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1) Graphene grown on Cu - preparation protocols and crystalline quality: 

Three different protocols were used to grow g-Cu samples (g-Cu-1, g-Cu-2 and g-Cu-3) to 

optimize the quality of CVD graphene. All samples were grown as monolayer graphene, but their 

crystalline quality varied as evidenced by Raman spectroscopy. The lowest crystalline quality 

sample, g-Cu-1, was used for attenuation tests in the µ-probe x-ray photoelectron spectroscopy 

(µ-PES) experiment. It contained monolayer graphene with a substantial amount of bilayer 

islands and defects as indicated from Raman spectroscopy (see below). The second sample g-Cu-
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2 was monolayer graphene from which single layer suspended g-membranes were fabricated and 

characterized by scanning electron microscopy (SEM) and µ-PES. The third g-Cu-3 sample was 

grown after the µ-PES  measurements in order to perform photoelectron attenuation tests in 

using a standard XPS system. 

The three g-Cu samples were prepared by chemical vapor deposition (CVD) in a reactive CH4/H2 

gas atmosphere. Prior to the growth, Cu foil pretreatment at elevated temperature in pure 

hydrogen was carried out. The applied pretreatment conditions affect the nucleation density of 

the graphene patches[48, 67]. The mixing ratio w = H2 / CH4 determine the growth velocity by 

balancing the etching and growth rate and thus the crystalline quality of the formed graphene 

layer.[68]  Each temperature increase (5 K/min) was performed in pure hydrogen at the flow 

conditions in the following annealing step. For g-Cu-1 and g-Cu-2 the pressure in the reactor was 

regulated by controlling the hydrogen flow, for g-Cu-3 in addition the conductance of the tubes 

and thus the pump speed of the reactor system were changed in order to vary the pressure at a 

given gas flow. The applied protocols are listed in Table S1. 
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Figure S1: Raman spectra indicating the different crystalline quality of the samples g-Cu-1 (monolayer 

graphene with substantial amount of disorder as indicated by the presence of a D-band and the large FWHM 

of the G and 2D band). g-Cu-2 monolayer graphene as clearly evidenced by the acquired G and 2D band. 

Even improved quality was observed for graphene flakes grown in hydrogen rich atmospheres (g-Cu-3a). 

Gradual increase of the methane concentration during growth led to full graphene coverage formation, but 

the crystalline graphene quality suffered slightly (g-Cu-3b). 

 As noted in the text of the manuscript, Raman spectroscopy was used to characterize the 

crystalline quality of the grown graphene layers.[69, 70] The corresponding spectra are compiled 

in Figure S1. The presence of a D-band indicates, whether defects, domain boundaries or flake 

edges exist in the grown film. The intensity ratio I2D/IG > 2 was found to be valid for all of the 

samples indicating that mainly monolayer graphene was grown. The large FWHM = 52 cm
-1

 of 

the 2D band obtained from g-Cu-1 indicates that either bilayer graphene flakes or differently 

stressed graphene is present in the film which contained graphene grain boundaries (small D-

band, see arrow). On the other hand, g-Cu-2 consists of high quality monolayer graphene 

indicative by the sharp 2D band (FWHM = 26 cm
-1

). High quality graphene with single 

crystalline flakes is achieved when growing in a hydrogen rich reactive atmosphere.[71] 

Stopping the CVD process after growth at w = H2/CH4 = 100 as done for sample g-Cu-3a), 
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graphene flakes were formed from which a Raman spectrum with a narrow G- and a sharp 2D 

band (FWHM = 23 cm
-1

) could be acquired. (The formation of graphene flakes was observed in 

SEM. For the correct positioning of the laser spot during the Raman measurements the graphene 

flakes were made visible for optical microscopy by slightly oxidizing the Cu surface surrounding 

the graphene islands according to the recipe reported in [67]). The presence of a small D-band 

indicates that the spot covered part of the flake boundary (see arrow in the corresponding 

spectrum of Figure S1). The formation of a fully graphene covered Cu foil was achieved by 

gradually increasing the methane concentration during growth as verified by SEM. The modified 

preparation protocol g-Cu-3 b) is listed in Table S1. Raman spectroscopy showed that full 

coverage formation took place at the cost of crystalline graphene quality as shown by the slightly 

larger 2D band width (FWHM = 32 cm
-1

) of the spectrum displayed in Figure S1. The 

attenuation tests using the standard laboratory x-ray source were performed using the fully 

coverage graphene film g-Cu-3. 

g-Cu-1 

preparation time 

(min) 

T (C) p 

(mbar) 

H2-flow 

(sccm) 

