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a  b  s  t  r  a  c  t

In  this  paper,  we report  on the in  situ  synthesis  of graphene  layers  by  means  of  chemical  vapor  depo-
sition  (CVD),  directly  on  nickel  micro-electromechanical  systems  (MEMS)  surfaces.  We  have  developed
MEMS  structures  of which  the  temperature  can  be  increased  locally  by Joule  heating  while  in  a  methane
environment.  For  our MEMS  structures,  the thermal  time  constant  is  28  �s.  As  a  result,  we  have control
over  the  carbon  precipitation  time,  thereby  governing  how  many  graphene  layers  are  formed.  Bi-layer
to  multi-layer  graphene  was  observed  using  micro-Raman  spectroscopy,  but  not  single-layer  graphene,
as  it  gives  no  Raman  signal  when  coupled  on a nickel  surface.  The  corresponding  precipitation  control
theory  is also  presented  in this  paper,  in  which  we  relate  the  out-diffusion  of carbon  atoms  from  the
arbon precipitation
EMS

hermal time response
icro-Raman spectroscopy

grains  of the  nickel  structure  to  the  resulting  number  of  graphene  layers.  Our  method  provides  regulated
carbon  segregation  from  nickel  and allows  a prescribed  number  of  graphene  layers  to  form  by  tuning  the
precipitation  time.  In  this  way,  we  enable  the  direct in  situ  synthesis  of  graphene  locally  on  the top  and
sidewalls  of nickel  MEMS  structures,  so that  e.g. such  graphene-coated  MEMS  surfaces  can  contribute
towards  a  promising  solution  against  friction  and  wear  for MEMS  devices  with sliding  components.

© 2020  The  Authors.  Published  by  Elsevier  B.V.  This  is  an  open  access  article  under  the  CC  BY-NC-ND
. Introduction

Micro-electromechanical systems (MEMS) are microscopic
tructures with a mechanical functionality made in integrated
ircuit manufacturing technology, and they are found in many
pplications [1]. However, sliding and rotating elements are still
ot possible in state-of-the-art MEMS  technology, because they are
rone to failure due to adhesion, friction and wear [2]. In addition to
voiding sliding surfaces altogether, as the industry is now doing,
ew materials and techniques should be investigated to reduce fric-
ion and wear in MEMS  to make such functionality possible in the
uture.

To lower the high friction coefficients found between the dry
liding surfaces of the commonly used MEMS materials, several
ubricants have been successfully applied. While most approaches

ave shown potential in laboratory tests, implementing lubrica-
ion schemes in real MEMS  devices with complicated structures
nd functions requires further research in many directions. Rymuza
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/).
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

et al. deposited carbon-containing ultrathin films of silicon dioxide
or silicon (oxy)nitride on silicon and metal substrates [3,4]. Carbon
nanomaterials in particular, such as graphene, graphene oxide, and
graphite, have received attention for their confirmed friction and
wear performance both at the macroscale and the nanoscale [5].
Several studies have demonstrated that graphene has the poten-
tial to lower friction, both as single-layer [6–8], and as few-layer
[9,10]. Dienwiebel et al. point out that the incommensurate slid-
ing contact between a graphene flake and a graphite surface even
exhibits superlubricity [11]. The use of graphene seems to be not
only advantageous to ‘basic’ sliding MEMS  structures, but also as a
novel biomaterial for microscopic applications, such as nanorobots
[12].

Graphene can be produced by various methods. For MEMS appli-
cations, the chemical vapor deposition (CVD) method is, in many
cases, the optimum production technology, since the CVD-grown
graphene forms good quality layers on a large scale, with the poten-
tial to even cover a full wafer with graphene [13]. During the CVD
process, a hydrocarbon gas decomposes to carbon radicals and

atoms at the catalytic surface of a metal substrate to form single-
to few-layer graphene. The carbon solubility of the metal substrate
determines the graphene deposition mechanism [14]. The growth
mechanism of graphene on copper is self-limiting and provides the
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ossibility to deposit single-layer graphene, while multiple layers
an be grown on nickel [15].

Kim et al. have explored the deposition of graphene with the CVD
rocess for lubrication purposes [13]. In their approach, graphene
as synthesized on nickel and copper substrates, and it was trans-

erred onto silica/silicon substrates for the subsequent tribological
ests. Given the size and fragility of MEMS  devices, an optimal
olution should avoid the transfer step and to directly synthesize
raphene on the MEMS  surfaces.

