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2D material-metal contact resistance optimization

1. Abstract

Metal/graphene contact resistance is becoming a major limiting factor in the
creation of graphene devices. In this report, we will study and refine the whole
process flow towards the creation of graphene devices meant for contact
resistance measurements.

We first defined a new modified structure called “Modified Transmission line
model” combining two different kinds of resistance measurements in order to
get more reliable results.

We then create different chips with different methods and tests such as dose
tests in order to redefine a given process flow. We mainly improve the graphene
sheet etching as well as the resist stripping in the graphene patterning process.
We expose the choice of Acetone as the resist stripper instead of 1165 remover
as we get more than twice as many suitable results with Acetone than 1165
remover. But we see that the main defect factor of defects in the graphene sheet
is the deposition step.

Finally we expose the results of contact resistivity measurements on differently
created “modified TLM” devices and obtain values starting at 80 x 10® 2 cm?,
higher than collected literature values, due to too few usable chips.



2. Introduction

Graphene is a hexagonally-organized form of carbon. Its special structure allows
it to be used in layers down to one atom thick and makes it an incredible 2D
material with exceptional electrical, optical, mechanical and thermal properties.
But although Graphene presents a bright future for electronic devices, there is
an obstacle on the way, Metal-graphene contact resistance. Reducing that
contact resistance is of great importance for any applications of graphene sheet
structures.

In this project, we aim to optimize the contact resistivity between 2D materials
(graphene) and metal. In order to do that, we will test different designs to
measure the contact resistivity for different deposition methods and cleaning
and etching methods. Original specifications of the project are to be found in
Appendix1.

This project presents the particularity of studying metal-graphene device with
graphene deposited on top of metal contacts, unlike any measurements in the
literature.

We first chose a special design in order to ;/’-/”-"9 o i‘m
have the best possible resistivity GE .! : |
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measurements and we took 4 declinations of ‘

this design. The design is inspired by the
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better results. =

FigL)re 1 Close—up of one of the fabricated chips

We started from a pre-designed process flow that we modified partly to get
better results and finally came up with a well-designed process flow for graphene
circuit creation.
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Figure 2
Appendix1:

(left) Fabrication of test structures. Metal electrodes is defined via lift-off on a silicon wafer silicon dioxide. Graphene is
transfer onto of the wafer and patterned by oxygen plasma using photoresist as an etch mask.

(right) IV curves of graphene contacted with gold electrodes before and after annealing. Annealing was performed at 400°C
for 8 hours in a hydrogen and argon atmosphere.

Unfortunately some of the original specifications and objectives couldn’t be met
within the time of this project. We will see that some changes and problems
occurred in the process flow and lead to longer steps and loss of time in the
process.



3. Principles

3.1. State of the art

The great intrinsic performance of graphene transistors is masked by the high
contact resistance that is currently the greatest electric current limiting factor
(up to 2 orders of magnitude larger than graphene sheet resistance).

The research on the contact resistance has already been explored by some
people in different papers, and this project aims to compare any measured result
with the known contact resistance literature values. This way we can also test
the quality of the process and specifically of the graphene on top of metal
contacts (all gathered literature values used contacts on top).

There are different ways to perform the contact resistivity measurement. In this
paper we will focus on the Transmission Line Measurement model (TLM) (See
figure below).
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Figure 3 Transmission Line Measurement model (TLM) Grey: metal contacts, Blue: graphene sheet. ref. [3]

In order to have a reliable measurement of the contact resistance, we will have
a design with different distances between the metal contacts. We will then
measure the resistance of each of these lengths, plot them on a graph and from
there we will be able to determine the Contact resistance.

The resistance between 2 contacts can be represented as follows (figure below):
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Figure 4 Resistance representation of a graphene channel between two metal contacts. ref. [13]

And we can deduce for the total resistance:
Rr = Rgraph + 2R (1)
Having the total resistance [1], and the graphene sheet resistance (R), we can
deduce the contact resistance (2R;). To do that, we plot the measured

resistance for every different length of a design (same width W), make a linear
regression on the values and we obtain 2R at L = 0. (See figure below)
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Figure 5 Contact resistance and TLM measurements, plot of total R. ref. [3]

From these measurements, and as it appears on this graph, we can also obtain
the transfer length (L) which is the average distance that an electron travels in
the graphene over the contact before it flows into the contact. This value can
lead us to the contact resistivity by the relation [2].



