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A model of the graphene growth mechanism of chemical vapor deposition on platinum is proposed

and verified by experiments. Surface catalysis and carbon segregation occur, respectively, at high

and low temperatures in the process, representing the so-called balance and segregation regimes.

Catalysis leads to self-limiting formation of large area monolayer graphene, whereas segregation

results in multilayers, which evidently “grow from below.” By controlling kinetic factors,

dominantly monolayer graphene whose high quality has been confirmed by quantum Hall

measurement can be deposited on platinum with hydrogen-rich environment, quench cooling, tiny

but continuous methane flow and about 1000 �C growth temperature. VC 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4871978]

Graphene is a layer of sp2 carbon atoms and has shown

significant potential for future nanoelectronics and nanopho-

tonics.1 It is simultaneously conducting, transparent, and flexi-

ble, rendering it an excellent candidate for electrodes in

flexible electronics. Production techniques are vital in achiev-

ing the laboratory to market transition. Recently, chemical

vapor deposition (CVD) of graphene on Cu has proven to be

largely compatible with essential semiconductor technologies,

whilst also affording high material quality at a relatively low

cost. Today, with the advent of roll-to-roll processing, gra-

phene synthesis can be scaled up to 100 m in length.2 The

commercial viability of graphene is clear, but the use of Cu as

the ubiquitous catalyst is still somewhat contentious, with

many alternatives being investigated. One example is plati-

num.3 An important advantage over Cu is the higher melting

point of Pt (1768 �C vs. 1083 �C) and hence much better pro-

cess robustness. That is because, with typical graphene growth

temperature being 1000–1050 �C, Cu is often unintentionally

molten, especially in low pressure CVD; whereas it does

require super-high-precision temperature control on Pt since it

is far from its melting point. The high price issue of Pt is

addressed by electrochemical transfer of graphene where the

Pt can be reused.3,4

Graphene growth on Cu is known to be principally a sur-

face catalysis procedure due to the low carbon solubility,

resulting in the so-called self-limiting formation of mono-

layer graphene in most cases. However, the growth mecha-

nism of graphene on Pt has thus far not been investigated to

any great extent. According to Gao et al.,3 Pt has a stronger

catalytic ability for hydrocarbon decomposition and subse-

quent graphitization than Cu. Also, C solubilities in Pt, Cu,

and Ni at 1000 �C are 1.14,5 0.0027,6 and 1.26 at. %,7 respec-

tively. Therefore, it is far from straightforward to understand

the >98% single layer coverage in Ref. 3. Indeed, in our

experiments, the deposition on Pt can easily drift to bilayer

or multilayer formation regimes. Others also observed simi-

lar extensive multilayer graphene on Pt.8 Nonetheless, a

detailed understanding of the growth process is lacking, and

it is still unclear as to whether the growth proceeds from

below9,10 or above the already formed graphene layers.11

Because little work has been done on Pt-grown

graphene,3,8,12–14 we believe it is necessary to systematically

investigate the growth mechanism to highlight the direction

of future research. In this Letter, we ascertain that the CVD

on Pt is a combination of high temperature surface catalysis

and subsequent carbon segregation. The growth of multilayer

graphene occurs from below earlier formed layers. With

proper control over the growth kinetics, it is possible to

achieve high quality graphene (predominately one layer) and

observe quantum Hall effect reproducibly.

The polycrystalline Pt foil (�100 lm thick, 99.99%) is

purchased from GoodFellow. The graphene deposition is con-

ducted in a cold wall low pressure CVD system15–17 (Black

Magic, AIXTRON Ltd.) at �1000 �C. The catalyst is annealed

for 5 min followed by 5–10 min of graphene growth. Gases

used here are CH4 (5% prediluted in Ar, similarly hereinafter),

H2, and Ar. Finally, the finished samples are inspected using

optical and scanning electron microscopy (SEM).

Fig. 1 illustrates the proposed growth mechanism. At

�900 �C and above, the hydrocarbon is cracked and subse-

quently forms graphene lattice catalyzed by Pt. Desorption at

low pressure can affect the deposition rate. Meanwhile, the

surface carbon continuously dissolves into the bulk Pt due to

its high solubility. Net growth occurs when the deposition

rate > the absorption rate. In principle, the growth should

stop once the catalyst surface is covered, rendering it a self-

limiting process. Now a dynamic balance between the forma-

tion and dissolution of graphene is established (balancea)Electronic mail: jie.sun@chalmers.se.
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regime, the deposition and absorption rates are equal, and

segregation is negligible). In other words, some carbon

atoms from the graphene lattice are absorbed into Pt and the

damage is immediately healed by the new deposition. Note

that if the carbon precursor is turned off too early during

cooling, absorption may dominate. This can damage gra-

phene and as such we find that it is beneficial to maintain a

continuous CH4 supply. During cooling, the carbon in Pt seg-

regates to surface due to supersaturation caused by tempera-

ture induced lowering of solubility. This suggests that

multilayer graphene growth occurs via “growth from below”