CH4-flow 

(sccm) 

w = H2 

/CH4 

pretreatment 60 800 1 1.5 -- -- 

growth 20 1000 1.4 1.5 0.5 3 

       

g-Cu-2 

preparation time 

(min) 

T (C) p 

(mbar) 

H2-flow 

(sccm) 

CH4-flow 

(sccm) 

w = H2 

/CH4 

pretreatment 60 1000 0.3 1.5 -- -- 
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growth 30 1000 0.3 1.5 0.15 10 

 30 1000 0.4 1.5 0.30 5 

       

g-Cu-3 a) g-flake 

preparation time 

(min) 

T (C) p 

(mbar) 

H2-flow 

(sccm) 

CH4-flow 

(sccm) 

w = H2 

/CH4 

pretreatment 5 840 0.3 5 -- -- 

 10 840 50 10 -- -- 

 40 950 50 10 -- -- 

 1 950 0.3 1 -- -- 

growth 60 950 0.3 1 0.01 100 

       

g-Cu-3 b) g-fully covered 

preparation time 

(min) 

T (C) p 

(mbar) 

H2-flow 

(sccm) 

CH4-flow 

(sccm) 

w = H2 

/CH4 

pretreatment 5 840 0.3 5 -- -- 

 10 840 50 10 -- -- 

 40 950 50 10 -- -- 

 1 950 0.8 15 -- -- 

growth 30 1000 0.8 15 0.15 100 

 30 1000 0.8 15 0.30 50 

 30 1000 0.8 15 0.45 33 

 30 1000 0.8 15 0.60 25 
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 30 1000 0.9 15 3.00 5 

 

Table S1: Preparation protocols for the sample g-Cu-1, g-Cu-2 and g-Cu-3. The growth of the 

sample g-Cu-3 involved a stepwise pretreatment in order to flatten the surface and the graphene 

growth in a hydrogen rich atmosphere with a hydrogen-methane ratio of w = 100. When 

stopping the growth single graphene flakes with high crystalline quality were grown (a). For full 

coverage graphene formation the methane content of the reactive atmosphere was increased 

stepwise during growth (b). 

 

2) Preparation protocol of suspended graphene via controlled back side Cu etching 

For the preparation of pristine suspended g-membranes which have the least possible amount of 

contaminants a special etching procedure was developed to etch the Cu foil underneath the 

grown graphene layer without using any lithographic procedures and - more important - without 

the use of a PMMA protection layer on top of the grown graphene.[71] The Cu foils were pre-

structured by applying a lithographic mask and etching small etch pits into the Cu foil at a 

limited current density of about 100 mA/cm
2
. The etching was stopped before micro-holes were 

formed. Subsequently, the lithography layer was removed and graphene was CVD grown in a 

custom built quartz glass reactor. Then, the etch pits of the graphene covered Cu foil had to be 

etched through by globally etching of the Cu foil. This last step was performed without any 

lithographic layer. For this purpose, the Cu foil was placed on the liquid electrolyte with the 

grown graphene layer facing towards the surrounding gas atmosphere. A special mechanical 

mechanism provided electrical contact without applying any force on the Cu foil. The slow 

electrochemical removal of the Cu surface underneath the graphene layer was controlled by 
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optical microscopy with an illuminating light source behind the backside of the sample. The Cu 

etching was interrupted after the first holes appeared in the Cu foil, which was easily done by 

observing transmitted light from the backside illumination. The electrolyte was carefully 

exchanged, first with water and afterwards with acetone and the Cu foil was removed from the 

liquid. Without a protection layer most of the graphene membranes collapse upon drying due to 

capillary forces, however some membranes survived. Since no any PMMA coverage was used, 

these membranes have the advantage of being very clean with a minimum amount of 

contaminations from the etching process and provide the highest electron transparency of the 

studied samples.  

Two Cu foils were grown in parallel in the same CVD process g-Cu-2 from which suspended 

graphene membranes were produced. One sample was immediately characterized by SEM and 

Raman. On the second foil membrane I, II and III were etched, characterized by SEM and then 

used for the µ-PES and scanning photoelectron microscopy (SPEM) measurements as discussed 

in the text of the main paper (these membranes are shown in Figure 4 and Figure S3 and S4). 