Multiple papers deal with the in situ synthesis of graphene by
VD on nickel substrates – for a recent example, see [16] – but very

ew of them discuss the incorporation of graphene layers into the
EMS  fabrication process flow. Zhou and Lin developed a minia-

ure silicon platform, which was coated on top with a thin film of
ickel [17]. Yu et al. report that a high cooling rate suppresses the
mount of precipitated carbon, and that this influences the num-
er of graphene layers that are formed [18]. Indeed, Zhou and Lin
ere able to deposit graphene with their system owing to a thermal

ime constant of about 1.3 ms.  However, since they cooled directly
rom the in-diffusion temperature to room temperature, they had
o control to the carbon precipitation time, and hence the num-
er of graphene layers. Rybin et al. have demonstrate that there

s a relation between the temperature-dependent electrical resis-
ance of their nickel foils and the number of synthesized graphene
ayers [19]. In a recent work of Hu et al.,  the cooling to a slightly
ower temperature divides the CVD process into two  stages: carbon
n-diffusion and graphene growth [20].

In the work we report on here, the thermal time constant of our
esistively-heated nickel MEMS  structures is so small that we have
ontrol over the precipitation time, and hence the number of carbon
ayers that are synthesized on the surface. Furthermore, we  present
he theory on carbon precipitation control, and we  compare it to
xperimental results obtained from the synthesis of graphene on
ickel MEMS  structures for different precipitation times.

. Background

.1. In-diffusion and precipitation of carbon in nickel

The graphene synthesis on nickel structures starts with the
dsorption and decomposition of a hydrocarbon gas, such as
ethane, at the surface of the metal. The decomposition of methane

akes place at temperatures above 975 K. The products of this reac-
ion are carbon radicals, hydrogen and carbon atoms. Because of
he high carbon solubility in nickel, the carbon atoms diffuse into
he metal to form a nickel-carbon solid solution. The amount of
arbon atoms dissolved in this solution is calculated from an Arrhe-
ius equation that describes the dependence of carbon solubility on
emperature, according to Eq. 1 [21]:

 = S0 exp
( −H

kBT

)
, (1)

here the pre-exponential factor S0 = 5.33 × 1028 atomsm-3 is the
arbon concentration in nickel at infinite temperature, H = 6.73 ×
0−20 J is the solution energy of carbon in nickel, and kB is the
oltzmann’s constant equal to 1.38 × 10−23 JK-1. Eq. 1 defines the
quilibrium concentration of dissolved carbon atoms inside the
ickel structure at a given temperature. Consequently, when cooled

o a slightly lower temperature, the solid solution will have a car-
on concentration above the saturation point; thus, the solution is
upersaturated. Supersaturation of carbon in nickel-carbon solu-
ions creates a driving force for carbon atoms to segregate from the
 / Sensors and Actuators A 303 (2020) 111837

bulk of nickel via an out-diffusion process that follows the Arrhe-
nius law in Eq. 2 [21]:

D = D0 exp
(−ED

kBT

)
, (2)

where the pre-exponential factor D0 = 2.48 × 10−4m2s-1 is the dif-
fusion coefficient at infinite temperature, and ED is the diffusion
activation energy equal to 2.79 × 10−19 J. The concentration differ-
ence between the saturated and the supersaturated solution with
carbon, or alternatively the carbon solubility difference between
the in-diffusion and the precipitation temperature, corresponds to
the amount of excess carbon atoms that will form graphene layers.

Will all the excess carbon atoms precipitate on the surface of
nickel? To answer this question, we need to know how fast the
out-diffusion process is, and how it depends to the geometrical
dimensions of the system. In particular, the central part of our
MEMS  structure is a nickel beam with width w,  height h, and length
L. We  model this beam to consist of hexagonal columnar grains with
a height equal to the beam height and a diameter equal to the grain
size, 2˛. We assume that the grain boundaries are freeways for
carbon transport, hence as soon as a carbon atom reaches a grain
boundary, it will precipitate on the nickel surface. All carbon atoms
within the diffusion length � to a grain boundary or to the surface
will precipitate out from the beam. The diffusion length � of the
carbon atoms inside a single grain is according to Eq. 3 [22]:

� = 2
√

Dtprecipitation, (3)

where tprecipitation is the precipitation time, and D is the diffusion
coefficient calculated from Eq. 2 at the precipitation temperature.
The atoms that are closest to the nickel surface are the first ones to
precipitate out from the beam, and they are arranged in a hexagonal
lattice to form the first graphene layer. Ideally, the precipitation of
the next network of carbon atoms takes place below the first layer
to form the second graphene layer, and so forth.