— |Pc
Ly = R (2)

From relations [2] and R equation, we can deduce
pC = RCLTW (3)

In order to perform our measurements and to be able to analyze them correctly,
we gathered different values from previous measurements done by different
teams and published in different papers with different conditions and designs.

The gathered values for contact resistance in the referenced literature are listed
in table 1.

Metal/Graphene Pc References
Pd ~230 Q pm? [5]
Ni 500 Q um? [13]
Ti > 1000 Q pm? [13]
Ti <250 Q um? [10]
(liquid helium temp.)

Table 1 Collected litterature values for contact resistivities at room temperature

We can see out of this table that the result can vary widely. This is due to many
different things. First the temperature has shown to be a great changer in the
different resistances

Voltage range, graphene deposition quality, graphene sheet size and quality,
annealing as well as cleaning methods could vary and are of significant impact
on the contact resistance of the different designs. Even between 2 devices with
the exact same design we can see significant differences as we can see in the
following figure.
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Figure 6 Resistance measurements results on different TLM structures for the different length (same Width). Ref. [13]
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3.2. Design

One of the crucial part in order to start any measurement campaign is to have a
well-defined design. In the literature, we can find plenty of different designs used
for contact resistance measurements, such as traditional TLM, probably the most
common but also four probe structure.
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Figure 7(a) The traditional TLM structure, (b) the modified TLM structure, (c) the traditional four-terminal Kelvin test
structure and (d) the four-terminal Kelvin test structure of graphene devices. ref. [2]

They all have pros and cons but based on the work of the institute of
Microelectronics at the Chinese academy of science (ref [2]), we decided to
incline for a new design that could be called “modified TLM”. To make this
design, we started from a classic TLM structure to the right end of which we
added a cross-bridge structure. According to ref [2], this modified TLM has
proved to give more reliable values and to grant access to contact-related
parameters such as transfer length and graphene sheet resistance over and
outside the contact metal at the same time. Table 2 gives literature values
obtained with 2 modified TLM designs (they will be just called TLM in this report).



T(K) Rce () Rgewin ) Ly (um) pc (§2 - llfmz) Rsk (€2 - /,,mz)
290 521 15.42 1.72 298.83 101.50
180 3.93 10.15 1.87 210.27 62.93
140 3.65 9.95 1.81 200.77 61.50
100 3.31 9.67 1.73 188.67 59.98
60 3.21 9.02 1.77 179.11 57.15

Table 2The contact resistances and other parameters at different temperatures. ref. [2]

In our case, we created 4 different designs with different widths (W) and
different lengths (L). The figure below gives an example of our chosen design.
Table 3 gives all dimensions for our four different TLM designs. The dimensions
were chosen very small for TLM1 and 2, limited by the resolution of the
photoresist LASER writer (MLA 150), but also very close to the designs used in
ref [2] to have a comparison point for the measurements. And larger for TLM3
and 4 (up to 6 times larger) to reduce measurement problems due to potential
poor quality of the graphene layer or by any photolithography error.

.......

Figure 8 Example of a TLM design mask
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TLM1 TLM2 TLM3 TLM4

w 7 12 24 36
L1 2 4 8 12
L2 4 6 12 18
L3 6 10 20 30
L4 10 14 28 42
L5 10 20 40 60
L6 18 20 40 60
L7 22 28 56 84
L8 35 64 128 192
L9 28 35 70 105
Contact width 2 2 4 6

Table 3 Designs dimensions

In addition to the four TLM designs, we also added a traditional four probes
structure on some extra chips for the purpose of measurements comparison.
(See figure below)

L1 L2

Figure 9 Four probes structure, L1=100um, L2=200um, W=30um, contact width: 2um

Finally, the contacts were chose to be made of three layers. A first layer of
Chromium (Cr, 10nm) in order to add a second layer of Platinum (Pt, 100nm) and
a third layer of Titanium (Ti, 20nm). The choice of Titanium was made despite its
larger resistivity literature results in order to last through the different steps of

10



graphene deposition, such as annealing. However, its greater literature values
could prove useful when interpreting differences between cleaning methods or
other design dissimilarities. The lower layers (Cr and Pt) will serve some other
experience but only the last layer (Ti) will be useful for the measurements of this
project.

