326 

Some principle descriptors can even be further exploited using conventional spectral analysis 327 

approaches. Here, the reverse Monte Carlo (RMC) technique [26] was used to extract the IMFP 328 

of monolayer graphene (λIMFP) from D23(Gn). The details can be found in Appendix E. The 329 

resulting λIMFP values averaged for the three different incident energies are plotted in Fig. 5. For 330 

comparison, we also included the λIMFP values for bulk graphite obtained experimentally by 331 

EPES [11] and for both bulk graphite and graphene calculated theoretically by the extended 332 

Mermin (EM) method [27]. As illustrated in Fig. 5, the presented λIMFP values of monolayer 333 

graphene agreed well with the data calculated by the EM method except for at the C KVV Auger 334 

electron energy. It is obvious that the λIMFP values of monolayer graphene are much higher than 335 
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those of bulk graphite. We also included the λIMFP values of a fictitious graphite surface in Fig. 5 336 

in addition to those of bulk graphite, which is roughly estimated from the dielectric response of 337 

an individual graphite surface by means of the surface energy loss function Im{−1/ε+1} [28], 338 

where ε is the bulk dielectric function of graphite [29]. It is not surprising that the presented λIMFP 339 

values of monolayer graphene are somewhere between those of bulk graphite and the fictitious 340 

graphite surface. This implies that an inherent property of any nanomaterial is that their character 341 

is strongly affected by the associated surface. 342 

3.2. Low-energy electron transmissivity 343 

The presented data-driven analysis was performed again for the energy range 0–50 eV, using the 344 

corresponding SE spectra included in Appendix A to provide fine structure information. The 345 

resulting D23(G1), i.e., elastic electron transmission of monolayer graphene, are plotted in Fig. 6a. 346 

They approximate transmission because the electrons are not significantly inelastically scattered 347 

in the graphene layer at this low energy range.  348 

In the transmission data, there were significant fluctuations in electron energy that were mainly 349 

attributed to the diffraction of the crystal potential at certain energies. These fluctuations become 350 

weaker with increasing electron energy because the electrons are elastically scattered to a lesser 351 

extent by the potential change at higher energies. Over the whole energy range, three significant 352 

high-transmission peaks at E = 0–10 eV, E = 14–22 eV, and E = 28–34 eV (highlighted by red 353 

arrows) can be identified. In graphene, these peaks are often low-reflectivity valleys in low-354 

energy electron microscopy (LEEM) [30,31]. For comparison, the transmission of monolayer 355 

graphene that was roughly estimated by LEEM of graphene on a SiC substrate [30] are plotted in 356 

Fig. 6b. The two data sets are similar with respect to the electron energy, especially over 10–50 357 

eV, where consistently high-transmission peaks can be observed. To further investigate these 358 
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peaks, an electronic band structure of graphene in the Γ−A direction was calculated via the 359 

“graphene pseudo-crystal” [32] first-principles method. The details of first-principles 360 

calculations are presented in Appendix G. The graphene interlayer distance was set to 6 Å, rather 361 

than the 3.35-Å interlayer distance in graphite, and plotted in Fig. 6c. The peaks observed in both 362 

the presented transmission data and from LEEM perfectly correspond to dispersive bands at the 363 

same energies over the whole range, except for the 0–5 eV range. At the low energies, deviations 364 

between transmission data and the bulk graphite band structure derive from graphene-substrate 365 

interactions. Nevertheless, the results reveal that electrons at appropriate energies can couple to 366 

the allowed states and have larger transmission probabilities through graphene.  367 

To investigate the contribution of graphene-Au interactions in the presented transmission data, 368 

the intensities were compared with those from a suspended graphene sample. For 0–5 eV, the 369 

intensities of the presented transmission data are 80–90%, with relatively large error bars 370 

because of small SE intensities. Above 5 eV, the transmission intensities decreased sharply up to 371 

10 eV, and then stabilized at 50–60% in the 10–50 eV range. It should be noted that the high 372 

transparency of monolayer graphene over the range 0–5 eV is in contrast to previous results that 373 

were lower than 2% at E below 5 eV [33]. However, Srisonphan et al. [34] reported 99.9% 374 

transparency below 3 eV for monolayer graphene suspended on a trenched metal-oxide-375 

semiconductor diode. Kojima et al. [35] also suggested high transmissivity of quasi-ballistic 376 

electrons from a nanocrystalline porous Si cold cathode and a monolayer graphene surface 377 

electrode. Scatter in the data at 2.3 eV is due to the plasmon gain phenomenon in the Au 378 

substrate [36]. The electron transmissivity of graphene exhibits a maximum at 5 eV, which is 379 

consistent with that of Mikmekova et al. [37] for a suspended monolayer sample using LEEM in 380 

a scanning transmission electron microscope. The 50–60% intensities over the range 10–50 eV 381 
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agree well with previous results [38] from a suspended graphene sample. In that case, the 382 

graphene transparency was 60% over 10–40 eV using vacuum-three-electrode configurations.  383 

According to the above discussion, graphene-Au interactions were significant at E below 10 eV, 384 

but negligible over the 10–50 eV range. Therefore, quantitative information on suspended 385 

graphene can be approximated with an Au-supported graphene sample with acceptable accuracy 386 

at E above 10 eV, even though the electronic properties of graphene are affected by the 387 

underlying Au substrate. For example, the π-orbitals of the sp2-hybridized graphene atoms are 388 

coupled to the d-orbitals of the Au atoms [39], and the graphene surface is reconstructed on an 389 