In reality, however, due to the grain structure of nickel, the result
is not regular, and we can only make statements about the average
number of layers. The hexagonal grains have a top and bottom area
A, with

A = 3
2

˛2
√

3. (4)

The total grain boundary area equals 2whL⁄˛
√

3 for L >> ˛. All
carbon that is closer to a grain boundary or to the surface than �
will reach the surface. Therefore, the volume VC that contributes to
the carbon segregation is given by:

VC = 2wL� + 2hL� + 4whL

˛
√

3
�. (5)

From Eq. 6 we  obtain NC, i.e. the number of carbon atoms that
will precipitate on the nickel surface:

NC = VC�S,  (6)

where �S  is the amount of excess carbon atoms due to the solubility
difference between the in-diffusion and precipitation temperature.
We divide NC by the total surface area of the beam, 2(w  + h)L, to
arrive at the carbon atom density on the surface, nC. To obtain the
average number of graphene layers formed by carbon precipitation,
we divide the carbon atom density on the surface by the atomic
density of carbon in single-layer graphene, ngraphene that is equal
to 3.8 × 1019 atomsm-2 [23], hence n = nC⁄ngraphene. Eq. 7 is the
relation between the average number of graphene layers that are
formed, and the amount of excess carbon atoms due to the solubility

difference between the in-diffusion and precipitation temperature:

n

�S
=

w + h + 2wh
a
√

3

(w + h)ngraphene
�. (7)
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ig. 1. G-band Raman intensity as a function of number of graphene layers. Experim
esponse of graphene on nickel.

The largest value for n/�S is obtained in the situation where
he whole volume has been emptied of excess carbon atoms. This
appens when VC = whL, and Eq. 5 is reconstructed according to:

 = wh

2
(

w + h + 2hw
˛

√
3

) . (8)

Longer diffusion lengths � will have no influence on the number
f graphene layers that are grown.

.2. Raman spectroscopy for graphene layer number
dentification

To assess the number of graphene layers that are synthesized by
he CVD process, and how these layers are spatially distributed over
he surface topography of the nickel structures, we used micro-
aman spectroscopy. It is a standard technique used to observe
olecular vibrations, phonons, and other excitations in a crystal

attice, which correspond to certain frequencies; thus, this method
rovides valuable information about the material of interest, and,

n our case, it can help us in determining the number of graphene
ayers.

For free-standing graphene, or graphene on a weakly interacting
urface such as SiO2, two Raman peaks appear at wavenumbers of ∼
580 cm−1 and ∼ 2700 cm−1; these peaks correspond to the G-band
nd the 2D-band, respectively [24]. For single-layer graphene, the
D-band has a much higher intensity than the G-band. For bi-layer
raphene, the two bands have approximately the same intensities.
or few-layer graphene, the intensity of the G-band is much higher
han the one of the 2D-band, and the intensity ratio increases with
ncreasing number of layers. An important aspect of micro-Raman
pectroscopy on graphene is the very strong Raman signal emanat-
ng from few-layer graphene. The Raman intensity of single-layer
raphene is almost as high as the Raman intensity of bulk (pyrolytic)
raphite [25]. For the first nine layers, the intensity increases more
r less linearly, after which it starts decreasing until it reaches the
ntensity of bulk graphite.

Unfortunately, nickel has a surface that strongly interacts with
raphene. As a consequence, single-layer graphene on nickel does
ot normally give a Raman signal, unless the film is loose or

tretched [26]. Indeed, in the Raman spectra obtained for this paper,
o single-layer graphene is observed, as will be shown later. Note
hat most papers detailing micro-Raman spectroscopy of single-
ayer graphene films grown on nickel present Raman data of the
ata adapted from [25], with the proposed first order intensity model for the Raman

film after it has been transferred to SiO2. There is no data available
in literature on the Raman intensity as a function of the number
of graphene layers of graphene coupled on nickel. Therefore, we
assume that from the second layer onward, graphene will mainly
interact with itself, instead of with the nickel surface underneath.
As a result, the synthesized graphene layers are expected to show
G-band Raman intensity as a function of layer thickness relation
similar to the measured data shown in Fig. 1, only this time shifted
by one layer. We  can then assume that the G-band Raman inten-
sity observed is linear to the number of layers, with zero intensity
corresponding to one layer or less. This is a reasonable approxima-
tion, as long as the layer thickness is in between 1 and 8 layers.
As we expect to grow no more than ∼ 20 layers in our experi-
ments, we can assume that the G-band Raman intensity becomes
essentially constant above 8 layers. As the maximum precipitation
time is so long that all excess carbon precipitates out of the nickel
beam, we  can use the spectrum with the highest observed G-band
Raman intensity (to be discussed in Section 5.1) to calibrate the
number of layers for the other intensities. With the highest inten-
sity obtained in our experiments being 8200 (a.u.), the scale for
the G-band Raman intensity on nickel as a function of number of
graphene layers can be added to Fig. 1 on the right-hand side.