Figure S2 displays two SEM images of the first Cu foil with empty and graphene covered holes, 

where the membranes collapsed or survived the wet chemical etching procedure, respectively. 
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The circle in the right SEM image indicates the area of a 

 

membrane from which the displayed Raman spectrum was acquired. In agreement with further 

data obtained from similarly prepared samples these data clearly indicate that the etched g-Cu 

membranes contain monolayer graphene. Note that the Raman signal from the suspended 

graphene membranes is at least one order of magnitude more intense when compared to the 

supported g-Cu samples (see Figure S1), so that details in the spectrum such as the G* band at 

2458 cm
-1

 are visible.[70] The I2D/IG = 6.35 and the FWHM of the 2D-band = 36 cm
-1

 clearly 

indicate suspended monolayer graphene. Thus, we can conclude that as well membrane I and II 

used for the µ-PES measurements of Figure 4 are of monolayer type graphene. The parallel 

investigation of two Cu foils was necessary, because the repetitive characterization with SEM, 

the sample preparation before, during and after the µ-PES measurement of the sample g-Cu-2 

 

Figure S2: SEM and Raman data acquired from a second g-Cu-2 sample which was grown together with the g-

Cu-2 sample used for the µ-PES measurements displayed in Fig. 4 of the main text. The Raman spectrum clearly 

indicates that the suspended membrane contained monolayer graphene. 
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and the prolonged time in air before and after the measurements at ELETTRA led to a substantial 

contamination of the corresponding membranes by sp
3
 carbon. 

 

3) Evidence of breakage of membrane III and hole- formation in membrane II: 

 Figure S 3 shows an SEM image of membrane I, II and III before (a) and after the performed 

SPEM measurements at ELETTRA (b). The SEM image acquired after the µ-PES measurements 

was acquired from the backside of the Cu foil showing the topography of the etch pits close to 

the through etched hole. For sake of better visibility this image is plotted in a horizontally 

reversed way. The SEM image clearly evidences that membrane III collapsed during sample 

handling of the SPEM measurements. That this collapse occurred already during the first 

mounting of the sample was observed in the SPEM as a lack of any C 1s count rate obtainable 

from membrane III, i.e. the central membrane appeared black in a C 1s image (see for example 

Figure 4 of the main text and Figure S4 below). In addition, the right SEM image shows that 

membrane II developed a small hole at its top. Therefore, the photoemission data discussed in 

 

Figure S3: SEM images (primary energy 5 kV) of membrane I, II and III obtained from the sample topside 

before (left) and the sample backside after the performed SPEM measurements (right). For sake of better 

visibility the latter image is plotted by mirror scaling the horizontal axis. The data show that during sample 

handling Membrane III collapsed and membrane II developed a small hole at its top.  
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the main text of the paper were restricted to membrane I and the intact, lower part of membrane 

II.  

 

4) Relating topographic contrast in the photoemission images to the local surface geometry 

and estimating the achievable photoelectron yield: 

As noted in the text of the manuscript and thoroughly discussed in ref. [72], the contrast in 

SPEM images is highly related to the inclination of the imaged surface with respect to the 

irradiating photon beam and the position of the electron analyzer. Here, we outline in detail, how 

to assign the measured photoelectron intensity to the local geometry of the sample surface. From 

the data displayed in Figure 4 of the manuscript and acquired after the backside of the 

membranes had been covered by gold, we can extract the peak intensities obtained from 

membrane I, II and from the graphene covered Cu surface in the left vicinity of the suspended 

membranes (position IV). The values are listed in Table S2 and relate to the three locations I, II 

and IV indicated in Figure S4, which displays area of the g-Cu-2 sample in the vicinity of 

membrane I and II as imaged by SEM and in the SPEM by acquiring C 1s photo- as well as 

CuL3VV auger electrons. 

 

 membrane I   

 

g-Cu position IV 

  

membrane II 

 

 intensity 

(counts/sec) 

relative 

intensity 

intensity 

(counts/sec) 

relative 

intensity 

intensity 

(counts/sec) 

relative 

intensity 

IC 1s 5724  5323  

 

12157  
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IC 1s / IC 1s-

membrane-I 

 1  0.93  2.12 

IAu 4f 8753  30 

(= noise 

level) 

 

 

32333  

IAu 4f / IAu 4f-

membrane-I 

 1  0  3.7 

ICu 3p 1495  5900 

 

 2456  

ICu 3p / IAu 4f-

membrane I 

 0.17  0.67  0.08 

 

Table S2: The measured intensity of the C 1s, Au 4f and the Cu 3p core level acquired from 

different locations I, II and IV of the g-Cu-2 sample surface (see Figure 4 and S4). 