Au(111) substrate [40].  390 

3.3. Low-energy EAL and IMFP determination 391 

The λEAL values of monolayer graphene obtained from the D23(G1) in the energy range of 0–50 392 

eV are plotted in Fig. 7 together with those of single-crystal graphite obtained by very-low-393 

energy electron diffraction [41]. In the energy range of 0–6 eV, λEAL of monolayer graphene 394 

shows an obvious peak structure at 4-5 eV similar to that of single-crystal graphite. Such peak 395 

structure in the λEAL values of graphene perfectly explains the features of the SE main peak 396 

observed in the spectra measured for substrate-supported graphene, because the substrate-397 

reflected SEs are modulated by this peak structure when they pass through the covering graphene 398 

layer. In the energy range around 2.3 eV, λEAL values of monolayer graphene are scattered 399 

because of the influence from surface plasmons of the underlying Au substrate. In this region, 400 

one independent λEAL value of graphene at ~2.3 eV can be measured by the overlayer method 401 

according to the attenuation of surface plasmons of Au (approximately equalling the attenuation 402 

of electrons) by graphene sheets [36]. This independent λEAL data point is also plotted in Fig. 7 403 
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and is broadly consistent with the λEAL values determined by the data-driven spectral analysis 404 

method, which improves the credibility of the presented λEAL data.  405 

As for E above 6 eV, although similar fluctuations of E in the λEAL data were observed for both 406 

monolayer graphene and single-crystal graphite, the intensity of the fluctuations in λEAL of 407 

monolayer graphene was much weaker than that of single-crystal graphite, which is because of 408 

the vastly suppressed diffraction effect in monolayer graphene compared with that in single-409 

crystal graphite.  410 

For comparison, the λEAL energy-filtered SEM data for a graphene/nickel sample [42] is also 411 

plotted in Fig. 7. These data have larger values than the presented λEAL data in the overlapping 412 

energy range, especially for E lower than 18 eV. There are two reasons for the deviations. One 413 

reason is that the interactions between graphene and an Au substrate are relatively weak 414 

compared with those between graphene and Ni. The other reason is the oversimplified overlayer 415 

method used in Ref. [42] to determine the λEAL data, where the elastic electron transmission of 416 

graphene is roughly approximated by the ratio of SE signals measured on graphene to that 417 

measured on substrate, i.e. JGra(Gn, Si)/JSub(Si). According to Eq. 6, JGra(Gn, Si)/JSub(Si) can be 418 

rewritten as the sum of fTar(Gn) and fOff(Gn, Ein)TFCMA/JSub(Si). Although fTar(Gn) is the elastic 419 

electron transmission of graphene, fOff(Gn, Ein)TFCMA/JSub(Si) originating from those SEs excited 420 

and emitted from graphene when electron beam is first incident is the error source in calculating 421 

the λEAL data. This could result in an overestimation of the λEAL data, especially at very low E (18 422 

eV), where the intensity of SEs excited and emitted from graphene sharply increase.  423 

The λIMFP values of monolayer graphene were also determined from these more detailed SE 424 

spectra with the help of RMC calculations at E above 6 eV. The presented λIMFP values of 425 

graphene were higher than the λEAL values of graphene because of the removal of the elastic 426 
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scattering effect from λIMFP. However, it is unusual that the λEAL data showed weak dependence 427 

on E whereas the λIMFP data showed strong fluctuations of E at certain energies. In the case of a 428 

bulk material, inelastic scattering generally results in a simple dependence of λIMFP on energy as 429 

a well-known universal curve [43] and the elastic scattering results in diffraction minima in the 430 

λEAL curve. The fluctuations of E in the λIMFP data probably originated from the coupling between 431 

the crystal potential of monolayer graphene and that of the surface layer of the underlying Au 432 

substrate, which remained in the presented λIMFP data because of the oversimplified RMC 433 

program. This conjecture is supported by the observed λEAL data, because similar fluctuations of 434 

E were observed in the λEAL values determined for both monolayer graphene and single-crystal 435 

graphite. The λEAL and λIMFP of monolayer graphene determined from the presented transmission 436 

data correspond to Au-supported graphene over the whole energy range. However, as discussed 437 

above, they can be used to approximate those of suspended graphene at E above 10 eV. 438 

Last but not least, it is not surprising that the λEAL values of monolayer graphene were much 439 

higher than those of single-crystal graphite at E below 50 eV, which is in accordance with the 440 

observations of λIMFP in the energy range of 50–600 eV, as shown in Fig. 5. These results 441 

indicate that the possibility of an electron colliding with monolayer graphene is very low 442 

compared with that of an electron colliding with graphite, resulting in monolayer graphene 443 

possessing an ultralow SE yield, which is consistent with a recent experimental observation [44] 444 

and recent theoretical calculations [45]. 445 

4. Discussion 446 

Using AD descriptors to separate useful information from collected SE signals has a long 447 

history, however, a paradigm for designing useful AD descriptors has not yet emerged. The 448 

widely used spectral subtraction and spectral ratioing techniques are the simplest approaches that 449 
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employ AD descriptors, which entail the subtraction or ratioing, respectively, of two interrelated 450 

measurements to highlight interesting spectral features. When these two simple techniques are 451 

insufficient to extract useful information from SE signals, more complex AD descriptors are 452 

developed via subtraction and ratioing between two interrelated measurements to enlarge small 453 

differences between the two measurements, such as D28 in Ref. [19] and D33 in Ref. [20]. When 454 

these AD descriptors fail, the complexity can be increased with more than two interrelated 455 

measurements. For example, the four-point probe technique in materials science precisely 456 

determines electrical resistance by excluding contributions from parasitic contact resistances 457 

[46], the chop-nod method in radio astronomy detects faint astronomical sources against the 458 

bright, variable sky background using ground-based telescopes [47], and the virtual substrate 459 

method in surface analysis characterizes nanomaterials without effects from the underlying 460 

substrate [21]. These are examples of three well-designed AD descriptors constructed from more 461 

than two interrelated measurements. This paper attempts to provide a paradigm for the 462 

construction of well-designed AD descriptors according to the given requirements. The presented 463 

data-driven spectral analysis method is an extension of conventional spectral analyses with the 464 

goal of comprehensive exploration of AD descriptors. By using this extension, we improve our 465 

chance of finding well-designed AD descriptors that meet realistic requirements according to the 466 

experience garnered from many measurements under different experimental conditions, which is 467 

particularly important for reaching a quantitative understanding of backgrounds. 468 