It is important to mention the possibility to observe one more
band in the graphene Raman response. This regards the d-band,
which appears at ∼ 1350 cm−1. This peak is evidence of structural
defects that are usually present in CVD-grown graphene. The d-
band appears in several Raman spectra when probing locations
covered with single-layer graphene. This peak disappears with
increasing number of layers: The more carbon precipitates on the
surface, the higher the probability becomes for additional atoms to
fill up the empty sites of the hexagonal lattice.

Since it is the precipitation time that governs the number of
graphene layers in our deposition experiments, we expect to get a
Raman response per precipitation time similar to the ones plotted
in Fig. 2, except for the missing single-layer graphene response.
The Raman response is the footprint of the graphene layer number,
which we  control through tuning of the precipitation time. A long
precipitation time will resemble the Raman response of few-layer
graphene, while a faster precipitation time will give the Raman
signal of bi-layer, and not single-layer, graphene. Meanwhile, for

very short precipitation times, we will observe only the background
noise of the Raman measurement since no graphene layers will be
formed on the nickel surfaces.
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Fig. 2. Raman response of single-layer, bi-layer and few-layer graphene (reprinted
from [27] with permission from Elsevier®).
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Fig. 4. Photo of the vacuum probe system. A turbomolecular pump is connected
to  the chamber via a hole in the middle of the vibration isolation table, so it is not
visible in this figure.

Table 1
The impurities of Linde Hydrogen 5.0 detector gas and Linde Methane 5.5 scientific
gas.

Hydrogen 5.0 detector Methane 5.5 scientific

≥ 99.999 vol% H2 ≥ 99.9995 vol% CH4

≤ 3 vpm N2 ≤ 5 vpm O2+N2

≤ 5 vpm H2O ≤ 1 vpm CxHy

amplifier has been developed in-house and has been included in the
Fig. 3. SEM micrograph of the MEMS  structure with an 8-�m wide beam.

. Experimental details

.1. The MEMS  structures

The MEMS  structures were fabricated in a micromachining pro-
ess by MEMSCAP Inc., known as MetalMUMPsTM, which uses a
0-�m thick electroplated nickel layer [28]. The structures are 80-
m long free-standing beams that are either 8-�m or 6-�m wide.
hus, the volume of an 8-�m wide beam is 12.8 × 103�m3, while
he volume of a 6-�m wide beam is 0.96 × 103�m3. The nickel
tructures are clamped by bondpads and suspended over a 25-�m
eep trench. The suspension ensures that there are no conductive
eat losses through the silicon substrate below. A scanning elec-
ron micrograph of the MEMS  structure with an 8-�m wide beam
s shown in Fig. 3.

Electrical drive signals are applied to the bondpads of the MEMS
tructure in order to induce Joule heating of the beam. For a beam
ength of 80 �m,  the thermal time constant is 28 �s (see Appendix
or analytical model to obtain this number).

.2. Raman setup
The Raman spectra were obtained on a HORIBA Scientific
abRam HR micro-Raman spectrometer with excitation from an
rgon-ion laser with a 514-nm wavelength, and a 50× objective
≤ 2 vpm O2 ≤ 1 vpm H2O
≤  0.5 vpm CxHy

lens with a numerical aperture of 0.5. This results in a spatial reso-
lution of around 1.25 �m.

3.3. The vacuum probe system

For the local heating of the MEMS  structures, a customized
micro-manipulator probe system was  purchased from McAllister
Technical Services. Our MEMS  structures are fabricated on a wafer
that is diced into 5-mm-square semiconductor chips that can be
placed inside the chamber of the probe system. The user has opti-
cal access to the chip through a viewport on the top of the chamber.
The probe system is mounted on a vibration isolation table with a
hole in the middle via which the chamber is connected to a pump-
ing system. Prior to the deposition experiments, a roughing pump
produces a pressure of 10−3 mbar, which is low enough for a tur-
bomolecular pump to achieve a base pressure of the order of 10−8

mbar. The chamber is then isolated from the pump via a gate valve,
and it is filled with either hydrogen or methane through gas lines.
Fig. 4 shows the vacuum probe system, and Table 1 lists the impu-
rities of the hydrogen and methane gases supplied by Linde Gas
Nederland.

