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whereas for bilayer pseudospin transistors 
(BiSFETs) the deposition of thin dielec-
trics on graphene (acting as a tunnel bar-
rier) is essential.[9–11]

This review discusses the deposition 
of such ultra-thin dielectric layers on gra-
phene by atomic layer deposition (ALD). 
ALD is a chemical vapor deposition 
(CVD) technique consisting of two self-
limiting surface reactions, or half-cycles, 
in which the growth substrate is exposed 
to alternating pulses of precursor and co-
reactant. These pulses are separated by 
pump or purge steps (Figure 1).[12] Each 
ALD cycle a (sub)monolayer of material 
is deposited. The cyclic nature of the ALD 
process makes it possible to deposit high 
quality materials uniformly distributed 
over large areas, with precise control of 
the layer thickness. Apart from these ben-
efits, ALD has an additional advantage 
for the deposition of dielectric materials 
on graphene compared to other deposi-

tion methods. The commonly used physical vapor deposition 
(PVD) techniques such as sputtering, pulsed laser deposition 
and e-beam evaporation easily damage the graphene during 
deposition, resulting in a reduction of the graphene charge car-
rier mobility that reduces device performance.[13] This damage 
can be avoided when thermal ALD is used. This is because the 
absence of energetic species and reactive species, such as ions 
and radicals during thermal ALD.[12]

The initiation of ALD growth on graphene however, is 
known to be a challenge.[14] This is because graphene consists 
of pure sp2 bonded carbon and therefore lacks out-of-plane 
bonds or surface groups needed for the initiation of ALD 
growth.[15,16] To overcome these nucleation issues several dif-
ferent surface preparation techniques to initialize ALD on gra-
phene have been explored over the years. Apart from the many 
articles published, several review papers discussing the possi-
bilities these techniques offer for the uniform ALD of dielec-
trics on graphene have appeared.[17–20] The most recent being 
from 2013. Most available reviews focus on ALD for carbon 
nanoelectronics in general and are device oriented.[17,19,20] So 
far a review focusing on the field from an ALD processing per-
spective has not appeared. Furthermore, since 2013, significant 
advances have been made in the field, especially in the under-
standing of the ALD process conditions and their influence on 
the deposition uniformity.[21,22] Also a shift in the type of gra-
phene used has occurred. Initially, most of the work studying 
the growth of dielectrics by ALD on graphene focused on using 
exfoliated graphene flakes or highly ordered pyrolytic graphite 
(HOPG) as a substrate material.[14,23,24] This was because these 
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1. Introduction

Graphene is a two-dimensional material with extraordinary 
properties, that has gathered considerable interest of the 
research community over the past few years.[1] The high charge 
carrier mobility of graphene combined with its good thermal 
conductivity, large maximum current density and the ability to 
absorb light over a broad spectral range make it a promising 
material for post-silicon electronic and optical applications.[2–4] 
Device integration often requires the ability to deposit ultra-
thin (<10 nm) uniform high-κ dielectric layers on graphene. 
The high charge carrier and large maximum current density 
of graphene for example, make it a suitable channel material 
for graphene transistors where the zero band-gap of graphene 
is not a fundamental limitation.[3] To make top-gated radio-fre-
quency graphene transistors the deposition of a high-κ dielec-
tric layer on top of graphene is required for good electrostatic 
control of the channel, which increases device performance 
and improves device reliability.[5,6] The integration of graphene 
in lateral spin valves requires the deposition of ultra-thin die-
lectrics on the graphene to realize electrical spin injection,[7,8] 
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materials were readily available when graphene first attracted 
the interest of the research community and did not require 
additional experience in the synthesis of graphene. Only later 
when first epitaxial graphene and later CVD graphene became 
more commonly available, ALD was attempted on these gra-
phene types.[25,26] For electronic and optical applications these 
last two are of significantly larger interest due to their scal-
ability, but the work done on both exfoliated flakes and HOPG 
has served as an excellent starting point to better understand 
the nucleation of ALD growth on graphene.

ALD has also been performed on graphene which is synthe-
sized by other methods than the ones mentioned above.[27] For 
example ALD was used on graphene nano-sheets or reduced 
graphene oxide (rGO), synthesized by chemical exfoliation.[28] 
Although these graphene types are of interest for electrochem-
ical applications, the quality is too low for high end optical and 
electronic applications. Furthermore because the graphene 
created by these methods is defective and contains many func-
tional surface groups or edges, ALD is relatively straightforward 
on these graphene types.[28–30] For this reason, these graphene 
types are not considered here unless these are used as a nuclea-
tion layer on high quality graphene to initiate ALD growth.

In this review paper, an overview of the different methods 
to achieve uniform deposition of ALD on graphene reported to 
date is presented. The advantages and disadvantages of each 
method are discussed from the perspective of ALD. Special 
emphasis is given to the recent advancements in the under-
standing of the ALD process conditions and their influence on 
the deposition uniformity on graphene. First the direct ALD 
of dielectrics on pristine (untreated) graphene is discussed 
in Section 2. In this section the influence of the graphene 
synthesis method on the ALD growth behavior is discussed, 
together with the influence of the ALD process parameters 
and the underlying substrate on the ability to deposit uniform 
ALD layers on graphene. Section 3 provides an overview of the 
different surface preparation techniques that can be used to 
initiate ALD growth on graphene; 1) the use of polymer seed-
layers to initialize ALD growth, 2) the use of evaporated seed-
layers and 3) the creation of functional groups on the graphene 
surface by plasma and ozone treatments. The review will end 
with a perspective for further research in Section 4.

2. ALD on Pristine Graphene

ALD on pristine graphene and HOPG is a challenge due to 
the lack of reactive surface sites or functional groups on gra-
phene. As a result ALD on pristine graphene often leads to 
non-uniform film coverage or even the absence of film growth 
(Figure 2).[14–21] However, for graphene device integration the 
deposition of uniform layers on graphene is essential. There-
fore approaches to carry out ALD of dielectric materials on gra-
phene have been investigated thoroughly in literature since the 
discovery of its outstanding electronic properties by Geim and 
Noveselov in 2004.[31] An overview of the literature investigating 
the ALD of dielectric materials grown on graphene is given in 
Table 1. The table provides a full overview of reports addressing 
ALD growth on HOPG, exfoliated graphene, epitaxial graphene 
and CVD graphene published until recently (February 2017). 