5. Conclusion 469 

In summary, we developed a data-driven spectral analysis method to measure the electron 470 

transport properties of monolayer graphene, which is particularly incisive in the low-energy 471 

regime. Instead of focusing on the spectral features observed in an individual spectrum, we used 472 
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AD descriptors to extract quantitative information about graphene hidden in the interrelationship 473 

of absolute intensities of the SE spectra measured under slightly different conditions. This new 474 

method measured both λEAL and λIMFP of monolayer graphene over the whole energy range in 475 

parallel using one set of SE spectra. In addition, this technique extended the analysable energy 476 

scale to the levels of only several electron volts, which allowed the continuous extraction of 477 

electron–electron interactions in graphene down to a very low energy scale. This method also 478 

holds potential to extract much other useful information hidden in SE backgrounds beyond that 479 

of electron–electron interactions when different selection criteria for AD descriptors or different 480 

experimental variables are used. The developed method can be readily extended to other 2D 481 

materials such as 2D magnets and may provide useful information about electron exchange 482 

interactions and dimensional-dependent magnetism. Furthermore, the application of this method 483 

could even extend beyond materials science to many other fields where electron interactions play 484 

important roles, such as 2D material-based quantum information technology. 485 

  486 
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Appendix A: SE spectra of graphene/Au sample  501 

1. Substrate preparation 502 

Au layers (200 nm) were evaporated at rates of 0.2 nm s−1 on Si(100) substrates with Ti buffer 503 

layers (5 nm) pre-evaporated at rates of 0.05 nm s−1 by electron-beam evaporation (RDEB-504 

1206K, R-DEC Co. Ltd., Ibaraki, Japan) with a chamber pressure of ~1.0×10−5 Pa. After 505 

evaporation, the samples were annealed by rapid thermal annealing (QHC-P410, Ulvac-Riko 506 

Inc., Kanagawa, Japan) under an N2 atmosphere at 300 °C for 30 s. The relative orientation 507 

between bright and dark regions on the polycrystalline Au substrate measured by electron 508 

backscatter diffraction was about 4°. The SEM, and electron backscatter diffraction (EBSD) 509 

images of the polycrystalline Au substrate are presented in Fig. 8.  510 

2. Graphene fabrication 511 

Graphene flakes were produced on the Au substrates by mechanical exfoliation. These graphene 512 

layers on the Au substrates can be considered as quasi-free-standing graphene layers that have 513 

ignorable lattice mismatch and similar electronic properties to those of free-standing graphene 514 

layers. The number of graphene layers was confirmed by Raman spectroscopy. The SEM images 515 

of graphene/Au samples are presented in Fig. 8. 516 

3. SE spectra measurement.  517 

SE spectra were measured at room temperature with a scanning Auger electron spectrometer 518 

(SAM650, Ulvac-Phi, Kanagawa, Japan) with a CMA (Fig. 1a). The take-off angle of the 519 

instrument was 42.3±6°. The incident electron beam current for the raw spectra was ~0.87 nA, as 520 

calibrated with a Faraday cup before the measurements. To minimize the influence of changes in 521 

the stability of the instrument over time, short-term repeated measurements for multiple cycles at 522 

different measurement sites were used. Two groups of SE spectra were measured independently 523 
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from the same sample at similar measurement sites in the energy ranges of 0–50 and 0–600 eV, 524 

as shown in Fig. 9 and 10, respectively. Each group contained 18 different types of SE spectra 525 

measured at bright and dark regions on the bare substrate and similar neighbouring regions 526 

covered by monolayer graphene or bilayer graphene sheets with E10, E15, and E20. Each SE 527 

spectrum was averaged from eight different sample regions on the bare substrate as well as on 528 

mono- or bilayer graphene samples. 529 

Appendix B: AD descriptors 530 

1. Sensitivities of AD descriptors 531 

Like the measured SE spectra, the AD descriptor D(a, Gn, Ein) is also a function of E but E has 532 

been omitted from the expression for simplicity. Furthermore, the expansion of D(a, Gn, Ein) in 533 

terms of E is [d1, d2, …, dM] (omitting the variables), where dj is the calculated value at a given E 534 

and M is the number of points in the energy axis of spectra. 535 

Score1, which quantifies the sensitivity of the descriptor to Ein, was calculated for every 536 

candidate descriptor using the following formula: 537 

 ( ) ( )n in
1 1

1Score1 D d , , ,
N M

v j
n j

c G E
NM = =

⎡ ⎤=⎡ ⎤⎣ ⎦ ⎣ ⎦∑∑a a   (B1) 538 

where Score1[D(a)] is the sensitivity of a descriptor determined by a given weight factor a to Ein 539 

and dj(a, Gn, Ein) is the component of the AD descriptor D(a, Gn, Ein) at a given Ej. The 540 

coefficient of variation (cv = σ/µ) of the component of descriptor dj(a, Gn, Ein,) with respect to Ein 541 

was used to estimate the sensitivity and further averaged over M (M = 600) data points in the 542 

measured SE spectra and over the number of different graphene layer numbers N (N = 2). 543 

Score2 was used to quantify the sensitivity of a descriptor to Gn as: 544 
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where Score2[D(a)] is the sensitivity of a descriptor determined by a given weight factor a to Gn. 546 

Here, a variant of the square root of the χ2 formula ( ( )2
i i2

2

O E
Ei i

χ
−

= ∑% ) was used to estimate the 547 

sensitivity where the observed frequencies Oi and expected frequencies Ei were replaced by the 548 

component value of descriptor dj(a, Gn, Ein) and the mean value of these dj(a, Gn, Ein) were 549 

averaged for different Gn. Furthermore, these calculated sensitivities were averaged from M (M = 550 

600) data points in the measured spectra and L (L = 3) options of Ein. The Pareto optimal 551 

descriptors sorted out from the candidates according to their Score1 and Score2 are listed in 552 

Table 1. 553 

2. Coefficient of variation of principle descriptors 554 

The coefficient of variation (
2 2

1L 2L

1L 2L
vc

σ σσ
μ μ μ

+
= =

−
) was used to evaluate whether or not the 555 

deviations of the Pareto optimal descriptors caused by different Gn was sufficiently large to be 556 

observed under disturbance of the deviations caused by different Ein, where µ1L, σ1L, µ2L, and σ2L 557 

are mean values (µ1L, µ2L) and standard deviations (σ1L, σ2L) of the summed descriptor (558 

( )n in
1
d , ,

M

j
j

G E
=
∑ a ) for mono- (µ1L, σ1L) and bilayer (µ2L, σ2L) graphene with respect to Ein. Nine 559 

principle descriptors sorted out from the Pareto optimal descriptors according to its coefficient of 560 

variation are presented in Fig. 11 and their weight factors a are listed in Table 2. 561 