3.4. Four-point measurement setup

For the Joule heating of the nickel MEMS  structures, the electri-
cal drive signals are supplied by a data acquisition device (National
Instruments, NI USB X Series Multifunction DAQ) that is connected
to a computer. The two bondpads of the MEMS  structure are con-
nected by probes to analog output and ground, respectively. With
two additional probes on the same bondpads, we measure the volt-
age across the structure by a voltmeter. A high-current 1× buffer
circuit to compensate for the different impedance levels between
the output of the DAQ device and the input of the MEMS  struc-
ture. Moreover, we have added a 10-Ohm power resistor to ensure
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ig. 5. Electrical wiring diagram of the four-point measurement setup. The circuit
llows setting of the temperatures in the graphene synthesis experiments.

hat the current flowing through the beam is not defined by the
robe/bondpad contact resistance, or by any other varying or par-
sitic resistance in the circuit. Fig. 5 shows the electrical wiring
iagram of the four-point measurement setup. Through this cir-
uit, we are able to control the electrical power that is dissipated
ue to the voltage drop across the structure, which we  can relate
o the temperature increase necessary to deposit graphene locally,
n the middle part of the beam.

.5. Procedure and test conditions

The electrical resistance of the beams increases with the
ncrease in temperature, which leads to a higher than intended volt-
ge across the structure. The voltage values can differ from beam to
eam, even if the same drive signal is supplied by the DAQ device.
herefore, we established a procedure to prevent the beam from
verheating: The experiments are performed in a number of steps,
nd, during each step, we increase the value of the set drive signal
ith the square root of time. At the end of every step, we inspect

he beam with micro-Raman spectroscopy, and assess whether and
ow many graphene layers have formed. In the subsequent step, we
ake a slightly higher final value for the drive signal.

To start the deposition experiments, we first place the chip with
he structure inside the chamber that is then pumped down to
acuum. We  flush the chamber with hydrogen, and we set a low
rive signal to induce Joule heating of the structure. In this way, we
arry out a low-temperature treatment using hydrogen annealing
efore the CVD process. During the annealing stage, we measure
oth the voltage and the current across the MEMS  structure. To
onvert measured electrical power to annealing temperature, we
se the expression we derived from our FEM model (see Appendix).

Afterwards, we pump out the hydrogen and introduce methane
n the chamber. For the in-diffusion stage, we set the same drive sig-
al as the one for the annealing stage, whereas the drive signal is set

ower by 0.5 V for the precipitation stage. We  observe that the mea-
ured voltage is now slightly higher compared to the one when the
tructure was in a hydrogen environment, indicating that, during
he in-diffusion stage, the increasing content of dissolved carbon
toms increases the electrical resistance of the beam. Therefore,
or this structure and for the same drive signal, the in-diffusion
emperature is higher than the annealing temperature. We con-
ert measured power to in-diffusion or precipitation temperature

y using the same expression derived from FEM modeling, since it
olds for any surrounding atmosphere.

The chamber is subsequently vented, so that we  can remove
he chip and examine the top surface of the beam for graphene
 / Sensors and Actuators A 303 (2020) 111837 5

growth with micro-Raman spectroscopy. Because the in-diffusion
temperature is still too low, no layers are present on the surfaces of
the nickel beam. We then place the chip back inside the chamber,
which we first evacuate and then repeat the experimental proce-
dure. In this next step of experiments, we set a slightly higher drive
signal for the annealing/in-diffusion stage, while, for the precipita-
tion stage, the drive signal is again set lower by 0.5 V. A couple more
steps of experiments follow until the Raman response indicative of
graphene layers is acquired.

In all experiments, the chamber pressure is 1000 mbar, and both
the annealing and in-diffusion times are 120 s. The precipitation
times were set to 0.5 �s, 0.01 s, and 30 s, and are expected to yield
nothing, few-, and multi-layer graphene, respectively. As the ther-
mal  time constant of the MEMS  device is 28 �s (see Appendix),
we will use this value to indicate the shortest precipitation time.
Note that while at the 0.01-s and 30-s precipitation times the cool-
ing occurs effectively instantaneously compared to the total time,
the 28-�s precipitation time has an exponentially decreasing cool-
ing profile. At the end of every stage, the electrical drive signal is
set to zero, and the time required for the structure to cool down to
room temperature is defined by its thermal time constant. We have
observed that, at constant current, the output voltage decreases
by a few percent due to a change in electrical resistance across
the beam, with a time constant in the order of seconds. We  refer
to this effect as voltage sag, and it translates to a temperature
decrease that causes undesirable carbon precipitation during the
in-diffusion stage. To prevent this, instead of setting the DC input
voltage instantly, we ramp the drive signal with the square root of
time for 120 s. During this time, the temperature of the structure
increases with the square root of time till it reaches its maximum
value that relates to the set drive signal. The diffusion of carbon into
nickel happens predominantly in the last ten seconds of this stage.
We hence use the ‘effective in-diffusion temperature’, which is the
temperature defined as being halfway between the in-diffusion
temperature and the precipitation temperature, so that we  can
estimate the amount of excess carbon concentration. We  ramp the
drive signal during the in-diffusion, as well as the annealing stage.
Fig. 6 summarizes the conditions under which the graphene depo-
sition experiments are carried out. In this figure, the duration of the
precipitation stage is 30 s.

