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located at higher gate voltages (>+42 V), indicating high p-doping in graphene.
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Populärvetenskaplig Sammanfattning
Elektrisk karakterisering av kommersiell grafen
Mikael Anttila-Eriksson
Grafen
Grafen är ett relativt nytt material som upptäcktes först 2004. Det består utav endast ett atomlager
kol som bildar en yta som kan liknas till formen av ett hönsnät. Det är så tunt att om grafenet var lika
tjock som ett hårstrå, skulle hårstrået behöva vara ca 30 meter tjockt. Det liknar grafit, det material
som används i blyertspennor och grafit kan sägas bestå utav flera miljoner eller miljarder lager av
grafen. Första metoden att tillverka grafen var faktiskt att riva loss dessa lager med hjälp av tejp. Stor
uppståndelse och förväntan skapades vid upptäckten 2004, dels på sättet som det tillverkades men
också för dess mångfald av attraktiva egenskaper. för att nämna några egenskaper så är grafen
extremts stark men samtidigt väldigt böjbart, det har bra elektrisk- och värmeledningsförmåga samt
nästan helt genomskinligt. Egenskaperna gjorde att förväntningarna på att använda grafen för att
förbättra och skapa ny tillämpningar steg. Nu 2016 ligger de flesta fortfarande i forskningsstadiet.
Marknaden för grafen, främst råvaran, stiger nu i snabbt takt. 2012 passerar den 9 miljoner dollar och
2020 förväntas den omfatta 149 miljoner. Flera olika produktionsmetoder har utvecklats, vissa utgår
från att separera lager från grafit, andra genom att kemiskt belägga det. Att separera lager ger små
flagor som kan användas medan stora ytor av grafen kan fås genom kemisk ångdeponering (på
engelska: chemical vapor deposition, CVD). Ett område där grafen tros kunna byta ut nuvarande
teknologi på är transistorer. Grafen som bara är ett atomlager tjockt klarar av att förminska
transistorerna ytterligare, när det inte längre går att bygga mindre med kisel, som idag används. Det
finns dock en del fundamentala problem med grafen som behöver hanteras innan det blir aktuellt. Ett
av dem är att grafen inte är en halvledare, utan en så kallad semimetall. Vilket innebär att
strömförbrukningen i grafentransistorer ökar markant. Forskning pågår för att omvandla grafen till en
halvledare.

Transistorer
Transistorer är en apparat som kan stänga eller släppa igenom en ström. Ett sätt att göra detta på är
att använda den så kallade fält-effekten, vilket innebär att ledningsförmågan hos halvledarmaterial
kan kontrolleras med ett elektriskt fält. Exempel på struktur ses i figur 1a, där färdas strömmen från
”source” till ”drain” elektroden (som är gjorda av metall), via halvledarmaterialet. Detta är elektriskt
isolerat av oxidlagret, från undersidan, kallad gate-elektroden. Genom att lägga på en spänning på
gaten, skapas ett elektriskt fält som påverkar hur mycket ström som kan gå igenom
halvledarmaterialet.
b)

σ [Ωm]

a)

Spänning [V]

Figur 1a) Exempel på uppbyggnad av fälteffekt transistor och b) typisk utseende för grafens ledningsförmåga beroende på
spänningen på gate-elektroden. Bilden b) är hämtad från (1).
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Grafen i transistorer
När halvledarmaterialet byts ut mot grafen uppstår några nya fenomen. Ett av dem är att strömmen
genom grafen aldrig kan stängas av, vilket ger upphov till en min-punkt för dess ledningsförmåga. En
annan effekt är den på engelska kallad ”Ambipolar field effect” som betyder att både elektroner och
hål (d.v.s. avsaknad av elektron) kan leda ström i grafen. Den praktiskt konsekvensen blir att för ideal
grafen ökar ledningsförmågan med både ökad plus- och minusspänning på gate-elektroden, där
minimumpunkten fås utan pålagd spänning, se exempel i figur 1b. Denna kurva liknar också hur grafens
elektronenerginivåer ser ut och vid en viss punkt har grafen teoretiskt varken elektroner eller hål som
kan leda ström. Denna punkt kallas Diracpunkten och där borde ledningsförmågan således vara noll,
men i verkligheten uppkommer alltid störningar som gör att viss ledning förekommer. Diracpunkten
motsvarar alltså den uppmätta min-punkten.

Problem/utmaning
Oftast flyttar sig minimumpunkten i figur 1b åt höger, så att en positiv spänning behövs för att nå den.
Detta kan bland annat bero på oxidmaterialet, molekyler som har bundit sig fast på grafens yta och
elektrodmaterialet. Grafenet får då ett tillskott på hål (som leder strömmen) och det kallas då att
grafenet blivit p-dopad. Ofta vill man ha min-punkten nära noll för att slippa behöva lägga på så hög
spänning för att nå dit, vilket försämrar bland annat livslängden på transistorn. Att få ner min-punkten
nära noll och p-dopingnivån är inte helt enkelt, även om många forskargrupper klarar av det. Det kan
göras genom att välja vissa typer av material och utföra vissa behandlingar före, under och efter
tillverkningen av transistorerna.

