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ABSTRACT 

In the last decade, catalytic chemical vapor deposition (CVD) has been intensively 

explored for the growth of single-layer graphene (SLG). Despite the scattering of guidelines and 

procedures, variables such as the surface texture/chemistry of catalyst metal foils, carbon 

feedstock, and growth process parameters have been well-scrutinized. Still, questions remain on 

how best to standardize the growth procedure. The possible correlation of recipes between 

different CVD setups is an example. Here, two thermal CVD reactors were explored to grow 

graphene on Cu foil. The design of these setups was entirely distinct, one being a “showerhead” 

cold-wall type, whereas the other represented the popular “tubular” hot-wall type. Upon 

standardizing the Cu foil surface, it was possible to develop a recipe for cm2-scale SLG growth 

that differed only on the carrier gas flow rate used in the two reactors.   
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1. INTRODUCTION 

Graphene, a single-layer of sp2-bonded carbon atoms arranged in a hexagonal honeycomb-

type lattice,[1] is known for its unique properties and wide-range of proposed technological 

applications.[2-5] In the last two decades, several methods were developed for the production of 

graphene films, such as mechanical[3] and chemical exfoliation,[6] controlled sublimation of SiC,[7-

8] molecular self-assembly,[9] and chemical vapor deposition (CVD).[10-12] Each has its particular 

set of advantages and disadvantages. In the case of exfoliation methods, the difficulty of 

controlling the size and number of layers of the graphene flakes is a key limiting factor. Still, 

chemical exfoliation (the process of oxidation-reduction of graphite) is rather inexpensive and 

straightforward, having become the most popular option to make flakes and their derivatives for 

applications where bulk-scale carbon particulates are needed.[13] As for the SiC sublimation 

process, direct growth of patterned graphene layers is possible, making it particularly useful for 

transistor and other electronic applications. Nonetheless, the small grains that are produced (30 nm 

to 200 nm) and the very high temperatures involved (>1100 °C) compromise its widespread 

usage.[14-15] Against this backdrop, CVD methods became the predominant option to grow large-

area films of single-layer graphene (SLG). Highly crystalline flakes can be produced with a 

controlled number of graphene layers for a fairly low production cost.[16-19] Today, the CVD-grown 

graphene find applications in modern electronic devices,[20-21] flexible touch screens,[16, 22] and 

sensors.[12, 23] 

 Despite the outstanding advancements of the last decade, significant challenges remain 

when considering the growth of graphene by CVD. For instance, it is well known that the Cu metal 

foil, a staple catalyst substrate, plays a critical role in the growth mechanism and defines the 

graphene structure. Thus, to avoid significant variation in the quality of these carbon films, it is 

necessary to exert strict control on the Cu foil purity, surface morphology, and crystallographic 

structure[24-26]. However, even when one attends to the catalytic foil characteristics, it is often 

difficult to reproduce growth recipes directly from the literature. On a number of occasions, this 

has been justified with the architecture of the reactors, which can be quite diverse.[16, 27] The type 

of setup used would force tuning of the growth parameters (pressure, gas flow, temperature, 

reaction time, etc.) to reproduce the graphene, especially if aiming for specific film characteristics 

(number of layers, size/distribution/orientation of graphene grains, etc.).[28] Naturally, this raises 
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the question of whether there is any degree of transferability of growth recipes between different 

CVD reactors. Considering only the thermal setups, the most common reaction chamber designs 

are the “cold-“ and “hot-“wall types, their key differences being the gas flow patterns and the heat 

transfer mechanisms. Possibly due to its lower cost and ease of assembling, the second type is 

more popular, especially at the lab scale.[29-30] This type of setup is easily recognizable by the long 

quartz (or ceramic) tubes that act as reaction chambers.  

Herein, we address the lingering question of the growth recipe transferability between 

different thermal CVD reactors. Two setups were considered: a cold-wall and a hot-wall. Previous 

to the main growth step, the annealing parameters were tuned to obtain equivalent Cu foil surfaces. 

With a standardized catalyst, we could produce cm2-scale SLG films with nominally identical 

structures and assert to which degree the same recipe could be used in different chambers. 