4. Results

Table 2 summarizes all the graphene deposition experiments
classified in terms of precipitation time: 28 �s (with the electrical
precipitation time set to 0.5 �s), 0.01 s, and 30 s. Each precipitation
time was tested on two MEMS  structures with an 8-�m wide beam
and a 6-�m wide beam (second column). The experiments were
carried out in a number of steps (first column) following the proce-
dure described in the ‘Procedure and test conditions’ section of this
paper. The measured electrical power values have been converted
to temperature values by using the formulas derived from the FEM
model (see Appendix). Tanneal is the temperature during the anneal-
ing stage while in hydrogen environment. Tin is the temperature at
the end of the in-diffusion stage, and Tprec is the temperature during
the precipitation stage while in methane environment.

In Figs. 7, 8 and 9 we plot the Raman response of all MEMS  struc-
tures. They illustrate the evolution of the graphene layer growth
with increasing in-diffusion and precipitation temperature for a
MEMS  structure with a 6-�m wide beam (left), or an 8-�m wide
beam (right), for the three set precipitation times: 28 �s, 0.01 s,

and 30 s. All spectra seen in these figures contain two  sharp plasma
lines that are indicative of the argon-ion laser transitions [29].

We carried out one more graphene deposition experiment on
another MEMS  structure with an 8-�m wide beam, and with a
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Fig. 6. Diagram of the temperature profile during the graphene deposition experiments.

Table 2
Overview of the graphene deposition experiments.

28 �s 0.01 s 30 s

Step number Beam width Tanneal Tin Tprec Tanneal Tin Tprec Tanneal Tin Tprec

1
6 �m 755 K 830 K 780 K 800 K 865 K 810 K 765 K 850 K 805 K
8  �m 810 K 870 K 830 K 775 K 840 K 790 K 780 K 870 K 835 K

2
6  �m 820 K 870 K 820 K 820 K 880 K 830 K 795 K 940 K 895 K
8  �m 790 K 915 K 875 K 815 K 865 K 835 K 835 K 870 K 835 K

3
6  �m 830 K 930 K 885 K 870 K 985 K 930 K 875 K 930 K 890 K
8  �m 845 K 965 K 935 K 815 K 930 K 890 K 860 K 935 K 900 K

4
6  �m 870 K 995 K 950 K 950 K 970 K 915 K 895 K 1030 K 985 K
8  �m 905 K 1000 K 975 K 910 K 980 K 955 K 895 K 990 K 960 K

5
6  �m 930 K 1025 K 975 K 900 K 1050 K 1000 K 1030 K 1120 K 1070 K
8  �m 955 K 1040 K 1005 K 875 K 950 K 915 K 915 K 990 K 955 K

F s on th
i

p
i
t
i
f
d

ig. 7. Raman response of all steps of experiments with a precipitation time of 28 �
s  observed.

recipitation time of 0.3 s. We  followed the same procedure as
n the previous graphene layer growth procedure. Fig. 10 shows
he Raman response at the middle part of the beam, and Fig. 11

s an image of the MEMS  structure and its Raman responses at
our other locations of the beam with their distance from the mid-
le part indicated on top of each plot. Figs. 10 and 11 show the
e 6-�m wide beam (left), and on the 8-�m wide beam (right). No graphene growth

Raman response from the final step of experiments. The spread in
Raman signal intensity is indicative of a difference in layer thick-
ness from location to location. Single-layer graphene is observed
nowhere on the structure, consistent with the theory that single-

layer graphene is not Raman-active when coupled on a nickel
surface.
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Fig. 8. Raman response of all steps of experiments with a precipitation time of 0.01 s on the 6-�m wide beam (left), and on the 8-�m wide beam (right). Few-layer graphene
growth is observed.

Fig. 9. Raman response of all steps of experiments with a precipitation time of 30 s on the 6-�m wide beam (left), and on the 8-�m wide beam (right). Multi-layer graphene
growth is observed.

Fig. 10. Raman response of the final step of graphene deposition experiments with a precipitation time of 0.3 s on an additional MEMS  structure with an 8-�m wide beam.
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ig. 11. Raman response of the final step of graphene deposition experiments with
he  middle part indicated on top of each plot.