Arbete
I detta arbete karakteriseras tillverkade grafentransistorer genom att mäta ledningsförmågan mot
pålagd spänning på gate-elektroden, som i figur 1b. Därifrån får man var Diracpunkten befinner sig,
lutningen på kurvan runt minimumpunkten, som kallas transkonduktansen, samt rörligheten på
elektronerna eller hålen som leder strömmen, så kallat mobilitet. Testar också olika
behandlingsmetoders effektivitet att få Diracpunkten närmare noll. Behandlingar som testas är
glödgning av grafentransistor genom att låta en hög ström gå igenom den; att glödga hela provet, med
alla transistorerna, i en vakuumugn eller på en het platta; låta provet ligga i avjoniserat vatten samt
rena provet med UV-ljus.

Resultat
Det visar sig att Diracpunkten ligger över +42 Volt, vilket är det som maximalt går att mäta med
utrustningen. Av behandlingarna är det ingen som klarar av att ge en tydlig Diracpunkt. Vissa märkliga
Diracpunkter sågs dock men tros ha uppkommit på grund utav lokal p-doping av grafenet under
drain/source-elektroderna. Behandlingarnas effektivitet tros vara i följande ordning: Glödgning i
vakuumugn på 200 °C samt 300 °C; het platta vid 180 °C. Övriga verkade inte ha någon positiv effekt.
UV-ljusbehandlingen skapade förändringar i grafenet som förstörde transistorn. Avslutningsvis var de
uppmäta mobiliteterna efter tillverkning av transistorerna i underkant av vad tillverkarna av grafenet
har utgav för nytt grafen. Vår tillverkningsprocess kan därmed ha haft en negativ effekt på mobiliteten.

Examensarbete 30 hp på civilingenjörsprogrammet
Teknisk fysik med materialvetenskap
Uppsala universitet, juni 2016
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Abbreviation and Definitions
AFM

Atomic Force Microscope

CVD

Chemical Vapor Deposition

FET

Field-Effect transistor

GFET

Graphene Field-Effect Transistor

Graphene layer

A layer of graphene that doesn´t have to be used in a GFET

Graphene channel

A monolayer of graphene that constitutes the channel part of a GFET

IV

Current (I) vs Voltage (V)

Conductivity, σ

A measure of a materials ability to conduct electricity. SI Unit [Ωm]

Sample

1x1 cm2 piece with many devices on top

Device

Constitutes of four/eight gold electrodes to use as source and drain and
functions as a GFET

Terminal

An electrode on top of graphene, made for connecting the graphene to
the measurement equipment

UV

Ultra Violet light
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1 Introduction

Motivation
Graphene is a monolayer of carbon atoms, having the same structure as a single layer of graphite. It
was the first 2D material ever produced through a process of micromechanical cleavage of graphite.
(2) Today it has added a new dimension in the field of research on carbon and its related materials. (3)
Focus now lies on investigating its properties and improving fabrication techniques further. (1,4) Also
to explore how graphene can replace materials in existing application or be used to develop new ones,
because of its combination of properties such as its strength, flexibility, transparency and conductivity.
(5) It is ideal for applications in electronics, machinery and sensors. (1) Applications expected to be
developed are in various areas for example photonics, photodetectors, optical modulators, paints and
coatings, energy generator and storage, sensors and more, see Figure 2. (5) The interest in graphene
has indeed increased since 2004. The graphene market, which mostly is about the raw material,
exceeded 9 million US-dollar in 2012 (6) and is projected to reach about 149 million in 2020, which is
an yearly average of 42 % increase per year. (7) A lot of effort has been put in on the production of
graphene and now graphene can be produced in different shapes and qualities by various exfoliationtechniques and chemical vapor deposition (CVD)-processes. (5) Where CVD-processes today has the
capability to produce large area graphene. (5) The graphene market is still in a developing phase to
make graphene with properties that is more suitable to each different application. (5)

Figure 2 Expected development schedule for graphene-based display and electronic devices. Image taken from (5).

Graphene exhibit the field effect conduction when it´s substitutes the channel material in field-effect
transistors (FET). (8) Research is going on to develop graphene field-effect transistors (GFET), that is
expected by some to the replace current FETs. (5,9) Example is High-frequency transistor, were
compound semiconductors (III-IV materials) will hit the roadblock in the future development around
2021, due to physical limits of the materials. (5) Thus, in the field of electronics graphene might
substitute current silicon-technology if researchers can overcome fundamental problems compared to
ordinary FETs. (8,10) Problems included are such as the zero band gap of graphene, which limits its
performance as a logical transistor by making the device unable to switch off, and current saturation
at high fields that limits its use as a radiofrequency transistor. (8)

Aims and goals
Here commercially available CVD graphene is used as channel in GFET devices. The physical properties
of commercially available graphene need to be studied before a particular application development. It
is important that graphene maintains the transconductance, mobility and Dirac point at a satisfying
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level over a period of time. Key factors to achieve that are the fabrication process and various
treatments after fabrication.
The goal is to investigate how the electrical response on the devices fabricated using commercially
available CVD graphene can be optimized by:




Determine the Dirac point, transconductance and mobility.
Investigate how different treatments affect the devices electrical response.
Bring Dirac point below 20 V.