 

2. EXPERIMENTAL SECTION 

2.1. Growth reactors 

We used a Black Magic Pro (BMPro) 4-inch system from Aixtron, Germany, as the cold-

wall (CW) reactor. A schematics of its chamber is presented in Figure 1a. According to the 

manufacturer, the sample (in the case, a Cu foil) should be placed on a graphite substrate holder. 

However, following preliminary tests, we concluded that a barrier was needed to prevent the 

diffusion of carbon atoms from the graphite substrate holder to the foil. For this purpose, we used 

a SiO2 (600 nm)/Si wafer. In the chamber, the top and bottom graphite heaters were activated 

electrically, and their temperatures were measured by thermocouples (TC). The sample 

temperature was controlled using an infrared (IR) temperature sensor, aligned with the center of 

the gas showerhead section and the graphite top heater (Figure 1a). Nonetheless, since the IR 

sensor had been calibrated for the graphite substrate, inaccurate temperature readings could be 

obtained when a metal foil (a material with different emissivity from graphite) was placed in the 

hot zone.[31] To circumvent this issue, we performed several control experiments that recorded the 

IR temperature sensor readings for known input settings of the top-and bottom-heaters, both in the 

presence and absence of the SiO2/Si wafer. The calibrated readings were considered as the “true” 

temperatures of the sample throughout this study. Prior to each graphene growth experiment, a 
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chamber cleaning step was performed to eliminate carbon deposits in the CW-reactor. During this 

process, the temperature readings were re-checked. The gases used (H2, CH4, and Ar) were flown 

from the top of the CW-reactor and mixed in the showerhead section, following which a gas spray 

(vertical flow) was directed to the catalytic substrate. Note that the top graphite heater is fixed next 

to the showerhead as this provides a uniform temperature zone for the gaseous pyrolytic reaction 

to take place. Also, the exhaust for the reaction by-products was placed at the bottom end of the 

chamber.  

 

Figure 1. Schematics of chamber design for two different thermal CVD reactors: (a) Cold-wall 

(CW)-reactor. (b) Hot-wall (HW)-reactor. 

 

The hot-wall (HW) reactor was a customized TCVD-100A from Graphene Square, South 

Korea. As mentioned, this type of tubular furnace system is the most commonly used configuration 

in the literature of CVD graphene growth.[32] In this case, a quartz tube acted as the reactor’s wall, 

which was heated using halogen lamps (Figure 1b). The option of lamps, instead of resistive coils, 

enabled faster heating rates. In addition, the furnace was mounted on rails, permitting its quick 

displacement (for rapid cooling purposes, for instance). An additional inner quartz tube was used 

to accommodate the thin metal foil and avoid Cu deposition on the reactor’s main tube. The TC 

was introduced between the outer and inner quartz tubes to measure the temperature of the hot 
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zone (Figure 1b). The gases (H2, CH4, and Ar) were flown horizontally, i.e., parallel to the 

sample’s surface, before being expelled at the outlet tube end. 

Table 1 highlights the main characteristics and intervals of reaction parameters of the two 

setups used. Notably, the CW-reactor has an almost 10 times larger chamber volume than the HW-

reactor. Critically, the BMPro mass flow controllers (MFC) were selected to sustain the growth of 

4-inch wide samples. Attending to this contrast, a common window of parameters for the two 

reactors was identified. The exception was the flow rate of the carrier gas, argon. The common 

upper limit was defined by the HW-reactor MFC, at 1000 sccm of Ar. However, preliminary 

experiments showed that a higher rate of Ar accompanied by tuning of the CH4/H2 mix was 

required for the growth of graphene films in the CW-reactor. Given the dimension of the 

showerhead, the minimal CH4 and H2 that can be provided for large-area growth is 5 sccm and 30 

sccm, respectively. If we used this parameter (5/30), graphene growth would not be possible as the 

amount of hydrogen would be very high compared to methane, and this would rapidly etch the 

flakes. Therefore, we varied the reactive gases ratio, for a constant Ar rate of 1000 sccm. For most 

cases, it resulted in a high density of bilayer formation within the monolayer graphene (as 

exemplified in Figure S1). This is understandable from its design since the showerhead system 

provides a higher interaction time between the precursors and the substrate, and hence the higher 

bilayer density. Consequently, different carrier gas rates had to be explored to dilute the reactive 

gas. From these, 4000 sccm Ar consistently provided the best films.  