Appendix C: Hybrid method to predict λEAL 562 

The λEAL values for free-standing mono- and bilayer graphene samples were roughly estimated at 563 

50 and 100 eV by a hybrid method using a combination of the time-dependent density functional 564 
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theory (TDDFT) method [48] and MC method [49]. In this calculation, transmitted electrons 565 

with both the inelastic and elastic components were modelled using a TDDFT simulation in real 566 

time and space by representing the incident electrons as finite-sized wave packets [50]. 567 

Subsequently, to determine λEAL, the elastic component was derived with the help of the MC 568 

method, from which the proportion of elastic electrons was estimated. The MC simulation of 569 

electron trajectories penetrating a sample was based on a description of individual electron 570 

scattering processes; i.e., elastic scattering and inelastic scattering. The elastic scattering cross-571 

section of a carbon atom [51] used herein was that described by the muffin-tin potential 572 

approximation. Furthermore, the inelastic scattering cross-section was determined by the EM 573 

method [27] from the energy loss function of graphene calculated using the WIEN2k package 574 

[52]. 575 

Appendix D: Overlayer method.  576 

The λEAL values were measured by the overlayer method. The Ni MVV, Si LVV, and O KLL 577 

spectra collected from the bare substrate and covering graphene layer are presented in Fig. 12a, 578 

b, and c, respectively, from which the contributions from Auger electrons were extracted using 579 

the Tougaard background removal technique [53]. The standard relationship between λEAL and 580 

the attenuated Auger signal in Gn layers of graphene is given by 581 

 ( )
n 0

EAL
0 nln cos
G d

I I
λ

θ
=

⋅
  (D1) 582 

where d0 is the thickness of a single graphene layer (3.35 Å); In and I0 are the Auger signal 583 

intensities attenuated by Gn layers of graphene and that from a bare substrate (Gn = 0), 584 

respectively; and θ is the emission angle with respect to the sample normal. According to Eqn. 585 

D1, λEAL can be obtained at 57, 78, and 503 eV, which correspond to the Ni MVV, Si LVV, and 586 
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O KLL transitions, respectively. Log plots of the Auger signal intensity attenuation of these 587 

spectra as a function of Gn are presented in Fig. 12d, e, and f together with their fitting lines. 588 

From these plots, it is easy to estimate λEAL at 57, 78, and 503 eV corresponding to the Ni MVV, 589 

Si LVV, and O KLL transitions, respectively. The averaged λEAL values estimated from the AES 590 

measurements collected for different Gn are 4.6, 6.0, and 22.0 Å for the transitions at 57, 78, and 591 

503 eV, respectively. 592 

Appendix E: RMC method to predict λIMFP 593 

The λIMFP of monolayer graphene was extracted from D23(G1) by the RMC technique [26]. The 594 

RMC program used herein can be summarized as an iterative process to improve λIMFP in a 595 

conventional MC simulation of electron interaction with monolayer graphene. This improvement 596 

was accomplished by minimizing the differences between the simulated and measured elastic 597 

electron transmission of monolayer graphene. In this program, we used a fixed elastic scattering 598 

cross-section of a carbon atom described by the muffin-tin model potential [52] to approximate 599 

the elastic scattering effects in monolayer graphene along the out-of-plane direction. It should be 600 

noted that this RMC program is valid only for monolayer nanomaterials, where it is appropriate 601 

to neglect the diffraction effect in the out-of-plane direction [54]. A flow chart of this RMC 602 

program is provided in Fig. 13a, wherein the MCMC sampling process is omitted for clarity. The 603 

algorithm is as follows: 604 

(1) The initial λIMFP values can be chosen as arbitrary positive numbers, but this would result in a 605 

much longer convergence time. We started with λIMFP calculated based on the extended 606 

Mermin (EM) method from the energy loss function determined by a WIEN2k program 607 

package. 608 
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(2) Based on these λIMFP values, an MC simulation was performed to obtain the elastic 609 

transmission spectrum, ( )sim
0 jI E , where the index j denotes the jth experimental grid value of 610 

the electron energy E. The simulation procedure was the same as that previously used to 611 

calculate the elastic transmission of graphene (Fig. 13b). 612 

(3) The sum of least-squares relative differences between the experimentally measured elastic 613 

transmission spectrum, Iexp(Ej), and MC-simulated spectrum, ( )sim
0 jI E , was calculated 614 

 ( ) ( ) ( ){ }2
2 sim exp
0 0 ,j j jj

I E I E Eχ σ⎡ ⎤= −⎣ ⎦∑   (E1) 615 

where the summation is taken over Ej. The parameter σ(Ej) is an artificially specified 616 

weighting factor spectrum whose effect is to accelerate the convergence process. The 617 

parameter σ(Ej) can be considered as “temperature” in the simulated annealing and can be 618 

set as a constant in this RMC program because of the sufficient accuracy achieved by an 619 

initial “temperature” set. This removes the need for a gradual “temperature” decrease such 620 

as that used in the conventional simulated annealing method. Each χ2 value defines the 621 

“potential energy” to be minimized in an MCMC simulation. 622 

(4) The graphene λIMFP values were adjusted at random in a specified range, although the 623 

randomness was directed using the known negative correlation between λIMFP and simulated 624 

elastic transmission. Specifically, a larger λIMFP leads to a smaller transmission, whereas a 625 

smaller λIMFP leads to a larger transmission. New inelastic scattering cross sections were then 626 

obtained with the help of the energy loss probability determined by the EM method (Fig. 627 

13c). Based on this new inelastic scattering cross section combined with the unaltered elastic 628 

scattering cross section, a new MC simulation was performed with the help of the EM-629 
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determined energy loss probability of graphene to derive an updated spectrum, ( )sim
1 jI E . 630 

This step produced a new “potential energy”: 631 

 ( ) ( ) ( ){ }2
2 sim exp
1 1 .j j jj

I E I E Eχ σ⎡ ⎤= −⎣ ⎦∑   (E2) 632 

(5) The change of the potential energy in this MCMC step was calculated as 2 2 2
1 1 0χ χ χΔ = − . If 633 