Also indicated in the table are the type of functionalization used 
to achieve (uniform) growth, the underlying substrate, tem-
perature of the ALD process, minimum thickness for which a 
closed dielectric layer was reported and whether the graphene 
was damaged during the functionalization process or subse-
quent ALD deposition. It should be noted that almost all pro-
cesses listed used a metal organic precursor combined with 
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H2O as the co-reactant. Only in a few cases the co-reactant was 
different, namely NO2, O3 or an O2 plasma, indicated by an * 
in the table. This is because these alternative co-reactants can 
easily damage the graphene, unless special precautions are 
taken. This will be discussed in Section 3.

H2O based ALD processes on HOPG and graphene result 
most of the time in the preferential growth of the material 
on the defects sites, grain boundaries and wrinkles present 
in the graphene, as illustrated in Figure 2 for the deposition 
of Al2O3 on CVD graphene.[32] The preferential deposition 
on defect sites, grain boundaries and graphene wrinkles is a 
result of the lack of functionalized dangling bonds on the gra-
phene basal plane. Only on defect sites and grain boundaries 

where functional groups are present ALD nucleation is pos-
sible.[14–16,23,24] Density functional theory (DFT) calculations 
have shown that various ALD precursors tend to physisorb on 
the graphene basal plane.[15,16,21] Chemisorption of precursor 
molecules on the graphene is unlikely due to the high activa-
tion barriers, typically several eV, which makes ALD nucleation 
difficult. Grain boundaries on the other hand often contain hep-
tagon-pentagon or octagon-pentagon units on which precursor 
chemisorption is possible, see Figure 3.[16] The CC bonds in 
these grain boundaries are strained making them more reactive 
towards ALD precursor adsorption. Similarly defect sites, for 
example mono and divacancies, are also more reactive as are 
defects containing epoxy or hydroxyl groups.[16] Wrinkles on the 

other hand do not contain additional defects 
or functional groups but consist of folded 
graphene layers. The CC bonds present 
in these wrinkles are strained, which makes 
them more reactive.[86,87] Furthermore, pho-
toresist residues left over from the graphene 
transfer process could gather at wrinkles, 
which could also act as a nucleation site for 
the subsequent ALD process. ALD growth 
therefore preferentially starts at defects, grain 
boundaries and wrinkles, whereas the pris-
tine basal plane remains unreactive during 
ALD growth.

Experimentally non-uniform ALD 
growth is observed for all types of graphene; 
HOPG,[22–26] exfoliated graphene,[14,33] CVD 
graphene,[26,34] and epitaxial graphene.[25] The 
selectivity of the ALD process towards the 
defect sites and grain boundaries however, 
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Figure 1. Schematic representation of an ALD process cycle, which consist of two half reactions. The reactants in the first half-cycle (precursor expo-
sure) and second half-cycle (co-reactant exposure) are self-limiting, i.e. the process stops once all available surface sites have reacted. The precursor 
and co-reactant dose are separated by pump or purge steps to prevent unwanted gas phase reactions between the precursor and co-reactant. At the 
end of the second half-cycle a surface is obtained identical to the starting surface of the first half cycle. This makes it possible to obtain the desired film 
thickness by repeating the half-cycles in an ABAB fashion. The resulting coverage, or growth per cycle (GPC), as a function of the exposure and purge 
time is indicated as well. Care should be taken that the exposure steps and purge steps are sufficiently long such that saturated growth is obtained and 
the reaction between the precursor and the co-reactant in the gas phase is prevented (CVD growth).

Figure 2. Scanning electron microscope (SEM) image of CVD graphene, transferred to a SiO2 
substrate, after 100 cycles of Al2O3 ALD. The Al2O3 was deposited at a) 100 °C and b) 200 °C. 
At 100 °C pinholes are observed throughout the Al2O3 layer. At 200 °C the deposition becomes 
more selective towards the wrinkles, defects and grain boundaries of the graphene. The differ-
ence in nucleation density can be explained by the larger amount of physisorbed H2O being 
present on the graphene at lower deposition temperatures. Adapted with permission.[32] Copy-
right 2017, American Chemical Society.
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Table 1. Overview of the literature that has appeared on ALD of dielectric materials on to graphene until February 2017. The different types of sp2 
materials considered are HOPG, exfoliated graphene, CVD graphene and epitaxial graphene. Listed are the type of functionalization used to achieve 
uniform growth, the dielectric material deposited, the graphene synthesis method, the substrate material, temperature of the ALD process, minimum 
thickness for which a closed layer is obtained and whether the graphene was damaged by the functionalization/ALD process. An * indicates that 
during the ALD process the H2O as co-reactant is replaced by either NO2, O3 or O2 plasma. A ‘–’ means not known.

Functionalization Dielectric sp2 Carbon Material Substrate T  
[°C]

Thickness  
[nm]

Graphene Damage Reference

None Al2O3 HOPG HOPG RT–350 Not closed – [22–26]

Al2O3 Exfoliated Graphene SiO2 100–200 Not closed No [14,33]

Al2O3 CVD Graphene SiO2 80–200 Not closed No [26,34]

Al2O3 CVD Graphene Cu 80;200 10 (80 °C) No [26]

Al2O3 CVD Graphene SiO2 150 Not closed Yes [35]

Al2O3 CVD Graphene Ni-Au 80 10 No [26]

Al2O3 Epitaxial Graphene SiC 200–350 Not closed No [25]

HfO2 HOPG HOPG 200–300 Not closed – [23]

HfO2 Exfoliated Graphene SiO2 250 Not closed – [21]

HfO2 Exfoliated Graphene SiO2 110 30 No [36]

HfO2 Exfoliated Graphene SiO2 90 5 No [37]

HfO2 CVD Graphene SiO2 250 Not closed No [21]

HfO2 Epitaxial Graphene SiC 110 >25 No [38]

ZnO CVD Graphene SiO2 300 Not closed No [39]

ZrO2 CVD Graphene QCM Sensor 190 – Yes [40]

Long precursor dose Al2O3 HOPG HOPG 200 Not closed – [22]

Al2O3 CVD Graphene SiO2 200 Not closed No [22]

Al2O3 CVD Graphene Ge 200 Not closed No [22]

Al2O3 CVD Graphene Cu 200 1.2 No [22]

Al2O3 CVD Graphene Al2O3 100:250 22 No [41]

No purge steps Al2O3 CVD Graphene SiO2 100 10 No [42]