Table 1. Chamber characteristics and parameter windows for the two CVD reactors studied.  
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2.2. Methods 

2.2.1. Cu foil cleaning 

A 50 µm thick polycrystalline Cu foil (Alfa-Aesar, purity 99.9999%) was used as the catalyst 

for the SLG growth. The thickness selected prevented spurious mechanical deformations (e.g. from 

handling) that could alter the overall foil’s flatness and compromise the comparative study. Several 

small pieces (1.5 x 1 cm2) were cut from the same foil roll. Each piece was pre-cleaned on a per 

need basis, just before the respective CVD experiment. First, the Cu was soaked in acetic acid at 

35 °C for 10 minutes (to partially remove the native copper oxide).[11] This was followed by a 

washing step with acetone and isopropanol (IPA), performed in an ultrasonic bath (10 minutes for 

each solvent). Once finished, the foil sample was immediately loaded into one of the CVD reactors, 

whose chamber was pumped down to the base vacuum pressure (ca. 10-3 mbar). 

2.2.2. Cu foil annealing and graphene growth 

The graphene growth was performed according to the following processes: (1) Cu foil 

annealing in Ar and H2 flow for 15-40 minutes, (2) graphene growth upon introduction of CH4 gas 

for 1-5 minutes, and (3) fast cooling (100-300 °C/min). During the annealing and graphene growth 

steps, the total pressure in the chamber was maintained at 10 mbar for both reactors. This constancy 

follows similar procedures in previous reports.[11-12] Our growth strategy was to start with various 

experiments in the CW-reactor (always respecting the intersection of parameters, as per above) 

and to optimize the parameters until a continuous film of high-quality graphene was achieved. This 

recipe was then tested and adapted to the HW-reactor. The choice to consider first the CW-reactor 

is justified by its less common use (for thermal CVD experiments) and the larger volume of its 

chamber. 

In Figure 2a, we show a schematic of a typical integrated recipe used in the CW-reactor. 

First, the cleaned Cu foil was heated to a temperature set-point of 1040 °C. For this, we used a 

heating rate of 150 °C/minute and H2/Ar flow of 1350/150 sccm, at a total chamber pressure of 10 

mbar. These conditions were held for 15 minutes (annealing step). Next, the carbon source was 

introduced. A mixed gas flow (35 sccm of CH4, 30 sccm of H2, and 4000 sccm of Ar) was passed 

in the chamber for 1 minute, always keeping the pressure at 10 mbar (growth step). This second 
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stage was followed by a fast cooling step where the flow of the carrier gas was kept constant 

(achieving a measured rate of approximately 300 °C/minute) down to 700 °C. Finally, the Ar 

stream was reduced to 1000 sccm, and the chamber allowed to cool down to room temperature. 

 

Figure 2. Chronological temperature profiles of the optimized CVD runs: (a) Integral recipe for 

the CW-SLG. (b) Integral recipe for the HW-SLG. 

 

The optimized integrated recipe used in the HW-reactor is represented in Figure 2b. Briefly, 

the cleaned Cu foil was annealed at the same temperature (1040 oC) and pressure (10 mbar) used 

in the CW-reactor. However, the initial heating rate was higher, at 500 °C/minute, and the flow of 

H2/Ar was lower, at 100/10 sccm (still, note that the gas ratio is similar to that used in the CW-

reactor, about 10:1). These conditions were maintained for 40 minutes. The subsequent growth 

step used the optimized CW-reactor parameters, with the exception of the Ar flow rate. Afterwards, 

the sample was rapidly cooled down by keeping the Ar flow at 1000 sccm and moving the furnace 

away from the sample area.   