 

All three images display a large hole at the top and the area of the three membranes I, II and III 

below. As shown in the last paragraph with the help of Figure S3, membrane III collapsed before 

imaging in the SPEM, so it appears dark in the C 1s image with equal (zero) count rate as the 

large hole. Table S 2 confirms that the C 1s intensity acquired from membrane I nearly equals to 

the one obtained from the g-Cu surface (position IV). This is expected when considering that 

monolayer graphene was grown on Cu and that as well the membranes should be made from 

suspended monolayer graphene (see Figure S2). As a consequence, membrane I should not 

appear in the C 1s image as long as the geometry of the membrane does not differ from the one 
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of the surrounding support and background intensity does not influence the image contrast too 

much. This is indeed the case as visible from the C 1s image in Figure S4. In addition the SEM 

image shows that position IV and membrane I are both located on the same Cu grain which was 

aligned perpendicularly to the irradiating photon beam (geometry depicted in the left sketch 

below the electron image). Since both areas are plan parallel there is no topographic contribution 

to a SPEM image[72] and the Cu L3VV image shows a similar dark patch at the position of 

membrane I and membrane III, since on both location no Cu material is present below the 

membrane or inside the hole where membrane III has collapsed.  

On the other hand, the C 1s signal obtained from the intact part of membrane II is about twice as 

high as the one from membrane I (see Table S2). After Au evaporation to the sample backside, 

the intensity of the Au 4f core level was also found to be higher, when being acquired from 

membrane II. Since the signal increase of both the C1s and the Au 4f core level cannot be caused 

by an eventual enlarged membrane thickness of the suspended graphene membrane II, we 

conclude that membrane II is also made of suspended monolayer graphene, but that its surface is 

inclined with respect to the photon beam.  
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 The SEM image of Figure S4 shows that this inclination results from the fact that membrane II 

is located at a Cu grain boundary which is highly inclined with respect to the two separated Cu 

grains. The amount of surface atoms irradiated by the focused photon beam scales with 1/ cos(), 

where  is the angle between the surface normal and the irradiating photon beam and as a 

consequence in the inclined case the signal will be enlarged. Since an increase by about a factor 

of 2 is measured, we conclude that the inclination amounts  = 60. The lower right panel of 

Figure S4 sketches the local geometry of membrane II. As noted in the text of the manuscript, 

the described intensity increase applies for all sample areas which are inclined in the same way 

and the grain boundary area appears as a bright rim in both the C 1s and the Cu L3VV transition 

 

Figure S4: Upper row: SEM and C 1s and Cu L3VV SPEM images of the g-Cu-2 area around membrane I and 

membrane II. Lower row: Local geometry of surface plane belonging to membrane I and to membrane II, 

respectively, with respect to the irradiating photon beam and the electron analyzer. 
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image (see Figure 4 and Figure S4). In the following we show that all other acquired 

photoelectron intensities of Table S2 are consistent with this geometry. For the performed 

estimations the following values are used (at the chosen photon energy of 978 eV).[73, 74] 

 

 Ekin [eV] g 

(graphite) 

[Å] 

Cu in Cu 

[Å] 

Au in Au 

[Å] 

 [Mbarn]  

asymmetry 

Au 4f 894 27  12.9 0.8 0.959 

Cu 3p 903 27 16.3  0.08 1.582 

 

Table S3: Inelastic mean free path, cross sections and asymmetry parameter for the Au 4f and 

the Cu 3p core level. 

For the estimation of the photoelectron intensities the layer distance of dg = 3.35 Å in graphite is 

used as estimate of the graphene height above the Cu or Au support. The layer distances in the 

Cu foil (which is known to be (100) textured)[75-77] is dCu = 1.8 Å (= (100)-step height). The 

step height of a (111) step in Au of dAu = 2.36 Å (= (111)-step height) is used as estimate of the 

layer distance in the Au particles, which were grown on the backside of the membrane. We 

assume that the gold growth on the suspended graphene membrane follows Volmer-Weber 

growth as observed for Au on HOPG: It is known that at large coverage the Au grows in a form 

of large islands on HOPG, which are best characterized by (111) oriented islands, which 

resemble the shape of truncated octahedrons (or half spheres).[78] At low coverage, the 

formation of very small Au clusters on HOPG was reported,[52] which deviate from the assumed 

geometry. Since these small clusters are identified by a shifted Au 4f speak and since such a peak 



15 

shift is not observed in our acquired spectra, we can conclude that small Au clusters do not 

represent a large fraction of the grown Au islands on the backside of the suspended g-membrane. 

