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Current wafer-scale fabrication me‘ﬂ%@ graphene-based electronics and sensors

involve the transfer of single-laye mmme by a support polymer. This often leaves
some polymer residue on th \@I&n , which can strongly impact its electronic,
thermal, and mechanical r anee properties. To assess the cleanliness of graphene

N‘bb considerable interest to quantify the amount of

fabrication methods, 1
contamination on_top of thésgraphene. Here, we present a methodology for direct
measurement of e.%s of the graphene sheet using quartz crystal microbalances
(QCM). By

oniforing«the QCM resonance frequency during removal of graphene in
an oxyge(/p% the total mass of the graphene and contamination is determined
with sfib-graphene-monolayer accuracy. Since the etch-rate of the contamination is

that of graphene, quantitative measurements of the mass of contaminants

higher t
£
below, on t0p, and between graphene layers are obtained. We find that polymer-based

-ﬁ
dry tfansfer methods can increase the mass of a graphene sheet by a factor of 10.

Q esented mass measurement method is conceptually straightforward to interpret
a

d can be used for standardized testing of graphene transfer procedures in order to

w ““improve the quality of graphene devices in future applications.
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PublishingThe remarkable electronic', thermal®* and mechanical® properties of graphene have

6— 10-17

opened the door for many new electronic devices®? and sensors . Fabrication of these
devices on wafer-scale often requires transfer of sheets of single-layer graphene grown by
chemical vapor deposition, using a support polymer!®2!. It is inevitable that this intro-

duces some transfer contamination on top of the graphene?23, sigéiﬁcantly impacting the

5,29-31

device’s electronic?* 2%, thermal®”?®, or mechanical resonance prépertie . Therefore, a

simple and accurate test to determine the amount of contaﬁK:n on top of graphene is
e

p} néeware optically transparent,
versware difficult to detect by

needed. Typically, the contamination layers on top of g

soft and relatively thin (<1lum). For these reasons, thes
-

popular characterization techniques such as optical m I“OSCOIY ., Raman spectroscopy®” and
atomic force microscopy>?.

Several works have determined the amouttof co@mination on top of graphene res-

onators by tracking the resonance frequency shift in response to an out-of-plane force®29-31:35,

However, these methods require know d@le mechanical properties of the resonator,
which vary considerably from device-to-de
measurement methods**3?. Morgover,

nation over a small area of t s&}s@

amount of contamination can oc

ice, impacting the accuracy of resonance-based

esé'resonance based methods only probe contami-

resonator, whereas large lateral variations in the
r assesment of production techniques, it is important
to have procedures tha er@nsiow contamination levels over large areas.

met

£

e, between graphene double-layers, and below graphene. We em-

Here, we present determine the mass of graphene and of the contamination

layers on top offfap
ploy quartz crystal microbalances (QQCM), which are piezoelectric quartz crystals that can

be brought,i )esonance by applying an oscillating voltage?®. QCMs are popular tools

41,42
)

to meas growth“rates during thin film deposition and in biochemical applications

. £

becauge of t simplicity and high accuracy. This has enabled researchers to monitor

e
changeS\n g&phene’s mass due to interfacial processes on the surface*®**. In this work we
nonst

Bate the use of QCMs to determine the mass of graphene itself and contaminants by

=~

d
in-situ measurement during oxygen plasma etching. In contrast to mechanical resonance
baged methods, the proposed method is no longer sensitive to the mechanical properties of

the graphene and thus facilitates a direct measurement of the mass and furthermore allows

large areas of graphene to be studied.

The sensors consist of AT-cut piezoelectric quartz crystals (Noveatech S.r.l. AT10-14-
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FIG. 1. (a) Experimental procedure to measure the mass of graphefie tging the quartz crystal

microbalance (QCM). The measurement starts with a QCM with a @gmphene covering
a

one of the electrodes. The oxygen plasma etches away the graph nd any contaminants until

the etching stops. Continuous monitoring of the resonance @‘:‘i&o the crystal allows one to
determine the mass that has been removed by the plasnda. (b) erimental setup to determine
the mass of graphene during plasma etching. The Q Mj&@ erature sensor are mounted on a
KF40 flange with electrical feedthroughs to an IC

the oscillator circuit processes and conditions t%om the QCM which is then read-out using
a frequency counter. A platinum resistor ptl(Ne