(segregation regime, the segregation rate > the absorption

rate, and deposition is very limited). The rate of segregation

is directly related to the absorbed carbon into the bulk and is

sensitive to cooling rate. On Ni, 600 �C/s was used to sup-

press multilayer formation.18 In this study, we use quench

cooling (1600 �C/s) to “freeze” the carbon atoms at high

temperature. Also, it is known that a large concentration of

hydrogen in CVD can hinder graphitization.19 As Pt has a

much greater ability of graphene catalysis,3 it is necessary to

have a H2-rich environment3 to reduce the nucleation den-

sity. This not only improves the graphene quality but also

impairs the segregation, inhibiting multilayer formation. In

the following discussion, we will validate this scenario based

on experimental observations.

In our graphene transfer process, the Pt foils with depos-

ited graphene are first spin-coated with poly(methyl methac-

rylate) (PMMA) and used as cathode in a water electrolysis

cell. H2 bubbles appear at the graphene-Pt interface and

delaminate the graphene/PMMA from Pt. Then, it is trans-

ferred onto 300 nm SiO2/Si and the PMMA is dissolved by

acetone. Fig. 2 shows photographs taken after the transfer,

summarizing several typical morphologies of Pt-grown gra-

phene, where (a) depicts numerous multilayer regions. A

close-up view (Fig. 2(b)) reveals that they have pyramid-like

terraces; the thickest region can have tens of layers. Fig. 2(c)

shows monolayer graphene in large area whereas (d) is a col-

lection of very thick graphite flakes. In fact, the sample in

Fig. 2(d) is grown by Joule heating20 of a Pt strip close to its

melting point. Under such extreme condition, the amount of

dissolved C is so great that severe segregation is observed,

and it is almost impossible to find single layer areas.

The growth conditions clearly dictate the graphene crys-

tal morphology. Fig. 3(a) is an SEM image of a sample

grown at 1000 �C for just 0.5 min (Ref. 21) with 20, 20, and

1000 sccm CH4, H2, and Ar, respectively, followed by

quench cooling. While growing the sample in Fig. 3(b), the

flow rates of H2 and Ar are swapped (now H2-rich), and the

deposition is elongated to 5 min, whilst all other conditions

are kept the same. Clearly, Fig. 3(a) demonstrates the forma-

tion of many multilayer regions, which are not detected in

(b) where only the Pt grains are visible. The function of H2

for reducing multilayers is thereby confirmed. The samples

in Figs. 3(c)–3(f) are all deposited at 1000 �C for 5 min with

70, 1000, and 20 sccm CH4, H2, and Ar. After growth, CH4

and H2 are switched off. Quench cooling is not applied in

this instance. When T gets down to 900 �C, we intentionally

wait for 5 min. Afterwards, the system is gradually cooled to

room temperature in argon atmosphere. Fig. 3(c) shows that

FIG. 1. Schematic illustration of the graphene growth mechanism over Pt

surface. Two regimes (balance and segregation) can be defined by the rela-

tive strength of carbon deposition, absorption, and segregation.

FIG. 2. Optical photos of the as-synthesized graphene after transfer to

300 nm SiO2/Si substrates. (a) and (b) Typical multilayer terraces during

Pt-catalyzed graphene CVD. (c) Nearly 100% monolayer graphene (except

the uncovered area). (d) Graphite crystals created due to the exceedingly

high temperature.

FIG. 3. SEM micrographs taken after growing graphene on Pt under differ-

ent conditions. (a) and (b) Illustration of the role of H2 gas for producing

dominantly single layer graphene. The samples in (c)–(f) are kept at 900 �C
for 5 min after the growth in order to increase the absorption of graphene

into bulk Pt.
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a large area of graphene (hundreds of microns wide, indi-

cated by the arrow) is absorbed by substrate, leaving visible

only clear crystalline edges. Fig. 3(d) shows smaller gra-

phene holes of the order of 1 lm together with many nano-

scale holes. From Fig. 3(e), it can be seen that in some

cases the graphene absorption tends to occur more often at

Pt grain boundaries. This is reasonable because these sites

offer routes that readily facilitate C dissolution. In our

experiments, various shapes of graphene dissolution holes

such as festoons (Fig. 3(f)), long strips, and rhombus are

observed, which are likely dependent on the crystal orienta-

tions of Pt grains. The message that Figs. 3(c)–3(f) conveys

is that graphene absorption readily takes place at 900 �C
(and above).