. Discussion

.1. Number of graphene layers deposited on the nickel MEMS
urfaces

The experiments in which the duration of the precipitation stage
as 30 s yielded multiple layers of graphene, so many that it is in

act more appropriate to speak of a thin graphitic film. There is
 large difference between many physical properties of graphene
nd graphite, but for our purpose, which is the modification of tri-
ological properties of MEMS  surfaces, both are desirable. In step 5,
ultiple layers of graphene were formed on both structures with

 6-�m wide beam and an 8-�m wide beam, with the layer num-
er of the former being much higher than the one of the latter due
o slightly higher in-diffusion and precipitation temperature. How-
ver, in the previous step, the structure with an 8-�m wide beam
ndicated the formation of more graphene layers, even though both
he in-diffusion and precipitation temperature were lower than the
nes of the 6-�m wide beam. This is probably due to the fact that
he temperature of the hydrogen annealing stage at the 6-um beam
as too low to provide a ‘clean’ surface prior to the CVD process that

ook place at such high in-diffusion and precipitation temperature.
hus, although this step resulted in no layer deposition, it never-
heless contributed to the total graphene growth history of the
tructure. Note that when the temperature of a graphene-coated
tructure increases, the deposited graphene layers dissolve back in
he bulk of the structure in the form of carbon atoms [30]. More-
ver, in the previous step of experiments for the 8-�m wide beam,
oth the in-diffusion and precipitation temperatures were slightly

igher compared to the ones of the 6-�m wide beam. Thus, dur-

ng this step, the nuclei for the subsequent synthesized graphene
ayers could have been formed.
cipitation time of 0.3 s at four other locations of the beam with their distance from

The experiments in which the duration of the precipitation stage
was 0.01 s yielded few layers of graphene. In particular, for the
MEMS  structure with an 8-�m wide beam, the synthesis of few-
layer graphene took place in step 4, since both the in-diffusion and
precipitation temperatures were slightly higher than the ones mea-
sured at the middle part of the 6-�m wide beam. In step 5, the
structure with a 6-�m wide beam had both the in-diffusion and
precipitation temperatures higher than the ones of the 8-�m wide
beam, and hence the number of graphene layers that were formed
was larger. In these figures, we observe a clear d-band that is indica-
tive of defects in the graphene lattice. The intensity of the d-band
decreases with the increase in intensity of the Raman signal, mean-
ing that the multi-layer graphene is more defect-free, as described
in Section 2.2.

The experiments in which the duration of the precipitation stage
was 28 �s yielded no observable Raman signal, since this time cor-
responded to a diffusion length that was well below the minimum
distance that the carbon atoms needed to move to form even a sin-
gle layer of graphene. Virtually no carbon atoms precipitated out
from the bulk of the structure. Thus, in Fig. 7, we only observe the
background noise of the Raman measurement, which adds weight
to the claim that the graphene growth mechanism is carbon out-
diffusion-limited.

In Fig. 10 and Fig. 11, we  show the Raman response of the
additional MEMS  structure with an 8-�m wide beam, where the
precipitation stage lasted 0.3 s. The deposition experiments yielded
bi-layer graphene at the middle of the beam and few-layer at other
locations, where both the in-diffusion and precipitation temper-
atures are expected to be slightly lower than the calculated ones

(1040 K and 1000 K, respectively). With this MEMS structure, we
show that the intensity and Raman peak ratio of the spectra varies
significantly from location to location on the nickel surface (see
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Table  3
Measured G-band intensity counts seen in Figs. 8–10, and their respective calcu-
lated number of graphene layers from the Raman responses that correspond to each
precipitation time.

Precipitation
time

G-band intensity
counts

Number of
graphene layers

6 �m 8 �m 6 �m 8 �m

28 �s 0 0 0 (<1) 0 (<1)
0.01 s 3100 1300 3–4 2
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Fig. 12. Measured G-band Raman intensity as a function of precipitation time.
30 s 8200 7300 >8 (calculated:
16)

>8 (calculated:
8–9)

ig. 11). Our interpretation of these data is that due to the limited
patial resolution of the micro-Raman spectroscope being 1.25 �m,
e probe different patches of graphene at the same time. Some of

he surface is bare nickel, some may  be bi-layer graphene, and part
s certainly multi-layer, given the Raman peak ratio. This means that
he patches that are grown first (maybe preferentially at the grain
oundaries) are smaller than 1.25 �m in diameter, and that a sec-
nd layer starts to form at the nucleation sites long before the first
ayer is complete. With prolonged precipitation, the layer grows
hicker, but presumably it is still not equally thick in all locations.
nother striking finding is the fact that a multi-layer graphene
aman response is found in spectra with sub-single-layer inten-
ity. This is indicative of the fact that single-layer graphene may
xist on the surface but is not visible with Raman.