 

2.2.3. Graphene transfer  

92 mg of poly(methyl-methacrylate) (PMMA) were diluted in 2 ml of chlorobenzene and 

mixed using a magnetic spinner with the speed of 500 rpm, at 60 °C and for 30 minutes. After 
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preparing the PMMA solution, we used a few drops (3~4 drops for a 1.5 x 1 cm2 sample) to coat 

and protect the top of the SLG/Cu sample. The stack was spun for 30 seconds at a speed of 500 

rpm, followed by 1 minute at 3000 rpm. Then, the PMMA/SLG/Cu sample was baked at 150 °C 

for 2 minutes. Next, the unprotected backside graphene was removed by an oxygen plasma 

treatment, using 50% power, for 90 seconds and 5 sccm of O2 flow. Afterward, the Cu foil was 

etched with 0.5 M (NH4)2S2O8 for almost 15 hours.[11] Once the metal substrate had been etched 

away, the remaining PMMA/SLG sample was washed with deionized water at least three times 

and transferred onto a SiO2 (300 nm)/Si substrate. After waiting for 24 hours, the graphene was 

fully attached to the SiO2 wafer. At this point, the PMMA coating was removed by immersing the 

sample in warm acetone (35 °C) for 30 minutes.[11] Finally, it was washed with IPA for 10 minutes 

and dried using a gentle N2 blow (see Figure S2 for more details). 

2.3. Characterization 

Sample surface morphology was studied using scanning electron microscopy (SEM, FEI 

Nova Nano, at 5 kV accelerating voltage). The surface grain orientation of the as-received and 

annealed Cu foils were characterized with an FEI SEM Quanta 600 FEG (operated at 20 kV) that 

had an integrated electron backscattered diffraction (EBSD) detector. For the X-ray photoelectron 

spectroscopy (XPS), an Amicus Kratos Analytical was utilized, allowing us to do the surface 

analysis of both the as-received and annealed Cu foils. X-rays powder diffraction (XRD) patterns 

were recorded with a Bruker D2 Phaser. The diffraction patterns were acquired from 2𝜃 = 30° to 

100°, at a scan rate of 5°/minute and increments of 0.02°. Optical images and Raman spectra of 

the as-grown and transferred graphene samples were taken with confocal Raman spectroscopy 

(WITec alpha 300 RA, laser source of 532 nm). The Raman maps were acquired with 150 point-

spectra per line over areas of hundreds of μm2. The plan-view micrographs and selected area 

electron diffraction (SAED) patterns, taken with an FEI Titan transmission electron microscope 

(TEM) operated at 80 kV, used graphene films transferred onto a Lacey carbon Cu grid. 

 

3. RESULTS AND DISCUSSION 

        In the following, the work is divided into two main sections: (1) Cu foil annealing, (2) 

graphene growth. The first describes how the Cu foils were processed to obtain relatively large 
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grains with a preferential orientation distribution of (111) planes on the foil’s surface. In the second 

section, the annealed foils were used to optimize a growth recipe in the CW-reactor, which was 

then transferred to the HW-reactor. 

3.1. Copper foil annealing 

In the literature, recipes abound on how to prepare a Cu thin foil for the growth of SLG by 

CVD. Generally, the process is undertaken inside the reactor (in-situ annealing) and immediately 

before introducing the carbon source gas. Here, the rationale for this pre-treatment is to ensure 

high crystallinity and uniformity of the SLG films by standardizing the catalyst foil’s surface 

characteristics, i.e., morphology, structure, and chemical purity.[33-37]  

In Figure 3a, the optical image of an as-received foil piece shows the orange-colored metallic 

shine that is typical of Cu exposed to ambient conditions (air and humidity). The corresponding 

SEM images have a rather uniform contrast (Figure 3b), an observation that could be explained 

by the presence of a predominant orientation of the Cu grains on the foil’s surface. To verify this, 

we performed an EBSD study on the rectangular area marked in Figure 3b. The EBSD image 

(Figure 3c) confirmed that the surface of the as-received Cu foils was polycrystalline, with grains 

of an average size of ~200 μm and a face-centered cubic (fcc) lattice. The normal direction (ND) 

to the foil surface of these grains was [100], or close to this (see Figure S3 for the EBSD map 

guide). Given the orthogonal structure of the Cu unit cell, the (100) planes were predominant on 

the foil’s surface (note: hereafter, referring to Cu(100) or [100]ND is equivalent, likewise for the 

below Cu(111) or [111]ND grains). As concerns the surface chemistry, this was studied with XPS 