As a matter of time, one additional reason that lead the choice was the metal
availability of CMi available machines.
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4. Fabrication

In this section, we will summarize the chosen process flow leading to the creation
of the different chips on which the measurements were done providing
explanation to the key steps and issues and ending with a short analysis of the
resulting chips. A detail of every step and recipe of the process flow is given in
Appendix 2.

4.1. Process flow

c)

b) :

d) e)
] )
BN I P :
Si
sio,
P photoresist
B or

B Metal (Ti/Pt/Cr) (20 /100/10 nm)
Il cvD Graphene

Figure 10 : The first six figures are split into two in order to be able to explain at the same time the steps concerning only some
chips. On the left-hand side the schematic representation of chip TLM and chip 4P, while chip “Tom Larsen” is represented on
the right hand side. (a) The starting point is a silicon wafer with dry silicon dioxide on both sides. (b) The wafer is coated with
photoresist (AZ1512 on LOR). (c) A layer of Chromium/Platinum/Titanium is evaporated on one side. (d) The metal is patterned
with a lithography step and lift-off. (e) (Chips “Tom Larsen”) SiO; etching and Si dry etching. (f) Graphene transfer. As of this
step no further mention of chips “Tom Larsen” will be made. (g) The graphene is patterned through a lithography step and
oxygen plasma etching. (h) Resist is stripped (UFT wet bench or ACETONE still bath).

As lllustrated in figure 10, the fabrication started from 2 525um thick Silicon
wafers single side polished, with dry thermal oxidation (290nm). These wafers
were joined by two double side polished other wafers. The four wafers were spin
coated with 0.48um AZ1512 on LOR (ACS 200) and exposed on MLA150 following
the metal design of the masks. The masks are made of two different chips: Chip
1, containing the 4 TLM designs, and Chip “Tom Larsen”, containing a separate
design that we won’t use for this project (the steps concerning chips “Tom
Larsen” will still be briefly exposed as they were entirely part of the fabrication).
The four wafers were separated in two different designs in order to add chips

12



containing a four probes measurement structure on two of them. After a descum
in the TeplaGIGABatch, the metal deposition was made in the EVA 760. The
metal contacts are constituted with (from bottom to top) a first 10nm layer of
Chromium over which was deposited a 100nm layer of Platinum and on top of
this was added a 20nm layer of Titanium. The LOR, AZ1512 resist as well as the
surplus of metal are the removed in the lift-off wet bench leaving the expected
metal contacts design. After these, we did a second photolithography (ACS 200
coating and development ECI 3007 and MLA150 for exposure) followed by a
290nm etching of the oxide and a >20um etching of Si (step concerning only the
chips “Tom Larsen”).

After these steps, the wafer were cleaned, 30s low strip in TeplaGIGABacth
followed by a UFT wet bench resist striping consisting on two remover 1165
baths (5minutes at 70°), a first moved DI water rinse bath (~5min), a second stiller
bath (~5min) and a spin dryer program to finish. Finally, two wafers (1 of each
type) are coated with resist (5um ECI top EC) and sent to dicing.

(a) (b) (c)
(d) (e) (f)

(@) B substrate
B PMMA
B Copper
B
Deionized water
— (VD Graphene

Figure 11: Wet graphene transfer on a substrate. (a) The starting point is a copper thin film with CVD graphene on both sides.
(b) A PMMA layer is spin-coated on top of the foil. (c) Graphene on one side of the copper foils is etched by oxygen plasma. (d)
Copper is etched in an HCI+H202 solution. (e) The PMMA and graphene foil are transferred to the substrate using the fishing
method. (f) The graphene is attached to the substrate prevalently by van der Waals bounds. (g) The PMMA is dissolved in
acetone. Ref. [14]
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After dicing, the chips are inspected with microscope and some of them are
selected for the graphene deposition. The graphene deposition was made
outside the cleanroom and is detailed in figure 11.