Thesis outline
In chapter 1 is a general introduction to graphene and graphene field-effect devices. Chapter 2 gives a
background on properties of graphene and the current electronics devices. Chapter 3 goes through
instrumentation and fabrication of the devices. Chapter 4 discusses characteristic measurements
made on the devices and the impact of different treatments to the devices. Chapter 5 gives a
conclusion and chapter 6 looks into the future for possible research directions.
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2 Background

2d structure of graphene
Graphene is a single layer of graphite. As illustrated in Figure 3, the carbon atoms chemically bind to
its three neighboring carbon atoms, forming a 2-dimensional hexagonal network also called
honeycomb lattice. Due to symmetry, graphene´s can also be regarded as two interleaving triangular
lattice, as illustrated by the blue and gray atoms in Figure 3. In the lattice, each carbon atom is
separated about 1,42 Å from each other. The carbons bind together as a sp2 hybrid, which forms three
σ-bonds (covalent bonds) in the 2-dimensional plan and one π-bond out of the plan. The π-bond is
hybridized into filled π-bands and empty π*-bands (11).

Figure 3 Honeycomb lattice of graphene, also illustrated is the two triangular sublattice´s A (blue) and B (gray). Image taken
from (11).

Physical properties of graphene
Research of mechanical properties have recently increased explosively, but are still just in its beginning,
having trouble with defining and developing measurement methods for characterization (4).
Experiments were suspended graphene was loaded by an AFM tip, shown in Figure 4, has measured
an intrinsic strength of σ = 130 GPa, which is the highest ever measured for any material (4). It has high
in plane stiffness but can easily be bent out of the plane (4). Graphene has also been found to be very
brittle, and as a consequence the researchers behind the study recommends determine the
mechanical stability of large-area graphene by its fracture toughness rather than its intrinsic strength
(12). Optically, graphene is about 98 % transparent in the visible spectrum, with a reflectance of only
0.1 %, making it interesting as a transparent conducting material. Notable is also a relatively high
absorption that is proportional to the number of layers. (11) Furthermore its thermal conductivity of
K=5300 Wm-1K-1 is extraordinary high. (13) As for comparison, that´s roughly twice that of diamond.
(14)
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Figure 4 Illustration of experiment of the eleastic and strength properties of pristine graphene. Graphene is deposited on top
of a substrate with circular holes and loaded by AFM tip. Image taken from (4).

Electronic properties of graphene
The π-bands makes the foundation to graphene's electrical properties. The three σ-bonds binds to the
neighboring atoms while the electron in the π-band is free to conduct. Another aspect of graphene is
that at energies close to Dirac point the charge carriers are described by the massless Dirac equation.
As a consequence, the charge carriers have zero effective mass, making the charge carriers behave like
relativistic quasiparticles with a speed of 106 m/s. (15)
Graphene electrical properties are described by calculating its band structure on top of the first
Brillouin zone, see Figure 5. An interesting thing is the six Dirac points in momentum space, at the
corner of graphene’s first Brillouin zone, where the conduction and valence band meet each other in
a conical shape (16). Therefore, intrinsic graphene has zero band gap and is regarded as a semimetal.
Additionally, these six points can be divided into three sets of K and K´ points, where all K and K´ points
are different from each other (11). Ideally, the Fermi energy is at the same level as the Dirac point, but
can be changed by for example introducing dopants the move the Fermi level up (n-doping) or down
(p-doping). (1)

Figure 5 First Brillouin zone and band structure of graphene. The vertical axis is energy while horizontal are momentum space
on the graphene lattice. Calculated with tight-binding model. The edges of the first Brillouin zone are marked with red, along
with following points: two Dirac points, K and K´; the midpoint M between K and K´; and zone center Γ. Image taken from (11).

Field effect conduction
The field-effect means that an external electric field can effect charge carrier conduction in
semiconductor materials. The field will either attract or repel charge carriers where availability of
conduction states changes the conductivity of the semiconductor. This is used in FETs to control the
current passing through it. Metal oxide FET device contains a metal source and drain terminal. These
are connected to each other through a channel that is made out of a semiconducting material.
Separated from the channel by an electrically insulating oxide layer is the gate. By applying a potential
to the gate, it forms a capacitor with the oxide and an electric field is created that can control the flow
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of charge carriers (conductivity) through the channel. Devices are characterized by its cutoff frequency,
on/off ratio, transconductance, subthreshold slope and mobility. A gated measurement can extract
the transconductance, on/off ratio and mobility and is a common measurement to characterize GFET
devices. It´s executed by plotting the drain current versus varying gate voltages, a typical curve is
shown in Figure 6a, where the slope of the curve is equal to the transconductance, gm:
𝑔𝑚 =