(Figures 3d and S4a). The presence of CuO2 was identified,[38-39] along with the expected metallic 

Cu signal.[40-42] Therefore, the top surface of the as-received foil was oxidized.  
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Figure 3. Comparison of the as-received and CW-annealed Cu foil: (a) Optical image of the as-

received Cu foil. (b) SEM image. (c) Corresponding EBSD inverse pole figure (IPF) map of the 

as-received Cu foil; scale bar: 200 µm. (d) High-resolution XPS spectrum of the Cu 2p core level 

data and fitting for the as-received Cu foil. (e) Optical image of annealed CW-Cu foil. (f) SEM 

image. (g) Corresponding EBSD IPF map of the annealed CW-Cu foil; scale bar: 200 µm. (h) 

High-resolution XPS spectrum of the Cu 2p core level data and fitting for the annealed CW-Cu 

foil. 

 

It is known that exposure to a reductive atmosphere at high temperatures will fully eliminate 

the oxide layer and promote recrystallization of the Cu foil surface. Ideally, instead of a Cu(100) 

orientation, the rearrangement will favor the presence of Cu(111) surface planes. This is 

understandable when looking at the surface energy of Cu(111), which is 0.15 eV lower than 

Cu(100).[38] In fact, the Cu(111) orientation is favorable for SLG growth for several reasons.[37, 43] 

For instance, more stable crystallography correlates with larger single-crystal SLG flakes, 

sometimes spanning more than one millimeter across.[24, 44-45] The trigonal lattice symmetry of the 

Cu(111) surface, unlike the squared-lattice disposition of Cu(100), relates better to the hexagonal 

lattice of graphene. In fact, the lattice mismatch of the graphene and Cu(111) when compared to 

the unit cell facets is much smaller, approximately 3.8% for Cu(111) and 19.9% for Cu(100).[46] 
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All of this facilitates an epitaxial-like (or lattice-guided) growth of the SLG. Growth on Cu(111) 

also decreases the number of nucleation sites and, thereby, the formation of bi-layer graphene 

(BLG) flakes.[35, 47] Hence, the pre-treatment was intended to promote a metallic Cu(111) surface 

grain orientation. 

In Figure 3e, the optical image shows several distinct areas on a Cu foil surface that was 

annealed in the CW-reactor, for 15 minutes and under an H2/Ar flow of 1350/150 sccm. Overall, 

there were patches with varied contrast, differing greatly from the oxidized foil in Figure 3a. Each 

of these areas was uniform in color and extended to several mm2. In fact, while the average surface 

grain lateral size was 200 μm for the as-received Cu, here that value increased to about 4 mm 

(Figure S5). On a closer look at the annealed Cu foil surface, the structural rearrangement to 

[111]ND was practically complete. The few misoriented grains identified did not affect the SLG 

film’s quality (Figures 3f and 3g). To ensure that the reconstructed surface was oxide-free and 

ready for graphene growth, XPS was carried out. As shown in Figure 3h, the Cu 2p spectrum does 

not contain the peaks previously attributed to the oxidized metal (see also Figure S4b for the 

comprehensive wide-scan XPS spectrum).  

A similar Cu foil pre-treatment was carried out in the HW-reactor. Due to the smaller H2 rate 

available, the optimized annealing recipe for the CW-reactor had to be adapted. Keeping all other 

parameters equal, we used a considerably lower flow rate (100 sccm of H2 instead of the previous 

1350 sccm) and an equivalent H2/Ar gas mixture ratio (1/10). However, this change affected the 

subsequent SLG growth in the HW-reactor. As Figures S6a and S6b show, the graphene film was 

not continuous. Upon further analysis, we concluded that the interlinked bi- and tri-layer graphene 

patches produced resulted from a Cu foil that was not adequately oriented. The EBSD showed it 

to be mainly composed of small [100]ND surface grains (Figures S6c and S7a).  