After the graphene deposition, and after a first week of measurements on the
un-patterned graphene chips, the graphene was patterned in the cleanroom.

First, every chip was separately coated in SSE SB20 manual coater with ECI 3007,
and exposed with MLA 150. Development was made manually as well, 1min in
AZ 726 MIF remover and 1min in DI water, and the chips are the left to dry on a
clean surface at room temperature. After that, the etching of the surplus
graphene was made in the TeplaGIGABatch (1min strip high). Some chips were
already extracted from the cleanroom at this point to make a few measurements
without striping the resist off the graphene. For the resist stripping, we
separated the chips into two different methods:

e Standard UFT (2x 1165 bath) with 2x rinse in the cascade batch
e ACETONE 1H followed by IPA and drying at room temperature, lying on a
clean surface

After these, the chips were extracted from the cleanroom and ready for
measurements.

The results of the fabrication are briefly presented in the result section of this
chapter.

4.2. Masks design

In this section, we present the different and significant parts of the wafers
designs.

Figure 12 Design block with all 4 different TLM designs

In figure 12 we see the block containing all four TLM designs. This block is
patterned in 3 columns and 17 rows (51) per chip (10x10mm).

14
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Figure 13 Wafer composition

N
In the second type
of wafer, these chips

were replaced by chips

. Chip “Tom Larsen”
containing four probes

structures

In figure 13 we can see an example of a chip of type F1. There are two types of
wafers:

e F1, with TLM chips (chip 1) and chips “Tom Larsen”.
e F2,in this type, we add some four probes structures (chip 3)

In figure 14, we can see a close up of the chips on a wafer of type F2.

/ [ Wafer type F2

T

Chip with four
probes structure

.......................

......

-------

Figure 14 Close up on a wafers chips
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Figure 15 Important marks to find on a wafer. a) Chip alignment marks. b) Dicing marks. c) Wafer alignment marks.

d) Exposure grids

Figure 15 shows the different useful marks in the process. We can see in c) the
wafer alignment marks that were used for the second exposition on the wafers.
c) Shows the chips alignment marks used for all the exposures after the dicing
done following the appropriate marks on b). Finally, on d), the exposure grids are
used to check the exposure quality (overexposed vs underexposed).

4.3. Issues encountered

4.3.1. Exposure and Dose
One of the important part of the fabrication was the MLA exposures and in order
to have the as good as possible, some exposure test were needed.
For the first exposure (on AZ1512 on LOR) started from a 70mlJ/cm?
recommended in ref. [14]. That we augmented a little due to substrate
difference first but also to get to a point with a slight over-exposure that would
allow total removal of resist where it shouldn’t be after development.

16



Figure 16 a) TLM1 after first exposure and before metal deposition. b)TLM2 same conditions.
¢) TLM1 after design modifications and metal deposition. d) TLM2 same conditions

As it can be seen on figure 16, the overexposure, along with the MLA resolution,
give a bad result and so the design has been changed avoiding short cuts
between contacts.

For the second exposure, we had to run dose tests on our exposure grids in order
to be able to define the right dose and defocus for our exposures on ECI 3007.
As shown in figure 17, we decided to incline for a 160mJ/cm? with a -1 defocus.

a) b)

Figure 17: Dose tests for second exposure: a) 160mJ/cm?. b) 180mJ/cm?.

17



As of for the third exposure, we followed the CMi recommendations
(130mlJ/cm?, Defocus=0)

4.3.2. Graphene deposition

The graphene deposition is probably the most critical part of this fabrication
process. It is also the part that caused the most problems towards any resistance
measurements. Figure 18 shows how the graphene deposition looks like before
any patterning. We can see that the graphene, due to its 2D structure and
extremely low thickness, cracks very easily on a chip.

a)
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Figure 18 Graphene deposition: a) Graphene sheet on a chip. b) Graphene sheet with many cracks.
¢) Graphene on TLM1, bad deposition (no channel). d) small graphene marks on a very good part of deposition.