QCM. &

N
6-UP) between two gold con ac&' rating at a resonance frequency near 10 MHz. A
\*{'eatment on both sides are used to clean the crystals

etehi g‘c)amber. Outside the vacuum chamber

eter determines the temperature near the

Piranha solution and oxygen p
of all organic contamin tsrﬁigni cant organic contamination remains after this process

as shown in SupplementargMaterial S3. Large sheets of graphene grown by chemical vapour

deposition (CV]?/& t{ans/ﬁerred on top of one of the electrodes using a widely used dry

transfer method®. s enSured that the graphene sheet fully covers the electrode. A second

rbs transferred on some of the crystals to create double-layer graphene. No

attemptsdare per ed to clean the graphene after transfer, since we are interested to see

tr{nsfer residue on top of the graphene as a result of this process.

Eigu 1(}) shows the experimental protocol to measure the mass of graphene. The
crystal @th CVD graphene is placed in the plasma chamber. Oxygen plasma etches the
@ﬁp@ne and organic residues, which reduces the mass on top of the crystal that results
imhan increase of the QCM resonance frequency. The resonance frequency of the QCM is
continuously monitored during the etching process. Stabilization of the resonance frequency
indicates full removal of the graphene and all the organic contaminants from the QCM. The

shift in the resonance frequency A f can be related to the removed mass using the Sauerbrey


http://dx.doi.org/10.1063/1.5111086

! I P | This manuscript was accepted by Appl. Phys. Lett. Click here to see the version of record.

Publishieghation®
Af = —Cph, (1)

where p is the density, h the thickness of the material on top of the QCM, and the constant
C'is given by the properties of the quartz crystal:

A
mfo, 3\ (2)

where p, is the density of quartz, j, the shear modulus a«%{ 10 MHz the unloaded
in\this

resonance frequency of the crystal. For the crystals use

ork, a single monolayer
of graphene with a mass density of phgaphene = 0.76<mg 2hresponds to a theoretical
resonance frequency shift of 17.19 Hz. Throughout th WOI‘k} we will often express the mass
per unit square or frequency shift in units of eql@ent monolayers of graphene.

Figure 1(b) shows the experimental setup to measure£he resonance frequency of the crys-

tal during etching. We use a reactive ion ﬂ Leybold Hereaus Fluor F2) in a class 10000

(ISOT) cleanroom as the plasma cham%d vacuum flange is adapted to create elec-
con

trical feedthroughs to the chamber cted to a KF-40 port on the plasma chamber.
A vector network analyzer (VN gates the resonance frequency of the membrane by
a transmission measurement. Ak]\a\\e y one can use a commercially available oscillator
circuit as shown in the Suppl Material S1. However, the VNA produces the best
results as it is not sengitive the interference from the RF plasma at 13.56 MHz- the
homodyne detectiondsche -\:iects these frequencies. The oscillator circuit, on the other
hand, will often lése on’ the mechanical resonance frequency when the plasma ignites,
eliminating m \c data during the etching process (see Supplementary Material S3).

A pt-1000

ature sensor is placed in the chamber near the crystal to monitor the tem-
perature, eoéuse is affects the resonance frequency. The uncertainty in the resonance
frequ ney 1s rmlned by three factors, as shown in the Supplementary Material S2. First,

nc dependence of the crystal on temperature, which is characetrized in a subse-

quent m surernent Second, the occurrence of a small (~3 Hz) jump when the RF power is

che on, and third, the occurrence of random frequency jumps during the measurements
1ch possibly occur due to spurious modes.
Figure 2 shows the resonance frequency of four graphene-covered crystals as a function of
the etch time in an oxygen plasma. Crystals covered with single-layer graphene are shown

in Fig. 2(a) . After the plasma is switched on, the resonance frequency rapidly increases