Fig. 4 shows SEM micrographs taken after deposition,

implying that multilayer graphene grows from below. From

Fig. 4(a), it can be concluded that multilayer terraces have a

tendency to appear at Pt grain boundaries, preferably at the

point where three domains meet. At these apexes where it

appears that more carbon has been absorbed, the carbon seg-

regates similarly to “volcano eruption” during the cooling

process. In Fig. 4(b), the subsequent graphene layers (the

small islands) opt to nucleate at positions where two existing

graphene domains overlap (noted by the arrow). Figs. 4(c)

and 4(d) suggest that these submicron islands also nucleate

at graphene wrinkles. At the growth temperature, it is reason-

able to assume that graphene attaches conformally to Pt

because it is made from individual atoms or clusters. In other

words, wrinkles form at much lower T due to the fact that

graphene has negative thermal expansion coefficient. Since

multilayer graphene nucleates at wrinkles, they must appear

at low T also. Thus, it is unlikely that they originate from

newly decomposed CH4, but rather due to segregation from

below. Another evidence is indicated by the arrows in Figs.

4(c) and 4(d), where nucleation is absent in the bilayer

regions. This cannot be explained by “growth from above”

because if the first layer generated a wrinkle then the second

layer atop would simultaneously be wrinkled and ease the

nucleation of new layers. In the “growth from below” model,

however, the phenomenon is natural because the second

layer is conformal to the flat Pt surface and does not need to

be wrinkled. Therefore, small islands of new layers will nu-

cleate only at the first layer wrinkles that are contacting the

Pt, but not at the arrow indicated (two layer) positions.

The growth mechanism thereinbefore is in line with that

on other metallic catalysts. For example, “growth from

below” is also detected on Rh.22 In most cases, there is an in-

extricable connection between the surface catalysis and car-

bon segregation. On Ni, although the growth is dominantly

determined by segregation, it is pointed out that surface reac-

tion can lead to high monolayer coverage for the first 10 s of

deposition.23 On the other hand, despite the widely believed

self-limiting mechanism with Cu, C segregation is also pres-

ent in some cases.24 With these understandings, by carefully

adjusting the conditions discussed previously, dominantly

one layer deposition can be realized on Pt. Fig. 5 demon-

strates the high quality of such graphene, which has been

patterned into a Hall bar geometry by electron beam lithog-

raphy (Fig. 5(a)). After metallization, at 150 K, field effect

measurements are acquired by sweeping the back gate volt-

age Vbg back and forth applied to the Si substrate beneath the

300 nm SiO2. Only a small hysteresis is found in the curve,

and the Dirac point is close to Vbg¼ 0 V. Fig. 5(c) plots the

quantum Hall effect (2 K, Vbg¼�6 V) observed in the de-

vice, where the plateau in Rxy is very clear and Rxx reaches

zero. The Hall mobility of holes is �2100 cm2/(V s) and the

carrier density is �1� 1012 cm�2. We note that previously

only classical Hall effect is reported in Pt-grown graphene.

Fig. 5(d) is a representative Raman spectrum measured in

the graphene, showing a narrow 2D peak (�40 cm�1) with a

2D-to-G ratio of �2. The carrier mean free path (in nm) can

be estimated from the average distance between defects in

the graphene by25 l ¼ k2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1:8� 10�9ðIG=IDÞ

q
¼ 24:2 nm,

where IG and ID are intensities of Raman G and D peaks,

respectively, and k is the wavenumber of the excitation laser

in nm (514 nm in our case). Hence, the mobility can be

FIG. 4. SEM images of the as-deposited graphene on Pt, showing the forma-

tion of multilayers, which tend to occur at (a) Pt grain boundaries, (b) gra-

phene flake overlaps, (c) and (d) graphene wrinkles. Nevertheless,

nucleation is typically not observed near wrinkles at two layer regions (see

the arrows).

FIG. 5. (a) Optical image of the graphene Hall-bar structured used in the

measurement. (b) Electric field effect measured in the graphene by sweeping

the back gate voltage at 150 K. (c) Quantum Hall effect measured at 2 K

showing a clear plateau. (d) Typical Raman spectrum of the graphene trans-

ferred to SiO2/Si.
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calculated by26 l ¼ 2el=h
ffiffiffiffiffiffiffiffi
p=n

p
(in SI units, where n is car-

rier density) to be 0.21 m2/(V s), in good agreement with the

electrical measurement.

In summary, large area graphene has been grown on

platinum by CVD. A model elucidating the growth mecha-

nism is proposed in terms of surface catalysis at high temper-

ature and carbon segregation during cooling down. There are

primarily three physical processes taking place, namely, gra-

phene deposition, absorption, and segregation, which divide

the CVD into balance and segregation regimes. Multilayer

graphene grows from below already deposited layers. The

picture agrees well with the experiments and can be used to

fine tune the growth parameters to obtain high quality mono-

layer graphene by using H2, quench cooling, small but con-

tinuous hydrocarbon flow, and intermediate growth

temperature. As a result, quantum Hall effect is observed in

Pt-catalyzed monolayer graphene.
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