We can see (figure 19) that the cracks will significantly change the width W of a
graphene channel, and that defects are of quite big importance regarding the
dimensions of a TLM structure. This could cause significant errors in the
resistance measure.
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Figure 19 Graphene channel with (a) and without resist (b). Resist removed by 1165

Finding a good structure on a chip then gets tricky as we have an average of
about 10 well deposited structures (no cracks or other defects) per chip (about
2.5%).

4.3.3. Etching the graphene

The step of etching the graphene represented quite a challenge as there wasn’t
a really good definition of the recipes to follow to be able to completely strip the
graphene sheet around the resist defined TLM channels.

a) b)

CMi | el ot CMi
1 cortcomron AN i cor conterot

CM i wrceniror CMi e cenierr
. o b

Figure 20 Etching graphene: a) (TLM1) and b) graphene leftovers after 1min strip high. c) (TLM1) and d) some chips give
better results under the same conditions.

The original recipe was an oxygen plasma etching on the TeplaGIGABatch,
strip_Low_30s. After iterative microscope inspections, we had to repeat it until
having a strip_High_1min and even 1.5 min for some chips.
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4.3.4. Resist strip

Finally, getting to strip the resist, two different methods were implemented with
different results. Three chips we striped in standard UFT wet bench with 1165
remover and three others were prepared in a still beaker of Acetone, followed
by a 20 min IPA rinse bath and were left drying on a clean surface at room

temperature.

Figure 21 some results after Acetone resist strip

As shown in Figure 21, Acetone gave better results and the rest of the chips were
done following this method.

4.4, Results

4.4.1. Resist measurement

Cracks in the
graphene channel

Figure 22 TLM4 good quality resistance measurement with resist on graphene channel.
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After etching the graphene but before striping any resist off the TLM graphene
channels, some measurements were done. Figure 19 and 22 shows the TLM
structures with resist recovering the graphene channel. It was very difficult
though to have a good estimation of the channel uniformity under the resist
before doing the measurements, that leading to many open circuit
measurement rounds.

4.4.2. Resist stripping

The figure below (figure 23) shows the differences between 1165 remover and
Acetone to strip the resist. We see very well that in the case of remover 1165
(left) there are many chips with no graphene left at all and in the cases we have
only part of the expected structures. The good / bad structures rate were
calculated on chip 11 (Acetone) and chips 17 and 19 (1165 remover) and are
about the following:

o <5% if stripped with 1165 remover: CHIP 17&19 (counting for goods the
semi-suitable structures)
e ~10% if stripped with Acetone: CHIP 11

PPy pEENYy
TN

8 10

12

Resist

leftovers

Figure 23 Differences between 1165 remover resist strip (a) & (c) and Acetone resist strip (b) & (d)
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However, we can also see on figure 23 that Acetone removal leaves some resist
marks on the chips. We can also see in figure 21 some of the best structures
obtained after etching and striping the resist in Acetone.

The last figure (24) of this section shows the results of chips “Tom Larsen”. We
can see the conditions are met due to the good dose test. We can also see the
silicon dry etching on the bottom of the W of the chip number label.

a) b)

‘ ' CMi
'_' 17 e = Xtz 17 EPFL Center of
ESSGid- 0¥ ile Nz SNE;

Figure 24 Good exposure results on "Tom Larsen" chips. Designed values a) 5um. b) &c) 10um.
d) Silicone etching.
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1. Measurements and analysis

In this section, we will summarize the measurement rounds, how and why they
were done, what were the issues encountered and what the results are. Due to
time constraints we were unfortunately unable to do any four probes
measurements.

1.1. Measurements

The measurements towards contact
resistance as seen in chapter 3 of this report, |
we will apply voltage and measure current on
different designs with different lengths and
widths. See figures 1 and 25.

it Al LI ) R S das TN NS

P UG P P T 3

From each measurement (on a specific length RS i aate s v

B ALk (aaden dadoe bbbt '3

St

of a chosen design) an average resistancethat g4 =~ =~
we will use to extract the contact resistance.