From Fig. 8 and Fig. 9, we extracted the number of graphene
ayers deposited at the end of every step that resulted in a Raman
esponse. Table 3 lists the number of graphene layers for each pre-
ipitation time and beam width of the MEMS  structure after step 5.
he procedure for calculating the number of layers from the G-band
aman intensity on a nickel surface is described in Section 2.2. If
e assume that all carbon has precipitated out in 30 s, we have a

eference to which the G-band Raman intensities can be compared.
he number of layers is given in brackets for the 30-s precipitation
ime experiment as calculated from Eq. 7, showing that we indeed
each the maximum G-band Raman intensity of Fig. 1. The mean-
ng of a partial number of layers of graphene is that these layers
re incomplete, e.g. a layer thickness of 3–4 will consist of a film
hat is partly three, partly four layers thick within the probing area.

ith micro-Raman spectroscopy, we have a spot size limiting the
n-plane spatial resolution to ∼ 1 �m.  Hence, we cannot distinguish
etween a situation with many different perfect grains smaller than
ur resolution, and a situation with only one grain but with many
efects. The fact that we see partial numbers of layers (Table 3)
gain indicates that also in this respect the variation takes place on

 length scale that we cannot probe optically.
In Fig. 12, the Raman intensity of the G-band is shown as a

unction of precipitation time, while Fig. 13 presents the calculated
raphene layer thickness.

.2. Normalized number of graphene layers as a function of
iffusion length

In Fig. 14, we plot the normalized number of graphene layers
eposited on the beams as a function of the total diffusion length,
ccording to Eq. 8. This has the advantage of resulting in a plot that
s independent of the individual temperature steps encountered in
he experiments. For the two experiments where the precipitation
ime was 28 �s, which yielded virtually no graphene, we  added
rror bars from zero to a single, undetectable graphene layer and

laced the dots at half a layer to distinguish between the 6- and 8-
m wide beams. For the remaining four MEMS  structures, we plot

heir n⁄�S  values using the respective number of graphene layers
isted in Table 3.
Fig. 13. Calculated number of graphene layers as a function of precipitation time.

On the y axis of Fig. 14, the normalized number of graphene
layers consists of the calculated number of layers divided by its
respective carbon solubility difference for each beam width, and it
is proportional to the fraction of the excess carbon that precipitates
on the nickel surface. On the x axis, we  plot the calculated diffusion
length for the measured temperatures and the corresponding pre-
cipitation time. When the diffusion length becomes longer than the
maximum value calculated from Eq. 8, all the excess carbon atoms
will precipitate on the surface of nickel and no more layers will
be synthesized, hence the horizontal plateau in Fig. 14. Moreover,
in the calculations of the total diffusion length, we set the size of
the hexagonal grains equal to 2  ̨ = 1 �m.  This grain size is typical for
nickel structures that are fabricated using the MetalMUMPs process
[31], and it fits the data plotted in Fig. 14 very well.

Overall, the number of synthesized graphene layers approxi-
mates the predicted trend in Fig. 14. The agreement is good, given
that, in addition to the temperature measurement errors, there are
several more effects that were not included in our theory on car-
bon precipitation control. For instance, the model takes for granted

that carbon atoms are uniformly distributed inside the nickel struc-
ture during the in-diffusion stage, and similarly it presumes that
the excess carbon atoms are homogeneously segregated from the
nickel-carbon solution, hence assuming uniform distribution on the
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Fig. 14. The normalized number of graphene layers deposited o

ickel surface during the precipitation process. The effects of sur-
ace roughness of the nickel structure and the effect of nucleation
inetics on the graphene growth mechanism are likewise consid-
red negligible.

. Conclusion and future work

In this paper, we have presented our theory on carbon precipi-
ation control which we compared to the results from our graphene
VD experiments on nickel MEMS  structures. The experiments
ere performed by independently controlling the temperatures
uring the carbon in-diffusion and precipitation stages, and their
espective duration. Because the MEMS  device we used has a ther-
al  time constant of only 28 �s, we were able to precisely control

he precipitation time and hence the number of carbon atoms that
iffused out and precipitated on the nickel surface, which ulti-
ately influences the number of graphene layers that were formed.
e have shown that it is necessary to incorporate grain-boundary

iffusion in the model to obtain agreement between the predicted
umber of graphene layers and the measured one. By adjusting the
recipitation time, we were able to change the number of graphene

ayers formed from virtually zero (owing to the short thermal time
onstant) up to the number of layers where all dissolved carbon
toms contribute to the formed graphene layers. No monolayer
raphene was observed in the Raman spectra, which is consistent
ith the theory that single-layer graphene on a nickel surface is
ot Raman-active. Our method can be used in future experiments
here graphene-coated MEMS  structures are needed e.g. to slide

gainst one another in MEMS  devices with a tribomechanical func-
ionality. This may  take the form of experiments with dedicated
ickel MEMS  tribometers, similar to the similar in functionality to
he MEMS  tribometers presented earlier in [32].
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