2
1 0χΔ > , then the move was accepted only with the probability 634 

( ) ( ) ( ){ }2 2 2 2
1 0 1 0exp exp expχ χ χ χ− − = − −  according to Metropolis importance sampling, where 635 

the “temperature” factor in a Boltzmann distribution has already been included in σ(Ej) as its 636 

absolute values. Otherwise, the move was rejected, and we repeated step 4 by adjusting the 637 

λIMFP with other values. It should be noted that because the λIMFP values are independent of 638 

energy, the MCMC sampling procedure for optimizing the λIMFP values at different energies 639 

was performed in parallel. 640 

(6) Step 4 and 5 were repeated for the next iteration. Successive iterations generated decreasing 641 

values of potential energy 2
iχ  until they reached a minimum value. These minimum values 642 

possessed only a slight fluctuation where the difference between the simulated elastic 643 

transmission spectrum and measured spectrum was negligible. 644 

In this way, our RMC simulation procedure can automatically optimize the λIMFP of graphene to 645 

obtain the smallest difference between the simulated and measured elastic transmission data. It is 646 

particularly important that this RMC method uses the MCMC principle to accelerate the global 647 

optimization of the parameter set, which guarantees that the final results are independent of the 648 

initial λIMFP values. Fig. 13d shows the progression as the λIMFP values are updated, as well as the 649 

simulated elastic transmission spectra resulting from the RMC process. The change in the 650 
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normalized least-squares values 2 2
0iχ χ  with each MCMC step is also given in Fig. 13e. The 651 

calculation time necessary to obtain satisfactory convergence (100 successive MCMC steps) was 652 

about 1 h with one CPU (Intel Core i7-3520M running at 2.90 GHz). It is obvious that the final 653 

simulated elastic transmission spectrum (100 successive steps) fits the experimental spectrum 654 

very well. This is true even though the noise in the measured elastic transmission was completely 655 

transferred to the determined graphene λIMFP, which was then enhanced in the high-energy range. 656 

This enhancement is caused by the dominant role that λIMFP plays in determining the electron 657 

transport behaviour at high energies. It was found that the fine structures observed in the 658 

determined λIMFP corresponded precisely to the structures in the measured elastic transmission 659 

spectrum. This implies that the accuracy of the determined λIMFP is mainly regulated by the 660 

accuracy of the measured elastic transmission. It should be noted that the Mott cross sections 661 

based on the muffin-tin potential model for describing elastic scattering are well-trusted for 662 

electron energies (E) above 50 eV (with reference to the vacuum level), but may be questionable 663 

below this energy. Because the Fermi level of monolayer graphene is at 25.4 eV, the limit for 664 

trustworthiness will shift to energies below 25.4 eV, where the constant electronic potential 665 

(EF+φ) in monolayer graphene is 24.6 eV. To assess the reliability of the determined λIMFP values 666 

of graphene below this limit, tests were performed wherein elastic cross sections based on 667 

different atomic potential models were used in the RMC program for the same experimental 668 

elastic transmission data measured with an incident electron energy of 10 keV. The resulting 669 

λIMFP values and corresponding simulated elastic transmission spectra after 50 successive MCMC 670 

steps are shown in Fig. 13f and g for the E ranges of 0–600 and 0–50 eV, respectively. The final 671 

IMFP values and simulated elastic transmission converged above 25 eV even with different 672 

elastic scattering cross sections. This implies that at E greater than 25 eV, the electron transport 673 
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behaviour inside monolayer graphene is mainly determined by inelastic scattering. The excellent 674 

agreement between various atomic potential models for E above 25 eV also provides clear 675 

evidence for the reliability of the determined λIMFP in this range. However, elastic scattering 676 

plays an increasingly important role in the elastic transmission spectrum when E is below 25 eV, 677 

which is evidenced by the observed deviations of the determined λIMFP values between different 678 

atomic potential models even though they still predicted the same elastic transmission spectrum. 679 

Therefore, the accuracy of the determined λIMFP can only be determined by the accuracy of the 680 

elastic scattering cross section, including the selection of atomic potential model. Although there 681 

is no direct evidence for its accuracy below 50 eV (25.4 eV refers to the Fermi level), the muffin-682 

tin potential model is one of the best and most popular atomic potentials even at such low E. 683 

Therefore, the presented λIMFP values of monolayer graphene in the E range of 10–25 eV are 684 

considered to be relatively reliable. This corresponds with the reliability of the elastic scattering 685 

cross sections determined based on the muffin-tin model potential in the E range of 35–50 eV 686 

(10–25 eV relative to the Fermi level). When E was 6 eV, even the simulated elastic 687 

transmissions based on the muffin-tin model potential did not agree with the measured 688 

transmissions regardless of any reasonable adjustments of the tentative λIMFP. The reasonableness 689 

of the λIMFP value was judged by whether or not a reasonable SE spectrum was obtained by the 690 

MC method using this λIMFP value. This result implies that either the calculated elastic scattering 691 

cross section or measured elastic transmission at very low E is inaccurate.  692 

Appendix F: Empirical formulas for λIMFP 693 

The Bethe equation [55] was used to analyse the energy dependence of the presented λIMFP of 694 

monolayer graphene at E above 50 eV except for the C KVV Auger electron energy range. The 695 

Bethe equation is written as 696 
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 ( )2
IMFP ln ,pE E Eλ β γ⎡ ⎤= ⎣ ⎦   (F1) 697 

where Ep is the free-electron plasmon energy (in eV) (for carbon Ep = 22.3 eV), and β and γ are 698 

material-dependent parameters (β = 0.0098 eV−1·Å−1 and γ = 0.053 eV−1). The fitted curve is 699 

plotted in Fig. 5 as a visual guide. 700 

Appendix G: Electronic structure of graphene 701 

First-principles, total-energy calculations were performed within the framework of density-702 

functional theory [56,57], as implemented in the Quantum Espresso code [58]. Projector 703 

augmented wave pseudopotentials were used to describe the electron-ion interaction [59]. The 704 

valence wave functions and augmented charge density were expanded using a plane-wave basis 705 

set with cutoff energies of 60 and 540 Ry, respectively. The electronic structure of a graphite 706 

crystal with experimental lattice parameters, and a “pseudo-graphene crystal” with an interlayer 707 

distance of 6 Å, were used to calculate the energy band. For a graphene-Au substrate, we used a 708 

slab model in which the Au thin film was simulated as a seven-layer Au(111) surface. The 709 