The resistance measurement were made on a figure 25 Microscope view of the measurement
probes over chip 7 (type chip 1)

voltage range from -10 to 10 [V] with steps of

0.5 [V]. Figure 26 show an example of the IV curve of the voltage application

between 2 points of a TLM design.

We can see that the curve is quite linear (as expected). Any nonlinear curve was
not taken into consideration for contact resistance measurement.

A first measurement campaign was made before patterning graphene to try out
the measurement tool. But all result are extracted from the second
measurement campaign for the calculation of contact resistance and contact
resistivity. This concerns the following chips:

e Chips with resist: CHIP 7 and CHIP 15
e Chips stripped with 1165 remover: CHIP 9, CHIP 17 and CHIP19
e Chips stripped with Acetone: CHIP 3, CHIP 11 and CHIP 21
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Figure 26 IV curve for a measurement round on chip 11 TLM1 design between contacts 9 and 10

1.2. Issues encountered

The main issue encountered in the measurement campaign is the great difficulty
of finding well deposited graphene on a chip.
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Figure 27 Microscope view of the measurements probes on CHIP 3 (1165 stripped) no graphene left anywhere

We can see in figure 27 (and other figures above) that most of a chip after resist
stripping are unsuitable for any measurement (no graphene channel at all). Only
a few would actually have a well deposited graphene channel (about 10% with
Acetone, <5% with 1165) and most of the time we couldn’t even make
measurement on the whole deigned structure.

For chips with resist, (figure 22) it is particularly difficult to see through resist to
analyze the state of the graphene sheet.
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1.3. Results

The results are separated in 3 parts: with resist, 1165 and Acetone. All
measurements values, tables and graphs are to find in a raw form in appendix 4.

The measurements are separated in different stripping methods, different chips
and different designs.

TLMA4 resistance with resist

6000

y =23.921x + 10726
5000

N
o
o
o

y=20.208x+179.55¢

3000

Resistance [Q]

N
o
=}
S
©

1000

Q

0 50 100 150 200 250
Channel length [um]

TLM4 R13C2 TLM4 R16C2

Figure 28 Measured resistances for two TLM4 structures of CHIP 7 with resist on the graphene channel

This first graph shows resistances of two TLM4 structures with the same
fabrication conditions (on the same chip) with resist. TLM4 structures were
chosen here because they are the widest TLM structures tested and thus are less
affected by grains or cracks of the graphene channel. We can see that even
though these structures have the same dimensions and have been put through
the same fabrication conditions, we can see differences about one order of
magnitude in the calculated resistances. Their contact resistance are respectively
90[Q] (Row13 Column2) and 536[Q] (R16C2).

Such differences are due mainly to the poor repeatability of the graphene sheet
quality. The thickness is not always uniform (darker parts of figure 24) as well as
the width that can easily vary between the fabrication steps justifying slope
differences. As for the cracks, grains, dirt and other defects, they can be the
changing factors for the measured resistance.

For the rest of the results we always took the smallest measured R per design.
25
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Figure 29 Plots of measured resistances for different TLM structures:

(up) Acetone resist strip. (down) Remover 1165 resist strip

Figures 29 and 30 show the plots of the measured resistance for chips stripped
with respectively with remover 1165 and Acetone. As we can see from the R?, it
is difficult to extract much tendencies from these very variable graphs. We can
see that the linear regression is quite a poor fit in some cases when we know
that resistance should vary linearly. Again this is due to changes of the channel
and contacts between the different pads of a same structure.
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TLM3 resistance
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Figure 30 Comparison of TLM3 resistance plots for different TLM structures

This last graph is a representation of TLM3 structures resistances with different
fabrications. Out of this graph and according to the trend lines, we could say that
the resist stripping with Acetone only rises the value of R and doesn’t change
the graphene channel properties (same slope). The Acetone stripping seems to
be less aggressive on the graphene.

The remover 1165 removal gives a greater slope implying that after stripping,
the graphene sheet resistance increases. This could be explained by the reaction
of graphene to the contact of the photoresist, giving better sheet resistance and
contact resistance but larger transition length.