Reasons for the initial annealing failure in the HW-reactor (as the annealing recipe was 

adapted from the CW reactor) include the significant H2/Ar flow reduction, the different gas flow 

patterns, and the impact of a non-uniform heating process.[48-49] The latter differs considerably in 

the two thermal CVD reactors. In the CW-reactor (Figure 1a), the substrate is placed directly on 

a resistively heated graphite stage located inside the chamber. This contact guarantees uniformity 

of heat (hence, reactant uniformity) and fast heat transfer. In the present case, the size of the heating 

stage was larger than the dimensions of the substrate we used. With no insulating materials 
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required, these factors make fast processing possible. Moreover, as the chamber volume of the 

CW-reactor is almost 10 times larger than that of the HW-reactor, and attending to its showerhead 

gas flow uniformity, the molecules’ residence time is much longer, resulting in more efficient 

annealing in a shorter time. Hence, no need to prolong the annealing time. On the other hand, in 

the HW-reactor (Figure 1b), the heating elements are placed outside the chamber’s quartz tube (in 

our case, sets of top and bottom halogen lamps surrounding the external surface of the tube). These 

radiate heat into the tubular chamber, thereby increasing the temperature of the substrate (centered 

at mid-length of the heating zone). The halogen lamps are embedded in an insulating material to 

minimize energy dissipation to the environment. However, the insulating material can also act as 

a thermal mass that delays both the heating and the cooling of the chamber. All of these factors 

mean that the heat transfer is slower. Along with a non-uniform molecular distribution and smaller 

residence time, the need to extend the annealing is evident.  

To accelerate the annealing of the HW-reactor, we investigated the impact of the heating 

ramp.[50] Several high rates and annealing times were explored. As shown in Figures S7b and S8, 

much larger grains at the preferred [111]ND crystallographic direction, were obtained when a 

heating rate of 500 °C/min was used along with an annealing time of 40 minutes (instead of the 

250 °C/min and 15 minutes used in the CW-reactor). Most likely, the fast heating rate used in the 

HW-reactor resulted in a brief overshooting of the temperature beyond the set-point (1040 °C). 

This took the Cu foil close to (or past) its melting point (i.e., 1085 °C, at ambient pressure) and 

assist in the structural rearrangement of the surface grains.  

In view of the differences stated above, the chemical and structural surface studies of the as-

received and annealed Cu foils (performed with XPS and EBSD, respectively) were complemented 

with X-ray diffraction analysis. The larger areas analyzed by this probe, added to its more 

substantial penetration depth (tens of micrometer), provided valuable insight into the bulk structure 

of the Cu pieces. Figure S9 shows that the (111) peak (attributed to the surface grains) resulted 

from the annealing step. However, the intensity ratio to the dominant (200) peak was different in 

the CW- and HW-annealed foils, with the first showing a relatively higher concentration of (111)-

type grains. Therefore, the shower-like H2 flow of 1350 sccm for 15 min led to a more extensive 

reduction and rearrangement of the Cu foil than the 40 min long exposure to a horizontal H2 flow, 

at 100 sccm and 1040 oC. The incomplete annealing is explained by the thickness of the foils used 
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(50 µm), which is double of the literature’s favorite. Predominantly, there is an abnormal rate of 

grain growth at the surface, driven by energy minimization, but much of the bulk retains the initial 

Cu(100) orientation (as per the EBSD vs. XRD data confrontation).[51-53] If we had allowed enough 

time (i.e. >1 hour), the surface process would certainly induce enough strain on the bulk grains to 

cascade the restructuring further into the bulk. Naturally, this behavior contrasts with the thinner 

25 µm Cu foils, which rapidly undergo grain re-orientation (and growth) throughout the whole 

thickness of the metal sheet.[54] Overall, while a thicker Cu foil may be less prone to mechanical 

deformation, it has the drawback of incomplete bulk grain restructuring. Still, this did not influence 

the primary purpose of the present comparative study because the Cu-catalyzed SLG growth is a 

surface-based process.  

Overall, by maintaining the H2/Ar flow ratio at ~1/10, it was possible to obtain 50 µm Cu 

foils with large surface sections (~ few mm2) oriented along the preferred [111]ND in both reactors. 