𝜕𝐼𝐷
𝜕𝑉𝐺

where ID is the current between source and drain electrodes and VG is the applied gate voltage. The
Graphene makes these devices respond differently to the field effect compared to other devices, (11)
due to its band structure. One is that graphene can have both electrons and holes as majority charge
carriers, depending on the gate voltage, called the ambipolar field effect (16). When the fermi level is
at the Dirac point (where the conduction and valence band meat) the drain current has its minimum
value corresponding to the charge neutrality point (VCNP) of the gate voltage, see Figure 6a. At that
point, the concentration of electrons and holes, i.e. charge carriers, are equal. On the positive side of
VCNP the fermi level in graphene raises and increase the concentration of electrons, which becomes the
majority carriers, see Figure 6b. Vice versa, the holes are the majority carriers on the negative side of
VCNP as seen in Figure 6c. In ideal case VCNP = 0 V, but if intrinsic or extrinsic doping are induced into
graphene, the VCNP shifts its position, in positive direction for p-doping and negative direction for ndoping. Since graphene is just a monolayer of atoms, it´s fermi level is very sensitive to external factors
like the dielectric substrate (1,17), adsorbates (17,18), metal contact and (18–20). The other special
property of graphene is that the gate voltage can never turn the current between source and drain
completely off (11). It´s called that graphene has a minimum conductivity. This arises both from
disorder in graphene and impurities at the surface of graphene and at the graphene/sio2 interface,
(11) that causes fluctuation to the electrostatic potential. This can be seen as electron-hole puddles
that can be used for conduction.
b)
a)

c)

Figure 6 a) Gated response of conductivity for a GFET at 10 Kelvin. On Y axis is conductance but directly measuring the drain
current ID is also common. X axis displays the gate voltage. Band diagram of graphene with fermi levels effected by b) a positive
and c) negative gate voltage. Image taken from a) (1) and b), c) (21)
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3 Experimental details

Light optical imaging
All optical images were taken by Olympus AX 70
Research Microscope, seen in Figure 7. With maximum
200x objective lens. Also equipped with CCD camera
and supporting Piscara image software.

Raman spectroscopy
Raman spectroscopy is commonly used to control the
quality of the graphene. Here an inVia confocal Raman
microscope from Renishaw was used, with a 532 nm
laser. Pristine graphene has two characteristic bands
in Raman spectroscopy. One is the G band at ~1580
cm-1, corresponding to vibrations of carbon atoms
with sp2 bonds, along the plane; the vibration is an Figure 7 Olympus microscope with CCD camera.
optical phonon. The other one is the 2D band at ~2680
cm-1, coming from two phonon double resonances processes. The 2D band is used to determine the
numbers of graphene layers. For one layer, the 2D band can be fitted with a Lorentzian peak and the
intensity relative to the G band is more than double. But as the layer’s increase, the 2D band gets
broader and less symmetric. Disorder in graphene induces two other bands, called the D-band at ~1350
cm-1, and its overtone D´ band at ~1620 cm-1. These are directly related to in-plane defects and are
used to estimate the defect density of graphene. (22)

Oven for vacuum annealing
The oven can heat up to 1100 °C. The vacuum system reaches a pressure of about 10-8 to 10-7 torr, and
contains a rough pump and a turbo pump. The sample is put into an alumina boat, see Figure 8 (right),
that’s placed inside a quartz tube. The tube is then attached to the pumping system and then the oven
is slid around the tube, which is demonstrated in Figure 8 (left).

Figure 8 To the left is the quartz tube attached to the vacuum system and the oven slid around it. To the right is the alumina
boat with the sample placed in the front.
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Photolithography
Before fabrication the sample consisted of a graphene monolayer, produced from CVD process. The
graphene is on top of 300 nm SiO2, on a highly p-doped silicon substrate, see Figure 9a.
Photolithography is the first process in fabrication of the source and drain electrodes. First step is to
spin coated a positive photoresist (red) onto the sample, with Delta 20 Spin Coater, figure 9b. Karl Suss
MA6 mask aligner is used to generate patterns in photoresist by irradiating the sample with UV light,
figure 9c. The sample was developed in developer solution, removing the non-irradiated photoresist
as seen in figure 9d.

b) Step 2

a) Step 1

c) Step 3

d) Step 4

UV light

Figure 9 Fabrication scheme for GFET devices, showing cross section of a single device. a) before fabrication, b) sample with
photoresist on (red), c) UV light hardens the irradiated parts of the photoresist (light red) and d) the non-irradiated parts are
rinsed away.

Metal deposition
The electrodes are deposited by thermal evaporation, first ~2-3 nm of titanium is evaporated as
adhesive layer, followed by a gold layer of about 90 nm thick, see Figure 10a. Sample is placed in
toluene to remove the rest of the photoresist, see Figure 10b. Graphene channels between source
and drain are formed by removing excess graphene with oxygen plasma. A cross section and a head
over picture seen in Figure 10c and 10d respectively.
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a) Step 5

c)

b) Step 6

d)

Figure 10 Fabrication scheme for GFET devices, a) gold and titanium is evaporated on top of sample, b) etching in toluene
removes the photoresist, leveeing a source and drain electrode. c) cross section of complete device, also displaying which
elements each part consists of. d) overview of complete device and inset show an out zoomed view of whole sample.

Samples
For measurement different samples were used with different device geometry and dimensions as seen
in figure 11. Sample were also exposed to different treatments of which all are listed in table 1.
Table 1 Summary of samples used, their description, type of measurements and treatments that were performed.

Sample Description
Measurement
Eight terminals, connected to each other through
out carved graphene channels. Average distances Gated IV
between terminals are: horizontal 86 µm; vertical
A
56 µm; neighbor terminals 41µm. All terminals
were used in any combination during Resistance
measurements.