SAM (PTCA) Al2O3 Exfoliated Graphene SiO2 100 2.8 excluding SAM – [14]

ZnO CVD Graphene SiO2 120 60 excluding SAM No [43]

SAM (PTCDA) Al2O3 Exfoliated Graphene SiO2 150 10 No [6]

Al2O3 Epitaxial Graphene SiC 100 3 – [44]

Al2O3 Epitaxial Graphene SiC 150 10 – [6]

HfO2 Epitaxial Graphene SiC 100 3 – [44]

HfO2 Epitaxial Graphene SiC 150 10 – [6]

SAM (FDTS) HfO2 CVD Graphene SiO2 400 10 No [45]

SAM (4MP) ZnO Exfoliated Graphene SiO2 80 2 excluding SAM No [46]

SAM (HMDS) Al2O3 CVD Graphene SiO2 125 Not closed No [47]

SAM (HMDS) + Air 

Exposure

Al2O3 CVD Graphene SiO2 125 Not closed No [47]

SAM (TiOPc) Al2O3 HOPG SiO2 100 4 – [48]

SAM (TiOPc) Al2O3 CVD Graphene SiO2 100 4 – [48]

Polymer (PVP) Al2O3 CVD Graphene SiO2 – 25 including polymer (5) No [5]

Polymer (NFC 

1400-3CP)

HfO2 Exfoliated Graphene SiO2 125 20 including polymer (10) No [49]

HfO2 Exfoliated Graphene SiO2 200 19 including polymer (9) – [2]

HfO2 Epitaxial Graphene SiC – 10 excluding polymer No [50]

Polymer (NMP) HfO2 CVD Graphene SiO2 200 Not closed No [51]

Polymer (PVA) + O3 HfO2 Exfoliated Graphene SiO2 150 7.5 including polymer (2.5) – [52]

Al e-beam Al2O3 HOPG HOPG 200 – – [53]
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Functionalization Dielectric sp2 Carbon Material Substrate T  
[°C]

Thickness  
[nm]

Graphene Damage Reference

Al2O3 Exfoliated Graphene SiO2 – 15 – [10]

Al2O3 Exfoliated Graphene SiO2 – 25 – [54]

Al2O3 Exfoliated Graphene SiO2 250 10 – [55]

Al2O3 CVD Graphene SiO2 150 90 No [56]

Al2O3 Epitaxial Graphene SiC 300 30 excluding seed-layer (1) No [57]

Al2O3 Epitaxial Graphene SiC 120 27 including seed-layer (3) – [58]

Al2O3 Epitaxial Graphene SiC 300 ≈20 Yes [59]

HfO2 Exfoliated Graphene SiO2 200 1.5 evaporated layer thickness Yes [60]

HfO2 Exfoliated Graphene SiO2 200 10 Yes [49]

Ti e-beam Al2O3 Exfoliated Graphene SiO2 250 2.6 – [55]

Al2O3 Epitaxial Graphene SiC 300 ≈20 Yes [38]

TiO2 Epitaxial Graphene SiC 150;300 ≈20 No [38]

Hf e-beam HfO2 HOPG HOPG 200 – – [53]

HfO2 CVD Graphene SiO2 200 18.7 including seed-layer (3) Yes [51]

HfO2 Epitaxial Graphene SiC 110 ≈20 No [38]

Ta e-beam Ta2O5 Epitaxial Graphene SiC 120;250 ≈20 Yes [38]

SiO2 e-beam Al2O3 CVD Graphene SiO2 – 20 including seed-layer (5) Yes [61]

HfO2 Epitaxial Graphene SiC 250 12 including seed-layer (2) Yes [59]

Al2O3 e-beam Al2O3 Epitaxial Graphene SiC 300 10 including seed-layer (2) No [59]

HfO2 Epitaxial Graphene SiC 250 10 including seed-layer (2) No [59]

HfO2 e-beam Al2O3 Epitaxial Graphene SiC 300 10 including seed-layer (2) No [59]

HfO2 Epitaxial Graphene SiC 250 10 including seed-layer (2) No [59]

Sputtered ZnO HfO2 CVD Graphene SiO2 200 17.1 including seed-layer (3) Yes [51]

O3 Al2O3* HOPG HOPG 200 10 – [24]

Al2O3* HOPG HOPG 200 20 No [62]

Al2O3* HOPG HOPG 30; 200 Not closed – [63]

Al2O3 HOPG HOPG 225 Not closed Yes [64]

Al2O3* HOPG HOPG 30; 200 Not closed – [65]

Al2O3* HOPG HOPG 200–350 50 – [25]

Al2O3* Exfoliated Graphene SiO2 25; 200 15 Temperature 

dependent

[66]

Al2O3 Exfoliated Graphene SiO2 25; 150 4.5 Temperature 

dependent

[67]

Al2O3* CVD Graphene Ni 80 0.6 No [8]

Al2O3 CVD Graphene SiO2 80;120 90 No [68]

Al2O3 Epitaxial Graphene SiC 200–350 50 Yes [25]

NO2 Al2O3* HOPG HOPG 150 3 – [69]

Al2O3* Exfoliated Graphene SiO2 250 12 Yes [70]

Al2O3* Exfoliated Graphene SiO2 25; 225 30 – [71]

Al2O3* Exfoliated Graphene Free standing 180 2.8 – [72]

HfO2* Exfoliated Graphene SiO2 200 10 Yes [49]

N2 plasma Al2O3 CVD Graphene SiO2 – 28 Yes [73]

O2 plasma Al2O3* CVD Graphene SiO2 100 9 Yes [74]

Al2O3* CVD Graphene SiO2 250 5.5 Yes [75]

Al2O3 CVD Graphene SiO2 250 – – [76]

Table 1. Continued.
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does depend on the type of graphene and on the ALD process 
conditions, such as substrate temperature, the type of precursor 
used and the precursor dose and purge times. Each of these 
aspects will be discussed in more detail in the following sections.