The differences in the annealing recipes used were the total gas flow, heating rate, and annealing 

time. 

3.2. Graphene growth 

Realizing the annealing conditions necessary to obtain equivalent [111]ND Cu foil surfaces 

in the two different thermal CVD reactors was a critical milestone. Knowing that the catalyst could 

be standardized in-situ, the SLG growth in the CW-reactor (CW-SLG) followed the optimized 

recipe in Figure 2a. The graphene film was transferred to a SiO2/Si substrate using the protocol 

described in the Methods section. The SEM (Figure 4a) and optical microscopy (Figures 4b and 

S10a) confirmed the presence of a continuous film and the absence of BLG patches. However, 

slightly dark lines were observed. These features correspond to the presence of graphene wrinkles, 

a common occurrence in graphene grown by CVD[55] and transferred to a SiO2/Si substrate. As the 

thermal expansion coefficients of graphene and Cu differ, the abrupt metal lattice compression 

during the cooling stage leads to these “intrinsic wrinkles”, which are hard to eliminate at cm2 

scales.[56] Additional wrinkles may be formed during the wet transfer process (“extrinsic 

wrinkles”). Over the last decade, several processing and transfer methods have been developed to 

minimize the number and density of graphene wrinkles.[57-58] To ensure the presence of SLG, a 

Raman spectroscopy study was performed. A typical point spectrum of these samples is shown in 

Figure S10b. At ∼1580 cm-1, the G peak arises from the doubly-degenerate E2g mode, the primary 
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vibration characteristic of the graphitic lattice.[59] The 2D peak, at ∼2700 cm-1, originates from the 

second-order double resonant Raman scattering. As for the D peak, at ∼1350 cm-1, it signals 

defects in the lattice as these alter the breathing modes of the aromatic carbon rings.[59] In addition 

to this, Raman maps were acquired over large areas (25 x 25 μm2, dotted red square in Figure 4b). 

An example is the map of intensity ratio for the 2D and G peaks (I2D/IG), shown in Figure 4c. The 

ratio scale ranged from 1.5 to 3.5, with most of the probed area being higher than 2. This mapping 

is evidence of the widespread presence of SLG.[59-60] The areas with lower I2D/IG values (< 2) 

correspond to film corrugations as they followed shapes similar to the wrinkles imaged 

microscopically. 

 

Figure 4. CW-SLG growth results: (a) SEM image of CW-SLG/SiO2. (b) Optical image of the 

CW-SLG/SiO2 in (a). (c) Raman mapping was performed in the red square area of (b), with I2D/IG 

intensities ratio extracted from the G and 2D peaks. (d) HRTEM image of CW-SLG. (e) Assigned 

SAED pattern of the CW-SLG. (f) The intensity line profile corresponds to the dashed line in (e). 

  

Further structural information was obtained from TEM analysis. High-resolution TEM 

(HRTEM) images were acquired at the edge of the CW-SLG films (Figure 4d). The single line 

that delineates the edge implies the presence of a non-folded graphene layer. Note that the contrast 

variation, derived from the irregularly shaped features on the CW-SLG surface, could raise 
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questions concerning the structural quality of the film. For this reason, the imaging was 

complemented with the corresponding SAED study (Figure 4e). The pattern showed a set of first-

order spots arranged as a hexagon. While this is expected for the SLG, it is not entirely conclusive 

as an AA’ stacked bi-layer registration would have the same pattern. Hence, further analysis was 

conducted by evaluating the intensity profiles of the diffraction pattern. As shown in Figure 4f, 

the diffraction spots (1210) and (0110) and their intensity ratio 𝐼( )/𝐼( ) of value 0.5 

confirm the presence of an SLG film (as per the literature, the intensity ratio must be <1).[61-62]  

After asserting the quality of the optimized CW-SLG, the same growth recipe was applied 

in the HW-reactor. As previously explained, only the Ar flow rate had to be reduced (Figure 2b). 