B

C

Four terminals, placed as shown in figure 11b.
Graphene is widely spread around the terminals Gated IV
and current can go unhindered in between them.
Average channel length and width are 37.4 and
11.3 µm. Terminals opposite each other were Resistance
used during measurements.
Four terminals, placed and measured in the same
way as sample B. Average channel length and Resistance
width are 27 µm.

Treatment

Current annealing
Hot plate annealing
Ionized water
UV ozone
Vacuum annealing
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[µm] e)

d)

f)
[µm]
[µm]

Figure 11 Illustrations of the geometry of devices on a) sample A, b) sample B and c) sample C. d-f) Magnifications on the
graphene channel with average dimensions, for respective device.

Probe station for electrical characterization
All electrical measurements were carried out at ambient conditions, inside a Faraday cage, using an
Agilent A1500B semiconductor parameter analyzer, as seen in Figure 12a. EasyExpert™ software is
monitoring the measurement. The needles were attached to electrode A and B during electrical
characterization of each device, in gated measurements A and B were used as source and drain while
the gate is applied on a separate electrode C, see Figure 12b.
a)
b)

Figure 12a) A Faraday cage with a Karl Suss probe station and a microscope. Electrical measurements use an Agilent A1500B
four probe semiconductor parameter analyzer, upper left corner. Upper right is zoomed image of tungsten probe needles, the
two golden needles are connected to the pre-amplifiers and are used as source/drain during gated measurement. Silver needle
applies the gate voltage. b) schematic of connections during gated measurements.

Hot plate
Treated samples were annealed on a hot plate in air environment.

UV-ozone
An UV-Ozone Photoreactor, model PR-100 from UVP, Inc. was used to treat samples.
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4 Results and Discussion

Structural characterization of graphene
The graphene layer was characterized with Raman spectrum after fabrication, see Figure 13a. The 2Dpeak is located ~2684 cm-1 and the G-peak at ~1583 cm-1, which agree well with the earlier data. (23)
The D-peak is low but exist which indicated a small degree of disorder in the graphene layer. The 2D
band is a good fit to a Lorentzian peak (Figure 13b) and the intensity ratio is estimated to I2D/IG = 4,0,
which is well above 2. Thus graphene is concluded to be a monolayer.
Figure 14a display an optical microscopic image of a device after fabrication. The graphene layer has
some photoresist residues from the fabrication process but looks clean and intact. The uniformly light
blue color suggests it´s is dominantly a monolayer except for the black circles, which are bilayer islands
(24).
Graphene devices on sample A survived for only short duration of time. Imaged reveals that graphene
between the electrodes got damaged during measurement, as can been seen in Figure 14b. This could
be associated with the charging of devices and sample handling. These devices also demonstrated very
high resistances. Graphene devices on sample B are much more stable.
a)

b)

Figure 13 Raman spectrum of graphene channel after fabrication showing in a) from 1100 to 2900 cm-1 and b) Loretzian fit to
the 2D peak.
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Figure 14 a) Initial image of one device. Four gold electrodes are seen at the edges. The light blue square is the graphene
channel on SiO2 and the brown areas outside are just SiO2. On top of graphene is blue residues from fabrication visible and
the black circles are bilayer islands. b) Image of damaged graphene channel, in a light microscope at 200 times magnification.
Brown areas are SiO2, graphene are lightly blue areas and at the bottom edge, three gold electrodes are visible as brightly
yellow.

Electrical characterization of GFET:s
All devices used in gated measurements went through two control measurements. The leakage current
between the device and the gate electrode was sufficiently low (below 1 pA at 42 gate voltage) to be
able to regard the device as electrically isolated from the gate electrode, see Figure 15a. This was done
by carrying out an IV measurement between the gate electrode and one of the top electrodes. The
functionality of the device is checked by IV measurement between source and drain at zero gate
voltage, example shown in Figure 15b. The error bar indicates average current in measured devices
with standard deviation.

Figure 15 Characteristic IV measurements of a device between a) source/drain and gate electrode and b) source and drain
electrode

Resistance of devices
The resistance of devices on sample A, B and C were measured among different devices and was
plotted as a distribution as seen in Figure 16. The resistance is a form of resistance per dimension and
𝑊

is calculated as: 𝑅 = 𝑅𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 ∗ 𝐿 , where W and L are width and length of the channel and the
resistance measured is Rmeasure. Sample B and C show similar distribution, although sample C has 30 %
lower (546/780 = 0,7) mean resistance. Devices on sample A had a higher resistance and only a few
could be measured, see table 2, due to their short lifetime compared to other samples. One reason for
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the differences could be due to the differences in geometry between the samples, see description in
table 1.

a)

b)

R = 3850 ± 2660 Ω

R = 780 ± 655 Ω

c)

R = 546 ± 585 Ω

Figure 16 Resistance distribution on sample a) A, b) B and c) C.
Table 2 Resistances of the samples.

Sample
A
B
C

Number of measured devices
4
17
18

Resistance [Ω]
3846 ± 2659
780 ± 655
546 ± 585

Physical effects from treatments
Current annealing
Following, stepwise, current annealing process was used. In each step, a constant current was applied
between the drain and source electrodes for certain time, from 20 seconds to 20 minutes. The applied
current ranged from 1 mA to 30 mA. Through the process, the current was stepwise increased and IV
measurement was taken to assess if the device was sufficiently clean, meaning the resistance for a
current at 1 mA to be less than 10 % higher than the resistance at 10 to 15 mA. The goal was to achieve
a so linear IV curve as possible. Histogram, in Figure 17, before and after the process, show that
resistance of the devices can be decreased by current annealing by ~50%.
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R = 1711 ± 840 Ω
R = 902 ± 217 Ω

Figure 17 Histogram of resistances a) before and b) after current annealing.