2.1. Influence of the Graphene Synthesis and Transfer Method

The synthesis method of the sp2 carbon material is of impor-
tance for the ALD nucleation and can result in different nucle-

ation behaviors being observed. Oh et al. 
showed that HfO2 nucleates much faster on 
CVD graphene compared to exfoliated gra-
phene, due to the higher amount of defects 
and wrinkles being present for CVD gra-
phene.[21] Apart from the higher amount of 
defects, CVD graphene is typically also less 
clean compared to exfoliated graphene, which 
is a result of the CVD synthesis and transfer 
method. CVD graphene is typically grown on 
a metal substrate (Cu or Ni) and transferred 
to the desired substrate using poly(methyl 
methacrylate) (PMMA) as a support layer. It 
is difficult to fully remove the PMMA from 
the graphene surface, typically some residues 
are left behind.[88] These residues can enhance 
the nucleation of the ALD process on gra-
phene, but blocking the ALD growth is also 
possible. The Pt ALD precursor methylcyclo-
pentadienyltrimethyl-platinum (MeCpPtMe3) 
for example does not nucleate on PMMA,[15,89] 
and therefore might make the nucleation on 
graphene with PMMA residues more difficult.

Adv. Mater. Interfaces 2017, 4, 1700232

Functionalization Dielectric sp2 Carbon Material Substrate T  
[°C]

Thickness  
[nm]

Graphene Damage Reference

Al2O3 CVD Graphene SiO2 150 4 No [77]

HfO2 CVD Graphene SiO2 250 – – [76]

HfO2* CVD Graphene SiO2 250 5.9 Yes [75]

H2 plasma Al2O3 CVD Graphene SiO2 100 8 No [32]

GO Al2O3 CVD Graphene SiO2 – 20 No [78]

Al2O3 Epitaxial Graphene SiC 280 4 excluding GO (1.5) No [79]

HfO2 Epitaxial Graphene SiC 175 4 excluding GO (1.5) No [79]

TiO2 Epitaxial Graphene SiC 300 6 excluding GO (1.5) No [79]

Atomic oxygen* ZnO Epitaxial Graphene SiC 25;100 Not closed No [80]

XeF2 Al2O3 Epitaxial Graphene SiC 225 15 No [81]

H2O soaking Al2O3 Exfoliated Graphene SiO2 200 10 No [33]

Al2O3 CVD Graphene SiO2 200 10 No [33]

H2O pulsing Al2O3 CVD Graphene SiO2 100 9 No [82,83]

Al2O3 CVD Graphene SiO2 120 90 No [68]

HfO2 CVD Graphene SiO2 100 9 No [83]

ZnO CVD Graphene Cu 100 >10 No [84]

Wet chemistry Al2O3 Epitaxial Graphene SiC 200 ≈25 No [85]

Air exposure Al2O3 CVD Graphene SiO2 125 Not closed No [47]

SAM: self-assembled monolayer, PTCA: 3,4,9,10-perylene tetracarboxylic acid, PTCDA: perylene-3,4,9,10-tetracarboxylic dianhydride, TiOPc: titanyl phthalocyanine, NFC 
1400–3CP: polyhydroxystyrene derivative, 4MP: 4-mercaptophenol, GO: graphene oxide and FDTS: perfluorodecyltrichlorosilane, PVP: poly(4-vinylphenol), PVA: poly(vinyl 
alcohol), NMP: N-methyl-2-pyrrolidone and HDMS: hexamethyldisilazane.

Figure 3. Top view of a) pristine graphene and b), c), d) typical graphene defects such as mono-
vacancies, divacancies and grain boundaries. At the defects sites dangling bonds or other functional 
groups are present which enables the adsorption of ALD precursor molecules on these sites.[16]

Table 1. Continued.
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The surface cleanliness thus can lead to differences observed 
between the nucleation of ALD on the different graphene 
types, but differences are possible also between graphene sam-
ples synthesized by the same method. Prikle et al. studied the 
effect of the HOPG surface cleanliness on the uniformity of 
the ALD deposition of Al2O3.[65] HOPG samples were annealed 
before ALD to remove contaminants and adsorbates from the 
HOPG surface. This resulted in a much lower nucleation den-
sity compared to a freshly exfoliated or H2O rinsed HOPG sur-
face. A difference was observed for deposition temperatures 
up to 200 °C, which indicates that even at high temperatures 
adsorbates can remain on the graphene surface and influence 
the ALD nucleation. Similarly, Kim et al. observed nuclea-
tion differences for CVD transferred to SiO2 using different 
methods, a cleaner the transfer method resulted in a lower the 
ALD nucleation density.[35] The quality of the graphene and sur-
face cleanliness should therefore always be taken into account 
when comparing ALD on different graphene types. Exfoliated 
graphene and HOPG are generally cleaner than epitaxial and 
CVD graphene. Additionally the exposure of the graphene to air 
leads to the adsorption of impurities on the graphene surface, 
which can influence the ALD nucleation. Jeon et al. obtained a 
more uniform nucleation of Al2O3 on graphene if the sample 
was taken out of the ALD system and exposed to air every 
17 cycles for a total of 69 cycles instead of growing 69 contin-
uous cycles of Al2O3 on graphene.[47] This shows the adsorbed 
impurities from the air can enhance the ALD nucleation. Also 
other processing steps such as photo or electron beam lithog-
raphy might result in additional residues on graphene, which 
can influence the ALD nucleation. Some of these steps might 
be difficult to avoid, but possible effects on the ALD nucleation 
should be taken into account. To increase reproducibility, proce-
dures such as cleaning the graphene with a high temperature 
anneal (e.g. 400 °C) to reduce the amount of contaminants can 
be considered.

2.2. Influence of the ALD Deposition Temperature

The deposition temperature also plays an important role on 
the ALD nucleation on graphene. Physisorbed species tend 
to desorb at higher processing temperatures, whereas chem-
isorbed species are stable over a much wider temperature 
range. In the case of H2O based ALD recipes, lower deposi-
tion temperatures (≈100 °C) generally result in a more uniform 
ALD nucleation on graphene.[26] This is also shown in Figure 2, 
where 100 cycles of Al2O3 was deposited on graphene at a tem-
perature of 100 °C and 200 °C. A higher Al2O3 surface coverage 
is obtained for the lower deposition temperature. H2O tends to 
physisorb on graphene at these lower temperatures, making 
it more difficult to remove in the subsequent purge or pump 
steps. The physisorbed H2O layer reacts in the subsequent ALD 
cycle with the trimethylaluminum (TMA) precursor, resulting 
in a more uniform deposition. The use of a lower deposition 
temperature and sufficient ALD cycles to achieve uniform ALD 
growth on graphene was studied by Zou et al. and Robinson 
et al. who both showed that for depositing HfO2 on either 
exfoliated or epitaxial graphene at 110 °C a closed layer can 
be obtained after the deposition of approximately 30 nm of 

material.[36,38] Layers thinner than 30 nm however, did not show 
uniform HfO2 coverage.