The overall surface configuration of the Cu foil after the CVD run was similar to that of the pre-

growth annealed sample, as the comparison of Figures S11a and Figure S7b reveals. Subsequent 

to transferring the HW-SLG onto SiO2/Si (Figure S11b), it was possible to confirm the high-

quality of the film and the absence of BLG patches. Besides this, the SEM micrograph in Figure 

5a, shows some dark lines (wrinkles) and a few white areas. The latter correspond to holes in the 

graphene, with the darker contrast triangular-shaped features being back-folded graphene sections. 

These cracks resulted from the transfer process. A typical Raman spectrum of the HW-SLG is 

displayed in Figure 5b. In addition to confirming the presence of SLG (I2D/IG = 2.6), it showed a 

small D peak (ID/IG = 0.2). This matched well with the analogous CW-SLG as the same peak and 

ID/IG were found (Figure S10b). We attributed the D peak presence to the wrinkles observed in 

the CW- and HW-graphene films.[59-60, 63-64] 
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Figure 5. HW-SLG grown from the optimized recipe in Figure 2b: (a) SEM image of 

SLG/SiO2/Si. (b) A typical Raman spectrum of the sample in (a). 

 

From the above, it is clear that obtaining equivalent catalyst surfaces is the key condition to transfer 

growth recipes between thermal CVD reactors. However, this could not have been done without 

looking at the flow rates of the carrier gas. The fact that the lower Ar flow rate positively influences 

the SLG growth in the HW-reactor (no multi-layer nucleation) is a clear indicator that differences 

in the reactors’ design and volume play a considerable role in the precursor mass transport.  

To appreciate better the main design differences between the reactors and their impact, the 

following should be noted: firstly, as concerns the gas flow pattern, when the flux (gas flow) comes 

into contact with the substrate’s surface, the predominant mechanism of mass transport is 

diffusion. In the CW-reactor, the molecules flux that originates in the vertical showerhead forms 

a uniform stagnation point all over the 1.5 cm2 substrate surface, and any boundary layer is 

negligible. Consequently, we can assume mostly diffusion-dominated mass transport (zero-

velocity of the reactant all over the substrate’s surface), which implies a very high residence time 

of the carbon precursor and higher growth density, leading to multi-layer growth. Secondly, during 

growth, we kept the pressure constant at 10 mbar for both chambers, tough the CW-reactor had 

ten times more volume and could be operated at four times higher gas flow. At 1000 sccm Ar, the 

gas speed is slower inside the CW-reactor than in the HW-reactor. Again, this will lead to a higher 

growth density in the CW-reactor. As the carbon clusters do not have much time to attach to the 
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thermodynamically favorable sites on the Cu foil, they will randomly form bi-layer and multi-layer 

seeds (as seen in Figure S1). Finally, as we mentioned in the Cu-annealing section, the CW-reactor 

works by conduction, leading to a more efficient reaction. Thus, a higher Ar flow is needed for the 

CW-reactor. In contrast, the HW-reactor has a smaller volume, a radiation heating system, and 

horizontal gas flow (which makes the stagnation layer exist only at the initial contact point between 

the substrate and the gas flow). Under the same conditions, these differences lead to less efficient 

growth in the HW-reactor.  

All of the above justify why it was necessary to reduce the Ar flow in the tubular HW-reactor to 

equal the performance of the showerhead CW-reactor. Then, a common point in the SLG growth 

parameters space could be obtained.  

4. CONCLUSIONS 

The transferability of SLG growth recipes between thermal CVD reactors with different 

chamber designs was investigated. In our case, there was no noticeable difference in the quality of 

the graphene produced, despite the variable regimes of flow patterns and heat transfer. Thus, it is 

clear that obtaining equivalent catalyst surfaces, just before the growth step initiates, and adjust 

the carrier gas flows are the key point to address.  

On the whole, our study helps to explain an essential point in the literature which is a 

perceived lack of reproducibility when using reported CVD recipes for SLG growth. While limited 

to a pair of reactors, we believe its conclusions will apply to any other sets of thermal CVD 

apparatus. A follow-up on this study should investigate the consistency of the mirrored production 

outputs from a more quantitative perspective, namely the uniformity and size optimization of the 

graphene grains over cm2 scales. 
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Two different thermal CVD setups were used to standardize the surface of Cu foils and grow, 

independently, single-layer graphene films from a common recipe. 
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