The annealing process could also result in a sharp increase in resistance instead. The process was then
stopped when the voltage used to apply the current started to rapidly increase or directly went into
compliance of 40 V. The devices could survive some of these breaks and could be used again, until they
finally stopped to be conducting at all. Totally the measurement broke down at 12; 14; 16 and 22 mA.
At best a device could handle 20 mA for about 10-15 seconds. In images taken by the light microscope
before and after current annealing, see Figure 18, its seen that even though the device no longer was
conducting, no apparent change to the graphene layer could be seen. One possibility is that junction
breakdown has happened at the graphene/electrode interface, which of course cannot be seen in the
microscope.

Figure 18 Close up image of the graphene layer and connected gold electrode a) before current annealing and b) after current
annealing. Images taken at 160 and 200 times magnification respectively, and both are modified to enhance the contrast.

Vacuum annealing
From optical microscope images it is seen that the vacuum annealing did not remove the black particles
or the blue lithography residue on the surface of graphene, see Figure 19.
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Figure 19 Zoomed image Graphene layer a) before vacuum annealing and b) after vacuum annealing. Both images are
modified to enhance the contrast.

UV-Ozone
UV-Ozone treatment is common procedure to remove surface contaminating molecules. The risk is
that graphene will be damaged by a too high intensity, and also that ozone will increase its p-doping.
The sample was treated for 2, 5 and 15 minutes. Between each step optical imaging was used to check
that the graphene layer still was observable i.e. not completely removed. It was visible through all
steps. Following Raman spectroscopy of the graphene are presented in Figure 20. It reveals that it has
gone through a change during the UV treatment. The D band at ~1342 cm-1, has grown to the largest
peak and a clear D´ band (1623 cm-1) is now also visible, both of them indicating strong disorder in the
graphene layer. The intensity ratio, without detracting the D´ band is I2D/IG+D´ = 2,9 (detracting the D´
band will only increase the ratio). Meaning it´s still above 2, which suggest that no transformation have
occurred. Thus UV treatment has changed pristine graphene into highly defected graphene.
Figure 21 show optical microscope images before and after reveals that UV ozone treatment at least
has cleaned the graphene surface from the blue fabrication residues and also some of the black
particles
are
removed.

Figure 20 Raman spectrum of graphene layer after UV-Ozone treatment. The blue line is used as a reference and was taken
after fabrication of the devices.
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-Figure 21 Before a), and after b) UV treatment. The bluish residues from photoresist from the fabrication has almost
completely disappeared, but most of the black particles are still present.

Gated measurements
All following gated measurements were carried out in either of two ways. Either the gate voltage was
swept from -Vg to + Vg and then back to -Vg with a constant drain voltage or a gate curve was created
by sweeping the drain voltage was from 0 to +VDS at different gate voltages, then plotting the drain
current (ID) at a specific VDS value, against its respective gate voltage.
Initial measurements after fabrication of shows no sign of a Dirac point, see Figure 22. The
transconductance, is lower for sample A, g=1,4 nS, than sample B, g=12nS. But the gated response is
similar for both samples, a decreasing slope towards higher gate voltages with no sign of turning
upwards. Thus can be concluded that our samples are highly p-doped and has a Dirac point (drain
current minima) at higher gate voltages than +42 V, probably at 60-80 V. A part of the problem could
depend on graphene being p-doped by various surface molecules either on the surface of graphene
and/or in the interface between the graphene and the silicon dioxide. These molecule, mostly water
and oxygen form locations for charge trapping, which induces the p-doping. A decrease in
concentration of these molecules would cause the p-doping to decrease and the Dirac valley could
approach zero gate voltage.

Figure 22 Gate measurement on sample A and B. Drain to source voltage is 1 mV. Sample B: s curve is created from IV
measurements at different gate voltages. Drain current values are taken at a drain voltage of 1 mV, and then plotted against
their respective gate voltage. While sample A is a direct measurement of the drain current at different gate voltages.
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Current annealing

Drain current [A] After

Gated measurements were also performed before and after current annealing are presented in Figure
23. The process can reduce the resistance, as seen in Figure 17. Gated measurements show that the
transconductance before current annealing was g = 5,3 nS (for 1 mV drain voltage). However, after
current annealing the trancunductance was 349,1; 697,9 and 1046 nS with a respective drain voltage
of 25; 50 and 75 mV. Compared to a drain voltage of 1 mV ( 𝑉𝐷𝑆 ∝ 𝑔𝑚 ), that’s equal to (349,1 ns/25
mV =) 13,96 nS; 13,96 nS and 13,95 nS, which means that the transconductance has more than doubled
compared to before current annealing. By looking at the shape of the gate curves before and after in
Figure 23, they do not appear to have changed anything or to have caused any shift of the Dirac point
at all.

Gate voltage [V]
Figure 23 Gate measurement before and after current annealing. Drain voltage before was 1 mV and after was 25, 50 and 75
mV respectively.