Despite the advantage a lower deposition temperatures 
offers, the deposition temperature cannot be lowered indefi-
nitely. This is because also the quality of the deposited high-k 
dielectric is of importance, While there are also other limita-
tions, such as the ALD growth window. A lower deposition 
temperature often leads to the incorporation of impurities and 
an increase of the hydrogen content in the form of hydroxyl 
groups, due to the lower reactivity of the H2O. This reduces the 
dielectric constant of the material deposited.[90] Furthermore, at 
temperatures below 100 °C H2O is generally difficult to remove 
from the ALD system, requiring long purge times to avoid 
unwanted CVD reactions.

In some cases the uniformity of the ALD deposition can 
increase with deposition temperature, depending on the reac-
tivity of the precursor molecules. Xuan et al. for example, 
showed that the deposition uniformity of Al2O3 and HfO2 on 
HOPG can be increased by using a higher deposition tem-
perature (Figure 4).[23] Films deposited at 200 °C still resulted 
in the selective deposition on the step edges of the HOPG for 
both Al2O3 and HfO2 ALD, while on the basal plane no growth 
was obtained. However, when the deposition temperature was 
increased to 250 °C very rough, but closed HfO2 films were 
deposited over the entire HOPG surface. For Al2O3 ALD this 
occurred at a temperature of 300 °C. The increase in the uni-
formity is caused by the reaction of one or more of the pre-
cursor molecules (HfCl4, TMA or H2O) with the sp2 basal plane 
of the graphene.[38] This was confirmed using X-ray photo-
electron spectroscopy (XPS) for HfO2 ALD, which showed the 
formation of Hf-C bonds, at the interface between the HfO2 
and HOPG.[53] Similarly the TMA is likely to react with the 
HOPG surface at 300 °C. Despite the higher nucleation density 
obtained, the deposition of HfO2 at these high temperatures 
has been shown to severely damage the graphene.[38] In the 
ideal case one would therefore like to deposit the dielectric on 
the graphene at a temperature at which the best properties are 
obtained for the material being deposited, while still obtaining 
uniform ALD growth on graphene and keeping the graphene 
intact.

2.3. Influence of the ALD Precursor Chemistry

The reactivity of grain boundaries, defects, wrinkles and the 
graphene basal plane towards ALD nucleation depends on the 
precursor used. The Pt precursor MeCpPtMe3 for example is 
much more reactive towards grain boundaries than the Al2O3 
TMA (Al(CH3)3) precursor.[15] The presence of certain ligands 
in the precursor can increase the adsorption energies signifi-
cantly. Aromatic acetylacetonate (acac, C5H7O2) ligands have 
been shown to increase the physisorption of Pt(acac)2 compared 
to MeCpPtMe3 on graphene, likely due to π–stacking interac-
tions between the graphene and the acac ligand.[16] Evidently, it 
is important to consider the precursor ligands when choosing a 
precursor for ALD on graphene.

The influence of the precursor chemistry on the nuclea-
tion behavior of HfO2 was also investigated by Oh et al.[21] 
Both HfCl4 and tetrakis(dimethylamino)hafnium (TDMAH, 
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((CH3)2N)4Hf) were used to deposit HfO2 films on exfoliated 
and CVD graphene using H2O as the co-reactant at a substrate 
temperature of 250 °C. After 90 ALD cycles, HfO2 covered 
75% of the graphene surface when HfCl4 was used as the Hf 
precursor, whereas only 35% of the surface was covered when 
TDMAH was used. DFT modeling showed that the physisorp-
tion of HfCl4 on graphene is stronger compared to TDMAH, 
leading to an enhanced nucleation for HfCl4. The results of 
Oh et al. indicate that the precursor chemistry plays an impor-
tant role in the nucleation of ALD on graphene. Despite the 
advantages that a different precursor molecule might add, the 
number of types of precursors (for the same material) that have 
been tested in the literature is limited. This is because, apart 
from an advantageous adsorption on graphene, the precursor 
must satisfy many other requirements to be suitable for ALD 
processing, such as a high vapor pressure, good thermal sta-
bility and low cost, which limits the number of precursors avail-
able. In the case of Al2O3 for example, in all work published 
ALD on graphene TMA was used as the precursor. The robust-
ness of the TMA-based ALD recipe and low cost of the pre-
cursor hamper the development and availability of alternative 
Al precursors that might be more suited for ALD on graphene.

2.4. Influence of the ALD Dose and Purge Times

The lack of reactive surface groups on the graphene plane 
means that ALD precursor adsorption mostly relies on phy-
sisorption of the precursor molecules and co-reactant. Work 
by McDonnel et al. showed that increasing the precursor 
purge time from 30 s to 300 s the amount of Al2O3 deposited 
on HOPG was decreased significantly, while no change was 
observed for a Si witness sample.[63] The difference between 
the different samples and purge times, was attributed to the 
physisorption of the precursor and reactant on the HOPG sur-
face. When a longer purge time is used more of the precursor 
desorbs from the graphene surface, resulting in less material 

being deposited. A similar effect was observed by Aria et al. 
who instead of changing the purge times, increased the TMA 
precursor dose times (>2 s) while keeping the purge times con-
stant.[22] Longer dose times resulted in more uniform nuclea-
tion on HOPG and CVD graphene. The longer exposure to the 
precursor most likely resulted in an increase of the physisorbed 
species on the graphene surface. Because the purge times were 
kept constant, more molecules remained on the graphene 
after the purge step with increasing dose times, leading to an 
enhanced nucleation density and the deposition of a closed 
graphene layer after 12 cycles for the optimized conditions (i.e. 
by also exploiting the influence of the underlying graphene 
substrate on the ALD nucleation, which will be discussed in 
Section 2.5). Park et al. removed the purge times during the 
first few ALD cycles.[42] A closed Al2O3 layer of approximately 
10 nm was deposited in this case. The complete removal of 
the purge times from the ALD process however, also results 
in unwanted CVD reactions occurring in the gas phase, which 
could lead to the deposition of non-uniform films.