4
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FIG. 2. (a) Frequency shift as a function of etch time for two Cry84 overed by single layer
graphene. At time 0 the oxygen plasma is switched on. Both cr ta@h initial high etch
rate which rapidly decreases after ~20 seconds, followed by a sli inCrgase until the frequency
settles. The uncertainty bar is determined by (1) the tem a‘tawp ndence of the frequency,
(2) a small jump in frequency when the RF power is swit€hed on (3) the occurrence of sudden
jumps in the frequency (see supplemental informatiou();fh tal)mcertainty is determined to be 7

Hz. (b) Frequency shift for two crystals covered with ble-layer graphene. These crystals show a

striking decrease in etching rate, after which thé etching rapidly increases again. At approximately

130 seconds, crystal two features a second decreage 1 e etch rate. The uncertainty is larger with

respect to the single-layer devices due to the\@ﬁ%quent occurrence of jumps in the frequency.

N
which indicates the removal of masg fsgmtthe crystal. We observe that after approximately
20 seconds, the etch rate decrem.nsiderably. After some time, however, the etch rate
slightly increases again béfore the frequency stabilizes. In crystal 1, this corresponds roughly
to a monolayer of graphe mhng etched, while in crystal 2 more mass is removed in this
slower regime. A tOt ass/corresponding to 10.8 0.4 layers of graphene is removed from
crystal 1, while zz 1 of 12.240.4 layers was removed from crystal 2. The total uncertainty
of these mea r@ents is determined to be 7 Hz, thus achieving sub-monolayer accuracy in

the mas y

Refults on e/stacked double layers of graphene are shown in Fig. 2(b). Similar to the
case.of the single-layer graphene, the etching slows down considerably after approximately
40cto 5055econds. After this, the etching rate increases significantly. In crystal 2, a second
}e§re\ase in the etching rate is observed at approximately 130 seconds of etching time. Later,
the etching rate increases again and finally stops. In crystal 1, this second decrease in
etching rate is less prominent due to spurious frequency jumps near 200 seconds and 300
seconds. A total mass corresponding to 16.0 £+ 1.1 monolayers of graphene is removed from

crystal 1, while 14.0 & 1.1 equivalent monolayers are removed from crystal 2. The more
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PUbIIShI'Iﬂg' JLE 1. Measured mass per unit square ph divided by the theoretical mass of graphene

Phgraphene = 0.76 mg/m2. The SLG column shows single layer graphene crystals and the DLG
column double layer graphene. Three crystals (T) were measured by the VNA and the remainder
(*) were measured by the oscillator circuit.

Crystal SLG ph/phgaphene Crystal DLG ph{%e

1 12.2f 1

w

—
19.2%

6.0}
2 10.87 2 \g
10.1% ng.
4 (O

14.0%

= W

5 B 14.5%

! -
frequent occurrence of random jumps duri %easuremen‘cs of these crystals cause a
higher uncertainty compared to the single-layer<erystals. Possible causes of the random

jumps are outlined in the Suppleme tary%l S2.

The total etched mass of all the c?a'fs.\used in this work are shown in Table I. The
remaining etching curves that are shown in Fig. 2 are given in the Supplementary
Material S3. For the double la mtals, we etch away on average an equivalent mass of

16.7 monolayers of grap en@\Sijle for the single layers we etch away 11.8 layers of graphene.

We first discuss the obsegved variation in the etch rate, in particular the slow etching

regimes in the double-layer pfystals. By comparing the single layer and double layer crystals
in Fig. 2, we clh&&hat the slower etch rate can be attributed to the graphene, since the
double lay %typically show a second decrease in the etching rate. The results thus
show tha%;ie/n tching rate is much slower than the contamination. From the data with
SLG in Fig. , we conclude that most of the contamination is present on the top side of
the.gra enessince initially most of the mass is removed and after the etching slows down
it'does Tﬁ)t increase again. This makes transfer residues from the polymer a likely source
}Sh& contamination, which is supported by further measurements on crystals covered by
only polymer (without graphene), see Supplementary Material S3. On Crystal 2 with SLG,
significantly more mass (approximately 1.5 equivalent graphene monolayers) is removed in

the slow etching regime, which might indicate the presence of contamination underneath

the graphene. Possible sources of contamination underneath graphene could be water that
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Publishiisginown to accumulate between graphene and the substrate®®, or insufficient cleaning of
organic contaminants from the QCM before transfer. In the Supplementary Material S3, we
show a measurement at much lower plasma power of 4W. At these powers, graphene was

not fully removed but rather oxidized as shown by Raman spectroscopy, confirming the slow

b'}ym further evidence

that the slower etch rate can be attributed to the graphe&;e interpretation of the
a

etching rate of graphene with regard to the contamination.