Bath in ionized water
A plastic box was cleaned with ethanol and blow dried with nitrogen. Ionized water was poured into
the box before the sample where put down. The sample was in the bath for two and a half days. Then
it was brought up, blow dried with nitrogen and measured on direct after, see Figure 24, in case pdoping would increase with time quickly. The treatment showed no alteration of the gate curve in the
device, although only one device was tested. De-ionized water thus seems unable to alter the position
of the Dirac point.

Figure 24 Gate measurement after sample had been treated in ionized water bath, with drain voltage 1 mV.
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Vacuum annealing
Vacuum annealing of fabricated samples were tested first at 200 °C for 20 hours and several gate
measurements were taken with a drain voltage of 50 mV, see Figure 25. Only one device demonstrated
a Dirac point near 3 V as shown in Figure 26. Thus vacuum annealing seems to effect the location of
the Dirac point. Current annealing the device resulted in higher conductance but shifted the Dirac point
above 40 V as shown in Figure 27. Another device demonstrated an extra Dirac point around -20 V,
called a “double dip” by Bartolomeo et al. (20)
Vacuum annealing seems to have reduced the p-doping of graphene and current annealing may
remove this effect and change the behavior of graphene from semiconductor to metallic. Other devices
demonstrated either a nonlinear response or no obvious difference from before. Regardless of their
shape, most of the curves exhibit a change close to 40 V, to a direction upwards, as if the Dirac valley
where close by.

Figure 25 Gate measurements after sample been vacuum annealed at 200 °C. Legend specifies the device name. Device B9
and B10 displays some kind of Dirac point (drain current minimum), at -20 V and 3 V respectively. Drain voltage was 50 mV.

Figure 26 Closer look on Dirac point seen around 3 V, drain voltage is 50 mV.
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Figure 27 Gate measurements before and after current annealing, display how the Dirac point disappear because of current
annealing. Drain voltage is 1 mV.

Second test of vacuum annealing is carried out at 300 °C for 20 hours. Gated measurements were taken
afterwards and are presented in Figure 28a. One device was measured several times after the sample
where taken out of the vacuum system to see how the air atmosphere affected the gate curve, result
is shown in Figure 28b. The devices had similar features as in the previous test at 200 °C, some seems
unaffected, and others are nonlinear. Only one device had a current minimum, which developed first
after about 7 hours, as seen in Figure 28b. That a Dirac point develops after 7 hours where earlier there
was none suggests it´s a second Dirac point, which would correspond to a fermi level at the Dirac point
for the graphene under the electrodes. (20) All these mentioned features were observed at gate
voltages between -10 V to +30 V, which is slightly higher than the curves observed after vacuum
annealing at 200 °C. The influence of time had a similar effect on the gated response as thus extracted
by Yang Y. et al, (25) that performed a similar experiment. They measured from 3 min to 180 min after
the sample left the vacuum. Both our and their experiment showed a shift to the right with time,
indicating increased p-doping from newly attached adsorbates on the graphene surface. A notable
observation is the difference that our curves decreased in drain current at the planar region, while
theirs increased.

Planar region

Figure 28 Gate curves taken after vacuum annealing at 300 °C. a) on different devices and b) on one device at several times,
+ time tells how long it has been in air atmosphere.
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Hot plate annealing
A simpler form of heat annealing than vacuum annealing is to anneal the samples on a hot plate in air
environment. Treated samples were annealed on a hot plate at 180 °C for 10 minutes. This have been
tested by Konstantinos et al (26) which claims it will evaporate all the surface water and oxygen on
graphene. After treatment Figure 29a and 29b show response with time. The devices demonstrated a
nonlinear response except one that had a Dirac point. The Dirac point was first located near 20 V, then
also increased with time. One day later it couldn´t be seen anymore but might be located at 50-60 V.
This case the current level also generally decreased with time, similarly as earlier experiment.
However, Figure 29b presents another device that demonstrated an increase in conductance and more
in agreement with the results of Jang M. et al. (27)

Figure 29 Gate measurements at different times after hot plate annealing on device a) B6 and b) B19.

UV-Ozone treatment
Indicated by the Raman spectroscopy earlier gated measurements after UV-ozone treatment in Figure
30a, show a big decrease in transconductance. The gated response also decreases with constantly
increasing gate voltage, as seen in Figure 30b, thus it seems to have shifted to a metallic response. This
suggest graphene have become a metal instead of a semi-metal.
To evaluate all the gated measurements, Dirac points were observed at gate voltages ranging from 25 V up to +35 V. There is evidence pointing towards that two Dirac points exist, also called doubledip, with one above +42 V and unable to be observed here. Chiu H. Y. et al claims that the double-dips
are topologically well-defined and controlled by applied stress. (28) Thus, assuming the same stress
condition for all measurements, which could be reasonable since all the measurements started around
-40 V. Then comparing which treatment that made the observable features decrease most in gate
voltage could give an estimate of which treatment that were most efficient. In that case, vacuum
annealing at 200 °C was most efficient, followed by vacuum annealing at 300 °C and then hot plate
annealing. Current annealing and ionized water treatments had no observable effect and UV-ozone
induced defects into graphene, destroying its function.
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Figure 30 Gated measurements a) before and after UV-Ozone treatement, drain voltage was 1 mV. b) metallic response after
UV-Ozone treatment, drain voltage was 500 mV.