The table below summarizes the best measured and calculated values of the TLM
structures. Results in this table are about 10 times bigger than the state of the
art.

Design Type W [um] Rc [2] Ly [wm]  pc [2 pm?]
With resist TLM3 24 319.26 -7.98 15286.17
TLMA4 36 179.55 -8.885 14357.72
Acetone TLM?2 12 787.9 -8.92 21084.2
TLM3 24 1383 -27.7 229854.6
TLM4 36 2276.6 -71.8 1471139
1165 remover TLM2 12 707.95 -3.766 7998.419
TLM3 24 861.91 -7.91 40906.25

Table 4 Measured and calculated values of TLM structures
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1. Perspectives

This project constitutes a first step of maybe further researches, fabrications and
measurements. This section proposes further objectives and methods to
continue on this project’s goals.

Unfortunately, due to time constraints, no comparisons between different
graphene deposition methods were done. Though as exposed in this report, the
graphene deposition quality is an important and very limiting factor for the
measurement quality and of course, for the final design quality as well.

e The first thing that should be done continuing this student’s work is
following up on the treatment of all fabricated chips towards comparison
of different pre-deposition treatments and deposition methods.

e Secondly, the modified TLM designs made in this project combine both
traditional TLM structures and Kelvin test structure. This feature hasn’t
been exploited fully yet and further measurement campaigns should
include 4 probes measurements for more reliable results (the single four
probes design is also available).

¢ In addition to that, this project gives a detailed fabrication process and
more fabrication rounds should be in order to refine the process flow and
graphene patterning.

This work was made towards improving the graphene deposition, and creating
chips suitable for reliable contact resistance measurements. Any further work
should be done accordingly.
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2. Conclusion

In this paper, we analyze and refine the process flow of designs meant for
contact resistance measurements for graphene-metal devices.

We first analyze the state of the art concerning contact resistivity measurement
designs and define a new kind of design here called “Modified TLM” that
combines both traditional transmission line structure and four probes Kelvin test
structure. This modified structure is meant to allow more reliable calculations of
contact resistivity p. as well as contact resistance and contact transmission
length. Unfortunately we weren’t able to fully test that new model but the model
should be used for further analyses on contact resistance measurements.

This project also constitutes an analysis of the fabrication process of contact of
such devices. We followed, analyzed and refined a given process flow towards
the idea of improving graphene deposition and patterning. The paper shows how
the etching of a graphene sheet should be done in order to obtain better results
in patterning. The main result about the graphene patterning though is the fact
that Acetone resist stripping gives better results than remover 1165 giving more
than twice as many suitable results.

But the main problem towards reliable graphene devices patterning resides in
the graphene sheet deposition. Most of the cracks and other defects in the
graphene sheet result from deposition and not from the patterning process.

Finally this paper gives the results of some TLM measurements made on
differently treated chips, the best resistivity results of which are around
80 x 10 2 cm?2. These values are about 10 times higher than collected literature
results.

In addition to these, this project was for me the opportunity to start discovering
the secrets of graphene and the secrets of a very promising material in the field
of microelectronics. | am more oriented in robotics and production techniques
and it was a great opportunity for me to discover more about cleanroom
environment, manipulations and micro and nano devices fabrication process and
associated constraints.

| would like to address special thanks to Dr. Tom Larsen who was of great advice
and support throughout this semester project as well as Mr. Marco Di Gisi who
took of his time to help me on some manipulations.
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4. Appendices

4.1. Project specifications
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4.2. Process flow

Projet : Graphene Electrical Resistance

Operator : Frederic Junod ‘
Created : 2016.11.10 ‘

Substrates : silicon <100>, 100mm, 525um, single side, p type, 0.1-0.5 Ohmcm and fused silca ‘
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4.3. Designs and chips distribution
Here are tables of how the designs are distributed on a chip