The use of longer precursor doses does not necessarily lead 
to a more uniform deposition. An example of this is shown 
in Figure 5. The figure shows the deposition of Pt by ALD on 
CVD graphene grown on Cu foil. The Pt was deposited using 
MeCpPtMe3 precursor and O2 gas as co-reactant at a temper-
ature of 300 °C.[91] Increasing the pressure of the co-reactant 
(effectively increasing the O2 dose) results in a more selective 
deposition towards the wrinkles and grain boundaries of the 
graphene, most likely due to the diffusion of Pt. Pt is known 
to diffuse on surfaces by a process called ripening, which is 
dependent on the O2 pressure.[92,93] At higher oxygen doses, 
increasing amounts of the Pt surface species are converted 
to PtOx which have a higher diffusion rate.[93,94] This leads to 
an increased Pt diffusion over the graphene surface for larger 
O2 doses allowing the Pt to diffuse to grain boundaries and 
wrinkles of graphene, which are energetically more favorable 
adsorption sites compared to the graphene basal plane.[16] 
The diffusivity of the precursor molecules on graphene can 
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Figure 4. SEM images of Al2O3 ALD on HOPG deposited at a) 200 °C, b) 250 °C and c) 300 °C and HfO2 ALD on HOPG deposited at d) 200 °C,  
e) 250 °C and f) 300 °C. For both HfO2 and Al2O3 a more uniform growth is obtained at higher temperatures as a result of a reaction of the sp2 bonded 
carbon with the ALD precursor molecules. The films however, are very rough and contain pinholes and cracks. Adapted with permission.[23] Copyright 
2008, AIP Publishing.
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therefore strongly influence the ALD nucleation behavior. A 
similar effect has been observed for the deposition of Al2O3 
using an Al or Ti seed-layer (see Section 3.2).

2.5. Influence of the Underlying Substrate

Apart from the ALD process parameters and the cleanliness 
of the graphene surface the underlying substrate also plays an 
important role in the nucleation of ALD films on graphene, 
as was shown by Dublak et al.[26] The deposition of 100 cycles 
of Al2O3 on HOPG and CVD graphene transferred to SiO2 
without any pretreatment did not result in the growth of a uni-
form layer, see Figure 6a. However, when the CVD graphene 
was present on a Cu substrate, uniform deposition of Al2O3 on 
graphene was obtained (Figure 6b). Similarly, using Ni-Au as 
the underlying substrate led to a uniform film of Al2O3 on gra-
phene.[26] However, when multi-layer graphene was used on the 
same substrates the growth was similar to that on the HOPG 
and SiO2 substrates. The enhanced nucleation when a metallic 
substrate was used, was ascribed to the formation of polar traps 
on the graphene surface due to the interaction of the metal 
with the graphene.[26,95] The adsorption of H2O molecules was 
increased due to the presence of these polar traps resulting in 
the uniform nucleation of Al2O3 on graphene.

For non-H2O processes the underlying substrate can also 
be of importance for the nucleation, as is demonstrated in 
Figure 7, which demonstrates the deposition of Pt on graphene 
supported by Si nano pillars and free-standing graphene, in 
the gap between the pillars. A higher Pt nucleation density is 
observed for the graphene supported by the Si pillars compared 
to the free standing graphene. Although the precise cause for 
this enhanced nucleation behavior is not yet fully understood, 
it shows that the interaction between the graphene and the sub-
strate can strongly influence the ALD nucleation. The appro-
priate choice of substrate thus makes it possible to obtain closed 
layers that are significantly thinner than when the standard 
silicon oxide substrate is used. This can also be observed in 
Table , 1: For semiconductor and metal substrates generally a 
closed layer is obtained at lower thicknesses compared to an 
oxide substrate using the same functionalization process. For 
many applications however, the choice in substrates is limited 

and this effect can therefore not always be 
exploited.

Summarizing, the direct deposition of die-
lectric layers and metals on graphene by ALD 
does not result in uniform film growth, but 
in the selective deposition on the graphene 
grain boundaries, defects and wrinkles. The 
selective growth is a result of the lack of out 
of-plane bonds on the graphene, due to its sp2 
C configuration. Because the precursor mole-
cules physisorb on the graphene instead of 
chemically bonding to the graphene, the ALD 
process conditions such as substrate tem-
perature, pump times, purge times and the 
precursor chemistry strongly affect the depo-
sition uniformity. The appropriate choice of 
precursor and substrate, as well as increasing 

the dose times, shortening the purge times and lowering the 
deposition temperature can increase the nucleation uniformity. 
Despite numerous efforts to optimize the process conditions, 
obtaining closed dielectric layers <10 nm is still troublesome 
and for many applications changing the substrate is not 
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Figure 6. SEM image of the ALD growth of 10 nm Al2O3 at 80 °C on gra-
phene using a) SiO2 as the underlying substrate and b) Cu as the under-
lying substrate. The use of SiO2 as the underlying substrate does not 
result in uniform Al2O3 growth on graphene, However, when Cu is used 
as the underlying substrate uniform ALD of Al2O3 deposition is observed. 
Adapted with permission.[26] Copyright 2012, AIP Publishing.

Figure 5. SEM micrograph of graphene grown on Cu foil after 500 cycles of Pt ALD at 300 °C. 
The Pt was deposited using MeCpPtMe3 precursor and O2 gas as co-reactant. The O2 pressure 
was varied a) 225 mTorr and b) 750 mTorr. A more uniform Pt deposition can be observed for 
the lower O2 pressure (the density of Pt particles in-between the grain boundaries and wrinkles 
goes is reduced with increasing O2 pressure).
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an option. Furthermore, the strong dependence on process 
conditions does not provide the best solution when reproduc-
ible results are required. To this extent the creation of functional 
groups on the graphene surface to enhance the nucleation of 
ALD on graphene has been studied extensively throughout lit-
erature and will be discussed in the next section.

3. Uniform ALD on Graphene through  
Surface Preparation

To enable uniform ALD on graphene the creation of functional 
groups on graphene has appeared to be essential. The func-
tional groups provide adsorption sites on which the precursor 
molecules can chemisorb resulting in ALD of uniform films 
on the graphene surface. The functional groups can be cre-
ated directly on the graphene itself or by the deposition of a 
seed-layer on the graphene. The creation of functional groups 
directly on the graphene can be achieved by, for example, an O2 
plasma treatment. The plasma treatment converts part of the 
sp2 bonds to out-of-plane sp3 bonds and leads to the attachment 
of oxygen containing surface groups. The disruption of the sp2 
backbone of the graphene by these treatments however, results 
in the deterioration of the electrical properties of the graphene, 
such as the charge carrier mobility. The use of seed-layers 
avoids changing the sp2 structure of the graphene. However in 
this case one faces other challenges such as a lower dielectric 
material quality or an increase in the equivalent oxide thickness 
(EOT) due to the low dielectric constant of the seed-layer.