Au(111) thin film with 3 3×  lateral periodicity was coated with a graphene monolayer with 710 

2×2 lateral periodicity, in which the lateral lattice parameters of graphene were fixed to the 711 

optimized 2.928-Å lattice parameter of the Au(111) surface. A van der Waals-corrected density 712 

functional [60] for the exchange-correlation energy was used to accurately describe the weak 713 

binding between the Au(111) surface and the graphene. All atoms were fully optimized until the 714 

remaining force acting on each atom was less than 0.0001 Ry/Bohr. The Brillouin-zone 715 

integration was sampled by the Monkhorst-Pack (MP) scheme [61] with 42×42×1 k-point grids 716 

in the self-consistent field calculations for optimization structures and energy band structures. 717 

The corresponding results are presented in Fig. 14. 718 
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 866 

Figures and Tables 867 

 868 

Fig. 1 Data collection from substrate-supported graphene samples with different incident 869 

measurement sites. a Experimental setup for Auger electron spectroscopy, in which graphene 870 

flakes were produced on an Au polycrystalline substrate by mechanical exfoliation. b Four 871 

secondary electron (SE) spectra, JSub(SB), JSub(SD), JGra(Gn, SB), and JGra(Gn, SD), were measured 872 

at the bright (SB) and dark (SD) regions on the bare substrate and bright and dark regions covered 873 

by graphene sheets, respectively. The corresponding four regions are marked on the inset 874 

scanning electron microscopy image. Each SE spectrum is averaged from eight independent 875 

measurements in the energy range from 0 to 50 eV obtained with 0.1-eV energy steps for 876 

monolayer graphene on an Au polycrystalline substrate with an incident electron energy of 10 877 

keV, and further normalized by the maximum intensity in these spectra. The standard deviations 878 

for the eight groups of measurements are presented as error bars at intervals of 0.5 eV. The 879 

incident beam positions of the eight groups of measurements are also presented as green diagonal 880 

crosses, ochre upright crosses, red diagonal crosses, and azure upright crosses referring to bright 881 

and dark regions on the bare substrate and bright and dark regions on the graphene sheets, 882 
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respectively. The work function of graphene and that of the bare Au substrate with respect to the 883 

cylindrical mirror analyser were used to determine the onset of the spectra. 884 

  885 
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 886 

Fig. 2 Identifying principle analytically defined (AD) descriptors from descriptor space. a 887 

Descriptor performance map, in which the sensitivity to the incident electron energy, Ein 888 

(Score1), and sensitivity to the layer number of graphene, Gn (Score2), for every candidate 889 

descriptor is drawn in this map as x- and y-axes, respectively. The Pareto optimal descriptors 890 

(Dn) are highlighted in green and numbered in this descriptor performance map in order of 891 

increasing Score1. D18, D19, D20, D21 D22, D23, D38, D39, and D40, which can be expressed by Eqn. 892 

2, are highlighted in red with larger labels. The conventional AD descriptor adopted to analysis 893 

the SE signals of graphene, i.e. JGra(Gn, SB)/JSub(SB),  [19], and 894 

 [20], are labelled as cyan crosses, magenta diagonal crosses, and orange 895 
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stars. b The coefficient of variation (cv) of Pareto optimal descriptors (Dn) averaged from 600 896 

data points. D18, D19, D20, D21 D22, D23, D38, D39, and D40 are highlighted in red with larger 897 

labels. 898 

  899 
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 900 

Fig. 3 Target terms determined from the principle descriptors and their physical meaning. The 901 

target terms for monolayer graphene fTar(G1) and bilayer graphene fTar(G2) averaged from 902 

incident electron energies of 10, 15, and 20 keV were calculated from the principle descriptors 903 

according to Eqn. 5 and are plotted in the energy range of 0–600 eV together with error bars at 904 

intervals of 0.5 eV representing one standard deviation. The inset depicts the formation of SE 905 

spectra obtained from a substrate-supported graphene sample, in which the SE spectra represent 906 

the evolution of a primary electron beam inside a sample driven by the interaction of the sample 907 

with moving electrons. 908 

 909 

 910 
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 911 

Fig. 4 Effective attenuation lengths (EALs) of graphene. EALs averaged from incident electron 912 

energies of 10, 15, and 20 keV for mono- and bilayer graphene using descriptor D39(G1) and 913 

D39(G2), respectively, and plotted together with error bars at intervals of 0.5 eV representing one 914 

standard deviation. EALs for a graphene/Ni sample at 57 eV (Ni MVV spectra) and a 915 

graphene/SiO2 sample at 78 eV (Si LVV spectra) and 503 eV (O KLL spectra) were measured by 916 

the overlayer method using AES technique [24]. EALs for epitaxial graphene on SiC at 48 eV, 917 

228 eV, 298 eV, and 498 eV, measured by the overlayer method with synchrotron photoelectron 918 

spectroscopy [25], are also presented. EALs of mono- and bilayer graphene were calculated at 50 919 

and 100 eV by a hybrid method.  920 
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 921 

Fig. 5 Inelastic mean free paths (IMFPs) of graphene. IMFPs of monolayer graphene averaged 922 

from incident electron energies of 10, 15, and 20 keV determined from descriptor D23(G1) and 923 

plotted together with error bars at intervals of 0.5 eV representing one standard deviation. The 924 

IMFPs for monolayer graphene fitted by the Bethe equation [55] at 50–210 and 280–600 eV are 925 

plotted as a visual guide (see Appendix F). IMFPs for monolayer graphene, a fictitious graphite 926 

surface and bulk graphite above 50 eV were calculated using the extended Mermin (EM) method 927 

[27]. The IMFP of graphite measured by elastic peak electron spectroscopy [11] is also 928 

presented.  929 



50 | P a g e  

 

 930 

 931 

Fig. 6 Electron transmission of monolayer graphene. a The elastic electron transmission of 932 

monolayer graphene [D23(G1)] averaged from 10 keV, 15 keV, and 20 keV primary electron 933 

energies, and plotted together with error bars at 0.2-eV intervals representing one standard 934 

deviation. b Transmission data (TLEEM) estimated from the reflectivity spectra (TLEEM = 1 - 935 