Chip 1: TLM structures

Chip_1 cl c2 c3
R1 TLM1 Tim2 TLM3 TLM4 TLM1 TLMZ TLM3 TLM4 TLM1 TLM2 TLM3 TLM4
R2 TLM1 Tim2 TiM3 TLM4 TLM1 TLM2 TLM3 TLM4 TLM1 TLMm2 TLM3 TLM4
R3 TLM1 Tim2 TIM3 TLM4 TIM1 TLM2 TLM3 TLM4 TLM1 TLMm2 TLM3 TLM4
Ré TLM1 TLmM2 TLM3 TLM4 TLM1 TLM2Z TLM3 TLM4 TLM1 TLM2 TLM3 TLM4
R5 TLM1 Tim2 TLM3 TLM4 TLM1 TLMZ TLM3 TLM4 TLM1 TLM2 TLM3 TLM4
R TLM1 Tim2 TiM3 TLM4 TLM1 TLM2 TLM3 TLM4 TLM1 TLMm2 TLM3 TLM4
R7 TLM1 TLmM2 TLM3 TLM4 TLM1 TLM2Z TLM3 TLM4 TLM1 TLM2 TLM3 TLM4
RE& TLM1 Tim2 TLM3 TLM4 TLM1 TLMZ TLM3 TLM4 TLM1 TLM2 TLM3 TLM4
RS TLM1 Tim2 TiM3 TLM4 TLM1 TLM2 TLM3 TLM4 TLM1 TLMm2 TLM3 TLM4
R10 TLM1 Tim2 TIM3 TLM4 TIM1 TLM2 TLM3 TLM4 TLM1 TLMm2 TLM3 TLM4
R11 TLM1 TLmM2 TLM3 TLM4 TLM1 TLM2Z TLM3 TLM4 TLM1 TLM2 TLM3 TLM4
R12 TLM1 Tim2 TLM3 TLM4 TLM1 TLMZ TLM3 TLM4 TLM1 TLM2 TLM3 TLM4
R13 TLM1 Tim2 TiM3 TLM4 TLM1 TLM2 TLM3 TLM4 TLM1 TLMm2 TLM3 TLM4
R14 TLM1 TLmM2 TLM3 TLM4 TLM1 TLM2Z TLM3 TLM4 TLM1 TLM2 TLM3 TLM4
R15 TLM1 Tim2 TLM3 TLM4 TLM1 TLMZ TLM3 TLM4 TLM1 TLM2 TLM3 TLM4
R16 TLM1 Tim2 TiM3 TLM4 TLM1 TLM2 TLM3 TLM4 TLM1 TLMm2 TLM3 TLM4
R17 TLM1 Tim2 TIM3 TLM4 TIM1 TLM2 TLM3 TLM4 TLM1 TIMm2 TLM3 TLM4

Chip 3: Four probes structures

Chip_3 4 probes 1 2 3 4 5 6 7 ] ] 10 11
14p ap ap ap ap 4p 4p ap ap ap ap ap
2 4p ap ap ap ap 4p 4p ap ap ap ap ap
3 4p ap ap ap ap 4p 4p ap ap ap ap ap
44p ap ap ap ap 4p 4p ap ap ap ap ap
5 4p 4p 4p 4p ap 4p 4p ap 4p 4p 4p ap
6 4P ap ap ap ap 4p 4p ap ap ap ap ap
7 4p ap ap ap ap 4p 4p ap ap ap ap ap
8 4p ap ap ap ap 4p 4p ap ap ap ap ap
9 4p ap ap ap ap 4p 4p ap ap ap ap ap

10 4p 4p 4p 4p ap 4p 4p ap 4p 4p 4p ap
11 4p ap ap 4p ap 4p 4p ap ap ap 4p ap
12 4p ap ap ap ap 4p 4p ap ap ap ap ap
13 4p ap ap ap ap 4p 4p ap ap ap ap ap
14 4p ap ap ap ap 4p 4p ap ap ap ap ap
15 4p ap ap ap ap 4p 4p ap ap ap ap ap
16 4P 4p 4p 4p ap 4p 4p ap 4p 4p 4p ap
17 4p ap ap ap ap 4p 4p ap ap ap ap ap
18 4p ap ap ap ap 4p 4p ap ap ap ap ap
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4.4, Measurements tables, graphs and raw results
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