The various methods used to initialize ALD growth on gra-
phene, shown in Table 1, can be roughly be divided into four 
categories; 1) the deposition of polymer seed-layers on the gra-
phene such as self-assembled monolayers (SAMs), 2) the evap-
oration of metal or metal-oxide seed-layers on the graphene, 
3) the creation of functional groups directly on the graphene 
by plasma or reactive gas functionalization, and 4) the use of 

wet-chemical treatments such as RCA cleaning or dipping the 
graphene in H2O before processing. Each of these methods will 
be discussed in more detail below.

3.1. Polymer Seed-Layers

The use of polymer seed-layers to achieve uniform growth 
on graphene was first investigated by Wang et al. who used 
3,4,9,10-perylene tetracarboxylic acid (PTCA), a SAM, to obtain 
uniform Al2O3 layers (2.8 nm thick) on graphene, as shown in 
Figure 8.[14] To cover the graphene with PTCA, graphene flakes 
were immersed in a PTCA solution for approximately half an 
hour. The PTCA contains carboxylate terminated groups which 
served as adsorption sites for the TMA precursor. Although 
not investigated, it is suggested that damage to the graphene is 
prevented by the non-covalent bonding of the PTCA to the gra-
phene. Along with PTCA several other SAMs have been used to 
obtain uniform Al2O3, HfO2 and ZnO layers on graphene such 
as perylene-3,4,9,10-te tracarboxylic dianhydride (PTCDA),[6,44] 
perfluorodecyltrichlorosilane (FDTS),[45] and 4-mercaptophenol 
(4MP).[51] The use of Hexamethyldisilazane (HMDS) as a seed-
layer led to the deposition of non-uniform Al2O3 films,[47] 
possibly because of the hydrophobic nature of the functional 
groups, which decreased the adsorption of H2O on the HDMS 
treated graphene surface.

Polymer seed-layers are typically deposited on the gra-
phene by spin coating and are typically between 5–10 nm 
thick. Farmer et al. used the polymer NFC 1400-3CP (a poly-
hydroxystyrene derivative) to initiate the ALD growth of uni-
form 10 nm thick layers of HfO2 on graphene.[49] After ALD, 
top gated field effect transistors (FETs) where made. The FET 
devices showed that the charge carrier mobility of the graphene 
decreased ≈15% after polymer deposition and subsequent 
HfO2 ALD. Further analysis showed that additional phonon 
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Figure 7. 500 cycles of Pt ALD on graphene transferred to Si pillars. The 
graphene in between the nano pillars is free-standing, i.e. not supported 
by a substrate. An increased nucleation density can be observed on the 
Graphene/Si nano pillars compared to the free standing graphene.

Figure 8. Atomic force microscope (AFM) images of pristine graphene 
a) before and b) after Al2O3 ALD and of PTCA functionalized graphene 
c) before and d) after PTCA treatment and ALD. Adapted with permis-
sion.[14] Copyright 2008, American Chemical Society.
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scattering introduced by the polymer layer was the most likely 
cause for the observed reduction of the mobility. Apart from a 
small reduction in the carrier mobility the polymer buffer layer 
also lead to strong p-doping of the graphene. This resulted in a 
42.5 V shift in the Dirac voltage which decreased to 13.3 V after 
HfO2 ALD. The doping of the graphene by the polymer buffer 
layer can be reduced by the appropriate choice of the polymer 
layer, as was shown by Shin et al. who used poly(4-vinylphenol) 
to obtain uniform (25 nm thick) Al2O3 layers on graphene, 
which reduced the Dirac point shift to ≈1.5 V. Both Sangwan 
et al.[6] and Shin et al.[78] showed that the use of a polymer seed-
layer or SAM also enhances the reproducibility of devices made 
compared to devices where no seed-layer is used. The increased 
device reproducibility is likely caused by the more uniform 
ALD on the seed-layer as compared to the non-functionalized 
graphene devices. Device reliability test by Sangwan et al. 
showed that using Al2O3 as a buffer layer between the HfO2 
gate and polymer resulted in superior performance compared 
to devices that only used HfO2 as a gate dielectric. Further 
analysis showed that the PTCDA seeded the Al2O3 growth more 
effectively than the HfO2 growth.

All reported SAMs and other polymeric seed-layers have a 
limited influence on the graphene properties. Furthermore, 
fabricated devices show good reproducibility and therefore are 
a promising method to achieve uniform dielectric layers on 
graphene. However, there are some hurdles that need to be 
overcome to make polymer buffer layers or SAMs suited for 
future device integration. The tested SAMs and other polymers 
all have a relatively low dielectric constant, which together with 
the relatively large thickness of the films limits the minimum 
EOT of the gate dielectric. For example a 9 nm NFC 1400-3CP 
seed-layer has a dielectric constant of ≈2.5 resulting in a EOT of 
14 nm for the polymer layer alone. Reducing the EOT thickness 
is essential for the further improvement of graphene devices. 
Meric et al. have shown that by using poly-vinyl alcohol (PVA), a 
polymer with a relatively high dielectric constant (≈6), the EOT 
can be reduced significantly.[52] The use of a 2.5 nm PVA layer 
was sufficient to obtain a closed HfO2 layer after only 50 ALD 
cycles (≈5 nm). To initiate the HfO2 ALD growth on the PVA, 
an ozone pre-treatment was required. As will be discussed in 
Section 3.3, ozone treatments can also be used to functionalize 
the graphene directly without the need of a polymer seed-layer, 
allowing for an even better EOT scaling of the gate dielectric. 
Despite the potential of polymer seed-layers to obtain uniform 
ALD growth on graphene without damage, other functionali-
zation approaches offer better opportunities to scale down the 
dielectric thickness.