RLEEM) obtained from LEEM of a monolayer graphene/SiC sample [30]. c The electronic band 936 

structure of a graphene “pseudo-crystal” in the Γ−A direction determined using first-principles 937 

density-functional theory calculations, in which the interlayer distance between graphene sheets 938 

was 6 Å. The electronic band structure is plotted referring to the Fermi level, and shifted to lower 939 

energy by the work function of graphene (4.6 eV).  940 
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 941 

Fig. 7 Low-energy electron transport parameter of monolayer graphene. Effective attenuation 942 

length (EAL) and inelastic mean free path (IMFP) for monolayer graphene averaged for incident 943 

electron energies of 10, 15, and 20 keV are plotted together with error bars at intervals of 0.2 eV 944 

representing one standard deviation. The energy range below 6 eV where the IMFP of monolayer 945 

graphene is absent because the elastic scattering cross-section used in the reverse Monte Carlo 946 

program cannot be determined is highlighted (pink rectangle) (see Appendix E). The EAL of 947 

graphene measured by the overlayer method for graphene/Au at 2.3 eV associated with Au 948 

surface plasmons (overlayer SP) is plotted. The IMFP of graphite measured by the very-low-949 

energy electron diffraction technique [41] is presented. EALs of a graphene/Ni sample in the 950 

energy range of 12–39 eV, measured using energy-filtered scanning electron microscopy [42], is 951 

presented together with fitted curves as visual guides.  952 

  953 
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 954 

Fig. 8 Electron backscatter diffraction (EBSD) of graphene supported by a polycrystalline Au 955 

film substrate. a, SEM image of the polycrystalline Au substrate. b, Misorientation-axis 956 

distributions in ND of the polycrystalline Au sample. EBSD maps for c, ND, d, rolling direction 957 

(RD), e, transverse direction (TD), and f, EBSD image quality map (EBSD-Q), for the same 958 

region of the sample. Reproduced from Ref. [21]. SEM image of g, monolayer graphene and h, 959 

bilayer graphene on a polycrystalline Au substrate. The incident beam positions of the eight 960 

groups of measurements are also presented as green diagonal crosses, ochre upright crosses, red 961 
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diagonal crosses, and azure upright crosses referring to bright and dark regions on the bare 962 

substrate, and bright and dark regions on the graphene sheets, respectively.  963 
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 964 

Fig. 9 SE spectra measured in the energy range of 0–50 eV under slightly different conditions. 965 

Raw spectra measured in the energy range from 0 to 50 eV with an energy step of 0.1 eV at 966 

bright (SB) and dark regions (SD) of the Au polycrystalline substrate and similar regions covered 967 

by monolayer graphene (G1) or bilayer graphene (G2) with incident electron energies of 10 keV 968 

(E10), 15 keV (E15), and 20 keV (E20). Spectra are normalized by the maximum intensity of 969 

Jsub(SB, E10). Each SE spectrum was obtained from eight independent groups of measurements 970 

and the standard deviations of these measurements are presented as error bars at intervals of 0.5 971 

eV. 972 

  973 
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 974 

Fig. 10 SE spectra measured in the energy range of 0–600 eV under slightly different conditions. 975 

Raw spectra measured in the energy range from 0 to 600 eV with an energy step of 1 eV at bright 976 

(SB) and dark regions (SD) on a polycrystalline Au substrate and similar regions covered by 977 

monolayer graphene (G1) or bilayer graphene (G2) with incident electron energies of 10 keV 978 

(E10), 15 keV (E15), and 20 keV (E20). Spectra are normalized by the maximum intensity of 979 

Jsub(SB, E10). Each SE spectrum was obtained from eight independent groups of measurements 980 

and the standard deviations of these measurements are presented as error bars at intervals of 5 981 

eV. 982 

  983 
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 984 

Fig. 11 Nine identified principle descriptors constructed from slightly different measurements. 985 

Calculated principle descriptors a D18, b D19, c D20, d D21, e D22, f D23, g D38, h D39, and i D40 in 986 

the energy range of 0–600 eV for monolayer graphene (G1) and bilayer graphene (G2) with 987 

incident electron energies of 10 keV (E10), 15 keV (E15), and 20 keV (E20). 988 

  989 
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 990 

Fig. 12 Measurement of the effective attenuation length for graphene (λEAL) based on the 991 

overlayer method. Plots of a Ni MVV spectra taken on a bare Ni substrate and a monolayer of 992 

graphene on top of a Ni substrate, and b Si LVV and c O KLL spectra measured for a bare SiO2 993 

substrate and one, two, three, and six layers of graphene on top of a SiO2 substrate. It should be 994 

noted that the Auger spectra for the Ni and SiO2 substrates and monolayer graphene on these 995 

substrates are averaged from nine separate measurements from different sample areas. The 996 

contributions from Auger electrons are highlighted by coloured bands. Log plots of the d Ni 997 

MVV, e Si LVV, and f O KLL spectral intensity attenuation as a function of the number of 998 

layers of graphene. The fitting line slope defines exp(−Gnd0/λEAL), where Gn is the number of 999 

graphene sheets and d0 is the thickness of monolayer graphene (3.35 Å). 1000 

  1001 
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 1002 

Fig. 13. Reverse Monte Carlo (RMC) program to determine the inelastic mean free path (λIMFP) 1003 

of graphene. a Flow chart of the RMC program used to extract the λIMFP of graphene from the 1004 

measured elastic transmission. b Schematic diagram of the conventional MC simulation 1005 

program, which acts as a single Markov chain Monte Carlo (MCMC) sampling in this RMC 1006 

method. c Energy loss probability calculated based on the dielectric response theory used in this 1007 

RMC method. d Updating process of the simulated elastic transmission (top) and corresponding 1008 