As a consequence, we can safely assume that on the membrane rather large Au islands were 

formed during the evaporation a room temperature with  island height larger than 25 Å. (Island 

diameters of room temperature grown Au on HOPG of ~100 Å are reported).[78] Table S3 

indicates that a gold island height of 25 Å is about twice as large as the inelastic mean free path 

of the emitted Au 4f photoelectrons. Since the photoelectron signal originating from a depth of 2 

 amounts 86% of the total photoelectron signal from an entire solid, we can estimate the signal 

contribution from each Au island as the one obtained from bulk gold. With these assumptions we 

can compare the Au 4f -I and Au 4f-II intensity obtained from membranes I and II, respectively: 

14.483.113.12

)exp(1

)60cos(
exp1

)60cos(
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Here, the first term amounts for the signal increase due to the different inclination of the sample 

surface with respect to the irradiating photon beam. The second term accounts to the damping of 

the carbon layer and finally the third term represents the signal contribution from deeper Au 

layers of the gold islands on the backside of the membrane. Using the values from Table S3 leads 

to the indicated numbers, which fit well the experimentally observed Au 4f signal increase of a 

factor of 3.7 (see Table S2). From the above equation, it is clear that the signal increase does not 

stem from the transparency difference of both membrane, which amounts only a factor 1.13 (i.e. 

membrane II is about 13 % more transparent due to the changed geometry). The observed signal 

increase due to the inclined membrane surface is rather caused by the increased amount of 

surface atoms (a factor of 2.00) and the photoemission from deeper Au layers, which contribute 
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more strongly to the core level signal in the inclined geometry of membrane II (another factor of 

1.83). Note that the limited membrane transparency starts to play a role only when the membrane 

thickness exceeds about 3-4 layers. Still, due to the increased signal intensity the geometry of 

membrane II is favorable as discussed in the following. 

 

We can finally calculate which fraction x of the membrane was covered by Au islands in the 

experiment and estimate the detection limit of the membrane devices in the two different 

geometries of membrane I and II. This can be done when at first relating the observed Cu 3p-g-

Cu signal intensity obtained from the flat Cu support to the Au 4f-I intensity acquired from 

membrane I. Since the kinetic energy of the Cu 3p equals almost the one of the Au 4f 

photoelectrons the transmission of the electron analyzer can be regarded as constant. Due to the 

plane parallel surfaces of the g-Cu foil and membrane I the equation greatly simplifies and the 

fraction x can be extracted: 
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The first factor beside the relative coverage fraction x addresses the different packing density  

of the Cu foil and the Au island which can be estimated as the one of a Cu (100) and a Au (111) 

surface. With the lattice constant of 3.61 Å and 4.08 Å for Cu and Au this leads to a factor of 

1.11. All other factors can be calculated using the values listed in Table S3. The difference in 

photo ionization cross section from the Cu 3p and the Au 4f core level amounts a factor 0.1, the 

asymmetry factor for the geometry of the experiment leads to a further factor of 1.24 and finally 

the signal contribution from photoemission from deeper layers for the Cu and for the Au solid 
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lead to a last factor of 1.55 when considering the inelastic mean free path in the different metal 

solids. Inserting the relative signal Cu 3p-g-Cu/ Au4f-I intensity of 0.67 (see Table S2) leads to 

the estimation that about x = 32 % of the membrane backside surface is covered by Au islands. 

These numbers provide the possibility to estimate the obtainable sensitivity of a photoelectron 

measurement through such a membrane. Assuming that the Au 4f peak would be significantly 

detectable when exceeding 3 times the noise level (i.e. count rate ≈100 sec
-1

) and that the 

calculated gold loading of 32% on membrane I relates to the obtained Au 4f count rate of 8753 

counts/sec, a gold coverage of 32% x100/8753 ≈ 0.4% on the back side of membrane I would 

still be detectable. With shrinking coverage the islands should shrink and as a consequence as 

well their thickness would diminish. If islands of a nominal thickness of one atomic layer are 

reached, the sensitivity would decrease by a factor of 1/(1-exp(-dAu/Aucos(60))) = 3.3 due to 

the lack of signal contribution from deeper layers. Still about 1% of a monolayer should be 

detectable. In the more preferable geometry of membrane II the sensitivity would increase by a 

factor of four. As a result, photoemission experiments through suspended monolayer graphene 

membranes may reach very high sensitivity of 0.25% to 1 % of a monolayer. We note that many 

interesting core levels have a cross section of more than a factor of 10 lower than the one of the 

Au 4f core level. As a consequence, for such core levels the reachable resolution is lower, but 

still low quantity detection in the submonolayer regime seems feasible. We finally want to point 

out that the effect of the membrane thickness on the experiment can be estimated with the help of 

Figure 1 of the manuscript, which easily provides the expected precision which can be reached 

using a graphene based membrane of given thickness. 
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