The measurements of double layer graphene crystals in Fig.

data is that the etching of the first graphene layer cau$s ignificant decrease in the

etching rate after 40 seconds and the less-prominent eco decrease can be attributed to

the second graphene layer. Since the etching rate sig 'ﬁcantﬁ increases after slowing down,

we conclude that the stacking of these layers ectlvely sults (from bottom to top) in
a graphene-residue-graphene-residue stack. 1le tL flrst region with a slow etch rate
shows a relatively sharp decrease in etc n 1e second slow regime is considerably
smoother. This may be due to latera n&formltles in the etch rate or contamination
thickness, which result in variationsd ]\Qe when the second graphene layer is reached

and etched. One striking obsergt;ouk that the addition of the second graphene layer

increases the mass by only ~40%, ingtead ‘of doubling the mass. From the experiments (Fig.
2) it appears that the additionm& can be attributed to the top contamination layer of

. while this layer is significantly thinner in the double-layer crystals.
The underlying causé of t .ﬁﬂl

the single layer graphen

observation is currently unknown.

The method pfesented lWere can be used in several future technological applications.

7,46,47

For example, %Nncy range of tunable oscillators and the responsivity of res-

onating pressugedsensors!* 1635 is significantly impacted by the mass-per-unit-square of

/Ahe method is also a useful technique to determine the presence of con-
tamin@tion. ¢ electron mobility of graphene, for example, is significantly impacted by
contaminants®* 264849 Graphene has also been proposed as heat spreaders for thermal
m 1ager§ent in electronic circuits®®, but contaminated samples also show a significantly

r t ermal conductivity?”?®. For upscaling electronic and thermal graphene applications
t the wafer scale, the proposed QCM method can be used to select the best transfer tech-
nique to produce high-quality graphene devices. Furthermore, the QCM method no longer
requires the fabrication and testing of devices to optimize the transfer procedure? 26-48:49

which simplifies the procedure and improves the throughput of the optimization process.

7
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Publishiffde QCM method thus enables large-scale quality control of graphene sheets. Moreover,
since graphene etches much slower than the contamination, the technique can discriminate
between the amount of contamination underneath and on top of the graphene.

For research, the method is useful to study the mass of wrinkled graphene membranes to
reveal their hidden area®, for example graphene transferred on smgth or rough substrates.

Furthermore, the QCM measurement can be a corroboration to

e~3um - of layers revealed

by Raman spectroscopy®2. In particular, the method is accurate engligh to count the number

reﬁhi is d1

tacks'ef multilayer 2D materials

of layers on few-layer graphene samples, in the regime w cult to achieve with

Raman spectroscopy. Moreover in heterostructures or othe
the QCMs are useful to reveal the presence of trappe residu?l aterials, which can hamper

the interlayer coupling that gives these stacks tl—@;favo le properties.

To conclude, we present a method to deterntine t e@ss—per—unit—square and etch rate of

CVD-grown graphene sheets using quartz %Zl migrobalances. This is achieved by etching
m

graphene on a QCM in oxygen plasma Ki?urmg the resonance frequency of the crystal

dry transfer method, the mass of single-layer

in-situ. We find that by using a widel
graphene sheet is observed to beften times higher than the theoretical mass of graphene.
The time-dependence of the e Chh\r hows that most of the contamination is on top of

the graphene. The method is us\lﬂ'J!1 quality control of large sheets of graphene for future

sensing, electronic and eﬁ?&%applications.

£
SUPPLEME R ATERIAL

Suppleme DMaterials contains: S1: further information on the measurement setup
using thé comimercially available oscillator circuit. S2: Determination of the uncertainty
in th¢ freque /shift. S3: Additional measurement results, including more crystals in-
cl dg&ble 1, measurements using low RF power, measurements on bare crystals and

asure@ents on polymer-covered crystals without graphene.
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