λIMFP (bottom) for monolayer graphene in the RMC process. The resulting simulated elastic 1009 

transmission is compared with experimental measurements for monolayer graphene with an 1010 

incident electron energy of 10 keV. e The normalized least-squares 2 2
0iχ χ  for the ith MCMC step 1011 

in the RMC method, where ( ) ( ) ( ){ }2
2 sim exp
i i j j jj

I E I E Eχ σ⎡ ⎤= −⎣ ⎦∑ , wherein the index j denotes the 1012 

jth experimental grid values of electron energy E, σ(Ej) is the weighting factor for accelerating 1013 
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convergence, sim
iI  is the simulated elastic transmission spectrum in the ith MCMC step, and Iexp 1014 

is the experimentally measured elastic transmission. The simulated elastic transmission of 1015 

monolayer graphene and the corresponding λIMFP after 50 successive MCMC steps are presented 1016 

in the E ranges of f 0–600 eV and g 0–50 eV based on the different atomic potentials involved in 1017 

the elastic cross section. These potentials are the muffin-tin potential (muf); muf + absorption 1018 

potential (muf+mab); muf + correlation-polarization potential (muf+mcp); and muf+mcp+mab; 1019 

together with the experimentally measured elastic transmission (Exp).  1020 

 1021 
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 1023 

Fig. 14. Electronic structure of a graphene/Au(111) system. a, Energy band structure of 1024 

monolayer graphene on an Au(111) surface. The inset shows the optimized atomic structure of 1025 

graphene/Au(111), in which the optimized distance between the Au(111) surface and the 1026 

graphene is 3.4 Å, indicating a weak interaction. The yellow and black balls indicate Au and C 1027 

atoms, respectively. b, The projected energy band of graphene in graphene/Au(111). c, Energy 1028 

band of free-standing monolayer graphene. d, Density of states of free-standing graphene and 1029 

graphene for a graphene/Au(111) surface. The Fermi energy level is set at 0.0 eV. 1030 
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Table 1. Weight factors a of Pareto optimal descriptors. Expressions describing weight factor a 1032 

are provided in Eq. 1 in the main text. 1033 

Pareto 
optimal 
Descriptor 

Weight factor a Pareto 
optimal 
Descriptor 

Weight factor a 

D1 [−1, −1, −1, 1, 0, −1, −1, 0] D24 [0, −1, 0, 1, 0, −1, 1, 0] 
D2 [−1, 0, 0, −1, −1, −1, −1, −1] D25 [0, −1, 0, 1, −1, 0, 1, 1] 
D3 [−1, 0, −1, 1, 0, −1, −1, −1] D26 [0, −1, 0, 1, 0, −1, 1, 1] 
D4 [−1, 1, −1, −1, 0, 0, −1, 0] D27 [0, −1, 0, 1, −1, 1, 0, 1] 
D5 [−1, 1, 0, −1, −1, 1, −1, −1] D28 [0, −1, 0, 1, 0, 0, 0, −1] 
D6 [−1, 1, 1, 1, −1, 1, 1, 0] D29 [0, −1, 0, 1, 0, 0, −1, −1] 
D7 [0, 0, 0, −1, −1, 1, 1, 1] D30 [0, −1, 0, 1, −1, 1, 0, −1] 
D8 [−1, 0, 0, −1, 0, −1, −1, 0] D31 [0, −1, 0, 1, 0, −1, −1, −1] 
D9 [−1, 0, 0, −1, −1, −1, −1, −1] D32 [0, −1, 0, 1, −1, 0, −1, −1] 
D10 [0, 0, −1, −1, −1, 1, 1, 0] D33 [0, −1, 0, 1, 0, −1, 0, −1] 
D11 [0, 0, 0, −1, −1, 1, 1, 0] D34 [0, −1, 0, 1, −1, 0, 0, −1] 
D12 [−1, 1, −1, −1, −1, 1, 1, 0] D35 [0, −1, 0, 1, −1, −1, 0, −1] 
D13 [−1, 1, 0, −1, −1, 1, 1, 0] D36 [0, −1, 0, 1, −1, −1, 1, −1] 
D14 [−1, 1, 0, 1, −1, 1, 0, −1] D37 [0, −1, 0, 1, −1, 0, 1, −1] 
D15 [−1, 1, 0, −1, −1, 1, 0, 1] D38 [0, 0, −1, 1, −1, 1, 1, −1] 
D16 [−1, 1, 1, 0, −1, 0, 0, −1] D39 [−1, 1, −1, 1, −1, 1, 1, −1] 
D17 [−1, 0, 0, −1, −1, 1, 1, 0] D40 [−1, 1, 0, 0, −1, 1, 1, −1] 
D18 [0, 0, −1, 1, −1, 1, −1, 1] D41 [0, −1, 1, 0, −1, 1, 1, −1] 
D19 [−1, 1, −1, 1, 0, 0, −1, 1] D42 [−1, 0, 1, 0, −1, 1, 1, −1] 
D20 [−1, 1, −1, 1, −1, 1, 0, 0] D43 [−1, −1, 1, 1, −1, 1, 1, −1] 
D21 [−1, 1, 0, 0, −1, 1, −1, 1] D44 [0, −1, 0, 1, −1, 1, 1, −1] 
D22 [0, 0, −1, 1, −1, 1, 0, 0] D45 [−1, −1, 0, 1, −1, −1, 1, 0] 
D23 [−1, 1, 0, 0, 0, 0, −1, 1]   

 1034 
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 1036 
Table 2. Weight factors (a and b) of principle descriptors. Expressions describing weight factor 1037 

a and b are provided in Eqs. (1,2), respectively. 1038 

Principle descriptor Weight factor a Weight factor b 

D18 [0, 0, −1, 1, −1, 1, −1, 1] [0, −1, −1, −1] 

D19 [−1, 1, −1, 1, 0, 0, −1, 1] [−1, −1, 0, −1] 

D20 [−1, 1, −1, 1, −1, 1, 0, 0] [−1, −1, −1, 0] 

D21 [−1, 1, 0, 0, −1, 1, −1, 1] [−1, 0, −1, −1] 

D22 [0, 0, −1, 1, −1, 1, 0, 0] [0, −1, −1, 0] 

D23 [−1, 1, 0, 0, 0, 0, −1, 1] [−1, 0, 0, −1] 

D38 [0, 0, −1, 1, −1, 1, 1, −1] [0, −1, −1, 1] 

D39 [−1, 1, −1, 1, −1, 1, 1, −1] [−1, −1, −1, 1] 

D40 [−1, 1, 0, 0, −1, 1, 1, −1] [−1, 0, −1, 1] 

 1039 

  1040 



63 | P a g e  

 

 1041 