Field effect Mobility on CVD graphene
Transconductances acquired from the gate measurements can be used to calculated the field-effect
mobility µeff: (27)
𝑔𝑚 𝐿
𝐶𝑜𝑥 𝑉𝐷𝑆 𝑊
where L and W is the length and width of the channel respectively and VDS is the voltage between drain
and source of the device. Cox is the oxide capacitance per unit area, is 115 nF/cm-2 for the samples and
calculated as follows:
µ𝑒𝑓𝑓 =

𝐶𝑜𝑥 =

𝜀 ∗ 𝜀0
𝑑

Where ε is the dielectric constant of SiO2 (3,9), ε0 is the permittivity of free space (8,85*10^-12) and d
the thickness of the SiO2-layer (300 nm).
Mobility´s after all treatments are presented in Figure 31. Sample A, that stopped working after some
few initial measurements, is shown in step 1. The rest of the steps are measured on sample B.
Interesting is that vacuum annealing seems to have a decreasing effect on the mobility. It could be an
effect from the treatment but it could also be that the existence of the double-dip disturbs the whole
measurement of the transconductance i.e. the slope, that is used in calculation of the mobility. To be
more sure, the transconductance on the other side of the first Dirac point, so called n-branch, needs
to be measured. The advantage is that it is not affected by the double-dip phenomenon. Ionized water
had a slightly negative effect while the UV treatment, that destroyed the function of the devices, had
a very negative effect on the mobility too, see table 3. Current annealing had a positive effect, which
can also be seen from the gate measurements in Figure 27. Also Hot plate annealing increased the
mobility. Comparing to the manufacturers claims of a mobility around 4000 cm2/Vs, our results show
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that initially, the devices performed on the lower edge of that area, thus our fabrication process could
potentially have affected the results, probably causing a decrease in mobility.

Figure 31 field effect mobility at different stages and treatments of the samples. A means sample A and B for sample B, the
number tells the order of treatment, with zero being before treatment. A0: sample A. B0: Untreated sample B. B1: Current
annealing. B2: Ionized water. B3: Vacuum annealing at 200 °C. B4: One day after. B5: Vacuum annealing at 300 °C. B6: Hot
plate annealing. B7: Before UV-ozone. B8: After UV-ozone.
Table 3 Display of how subsequent treatment affected the mobility value of sample B, also how it changed compared to the
untreated mobility.

Treatment
Untreated
Current annealing
Ionized water
Vacuum anneal 200 °C
One day after
Vacuum anneal 300 °C
Hot plate anneal
UV-ozone

Mean mobility
[cm2/Vs]
3024
3281
2168
1639
1939
1426
2454
371

Change after each
treatment
108,5%
66,1%
75,6%
118,3%
73,6%
172,0%
15,1%

Change from
untreated
108,5%
71,7%
54,2%
64,1%
47,2%
81,1%
12,3%
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5 Conclusion

The graphene devices based on commercially available graphene measured here were highly p-doped
and no treatment could decrease the Dirac point below a gate voltage of 42 V. However, second Dirac
points and non-linear features were observed and are thought to be explained by local p-doping of the
graphene under the electrodes. Although not enough, vacuum annealing and annealing on a hot plate
might have decreased the overall p-doping and the location of the Dirac point. Furthermore, the charge
carrier mobility´s decreased in all treatments except current annealing and hot plate annealing. Finally,
the charge carrier mobility´s after fabrication are on the lower edge of what the manufacturer
estimates for raw graphene on SiO2/Si substrate.
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6 Future Outlooks

Having a Dirac point below 20 V is not straight forward on commercially available CVD graphene as
experienced in this work. Hopefully it does not have to be a too big of a problem, many have achieved
it through various different methods (10,19,29,30) but all of them are not with graphene open to the
ambient atmosphere though. For future research, there are some different choices, the main area
would be to change something in the overall production process of the devices. One way is to change
source of graphene to another manufacturer. Another to participate more in the production of
graphene by for example do the transfer process (graphene from copper substrate to SiO2/Si substrate)
ourselves or start even further back and try to make CVD graphene. Whatever the choice, the results
here can be used as a base for post-treatments of fabricated devices, if needed.
Another common problem with gated measurements of GFETs are the hysteresis phenomenon, which
arises as a difference in location of the Dirac point between forward and backward sweeps. Forward
meaning to sweep the gate voltage in the positive direction from example -10 V to +10 V, and backward
to sweep in the negative direction. It depends on the sweep range of gate voltage (30), sweep rate
(volt/second) (18,31) and surrounding conditions (30,31) and the mechanism behind is believed to be
charge trapping at the graphene surface and graphene/SiO2 interface. (18,32) Since the Dirac point
wasn´t that easy to find, it never became a serious issue here. Although some initial optimization was
done based on earlier studies. It was concluded that during measurement, a relatively fast sweep rate
is better, ~4 V/s was used, and a short sweep range of about 6 V. (33) For further study purpose can
be said that these setting worked satisfyingly during this thesis, when demand for low hysteresis was
relatively low. How they work when demands increase still needs to be optimized though.
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