3.2. Evaporated Metal and Metal-Oxide Seed-Layers

The relatively low EOT of the polymer buffer layers has led to 
the exploration of metal and metal-oxide seeding layers to ini-
tiate the ALD growth on graphene. The metal and metal-oxide 
layers can be deposited using e-beam evaporation at room tem-
perature. In the case of using metal seeding-layers these can be 
oxidized by the exposure of the samples to air after seed-layer 
deposition[10,60] or by the use of O2 as a background gas during 
evaporation.[55] The method was introduced by Kim et al. who 

used a thin Al seed-layer, oxidized in air during transfer to the 
ALD chamber, after which 15 nm of Al2O3 was deposited by 
ALD on top.[10] To ensure the Al seed-layer was fully oxidized 
the sample was exposed to a H2O step in the ALD chamber 
at an elevated temperature. FET devices fabricated from the 
sample showed mobility values up to 8600 cm2 V−1 s−1 and a 
Dirac voltage of 0.08 V, indicating that doping of the graphene 
can be avoided when a metal seed-layer is used. The dielectric 
constant of the deposited Al2O3 however was relatively low 
(6.0 instead of 8–9), indicating that further optimization is pos-
sible. Despite that the mobility of the graphene devices without 
the Al2O3 seed-layer was not determined, this work shows the 
potential of using a evaporated metal seed-layer to initiate ALD 
growth.

The deposition of an Al seed-layer might still damage the 
graphene despite the good mobility values reported by Kim  
et al.[10] For example, Fallahazad et al. used an Al seed-layer to 
initialize the ALD growth of HfO2 on mono and bi-layer gra-
phene.[60] A strong decrease in the mobility of the graphene 
was observed after Al evaporation and the deposition of the 
first 2–4 nm of oxide, as shown in Figure 9. The decrease of the 
mobility was attributed to charged impurities being introduced 
after seed-layer and dielectric deposition. These were most 
likely oxygen vacancies present in the deposited Al or HfO2 
films a result of the incomplete oxidation of these layers.

Later work by Fallahazad et al. showed that the Al seed-layer 
on graphene is also relatively rough when compared to using 
an Ti seed-layer. This is caused by a higher surface mobility of 
Al atoms on graphene. The low surface mobility of Ti atoms 
allowed for the deposition of seed-layers down to 0.6 nm in 
thickness compared to 2.6 nm for Al. Furthermore the oxidized 
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Figure 9. Mobility µ plotted versus the oxide thickness tox for mono-
layer and bilayer graphene devices prepared using a e-beam evaporated 
Al seed-layer and an ALD HfO2 film. A sharp mobility decrease can be 
observed for the deposition of the first 2–4 nm of oxide, which remains 
approximately constant for thicker dielectric films. Adapted with permis-
sion.[60] Copyright 2010, AIP Publishing.
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Ti seed-layers had a higher dielectric constant 12.7 versus 5.5, 
making further downscaling of the EOT possible.

Robinson et al. deposited several materials (Al2O3, HfO2, 
Ta2O5 and TiO2) by ALD on epitaxial graphene. The evaporated 
metal counterpart of the oxide was used as a seed-layer.[38] Full 
oxidation of the metal seed-layer was ensured by pulsing H2O 
(10 pulses 10 s each) before deposition of the ALD layer. A uni-
form ALD film could be obtained for all oxides although the 
ALD deposition temperature strongly affected the coverage. For 
example Al2O3 deposited at 150 °C was rough and contained 
pin holes, whereas depositing Al2O3 at 300 °C led to the deposi-
tion of a more uniform film. In the case of Ta2O5 closed layers 
could be obtained, but the resulting films were very rough 
independent of the deposition temperature. Raman measure-
ments indicated that the deposition of a Ta seed-layer also 
led to damage to the graphene film, which was in agreement 
with a strong reduction of the carrier mobility observed by the 
hall measurements. The use of an Al seed-layer resulted in a 
reduction of the mobility similar in magnitude as observed by 
Fallahazad and Farmer et al.[49,60] For HfO2 a slight increase in 
the mobility of graphene was observed after ALD and a signifi-
cant increase for TiO2. The increase observed after deposition 
of a Ti seed-layer and subsequent ALD is possibly caused by the 
charge compensation of the substrate induced doping, often 
observed for SiC substrates. This observation was supported by 
an approximately twofold decrease in the charge carrier concen-
tration of graphene after ALD.

The use of metal-oxide seed-layers to initiate the ALD growth 
on graphene was investigated first by Hsu et al. who e-beam 
evaporated 5 nm of SiO2 on graphene followed by ALD of 15 nm 
of Al2O3 for the fabrication of RF transistors.[61] The mobility 
of the fabricated devices reduced from 2000 ± 500 cm2 V−1 s−1 
before dielectric deposition to ≈500 cm2 V−1 s−1 after e-beam 
evaporation and ALD, the SiO2 seed-layer being the most likely 
cause for the significant degradation of the graphene. Such a 
significant degradation of the carrier mobility after SiO2 e-beam 
evaporation was also observed by Hollander et al. who used it 
to initiate the ALD growth of HfO2 on graphene, as illustrated 
in Figure 10. Part of the mobility reduction could be due to the 
relatively low dielectric constant of the SiO2 seed-layer, which is 
known to enhance the impurity scattering in the graphene.[96]

Beside SiO2 seed-layers also Al2O3 and HfO2 seed-layers were 
investigated by Hollander et al. Both the Al2O3 and HfO2 seed-
layers, ≈2 nm thick, showed an improvement of the mobility 
irrespective of whether Al2O3 or HfO2 was deposited on the 
seed-layers. Raman spectroscopy confirmed that the graphene 
was indeed not damaged by the seed-layer deposition. The use 
of a HfO2 seed-layer increased the mobility further compared 
to Al2O3 (see Figure 10). This is a result of the higher dielectric 
constant of HfO2, which helps to reduce the charged impurity 
scattering through dielectric screening.[97] Although both the 
heterogeneous material stack (Al2O3/HfO2 or HfO2/Al2O3) and 
homogeneous stacks (Al2O3/Al2O3 or HfO2/HfO2) improved 
the graphene properties, the dielectric performance of the 
homogenous material stacks was superior to the heterogeneous 
stacks. The larger roughness of the heterogeneous stacks com-
bined with the trapping of charges at the interface between 
the two different dielectrics being the most likely cause for the 
lower performance. Despite the good properties obtained for 

the homogenous stacks, still a hysteresis of 0.5 to 0.7 V was 
observed in the measured transfer curves, indicating that even 
for these devices trapped charges remain present in the depos-
ited oxide layer. These trapped charges limit the improvement 
of the graphene devices after dielectric deposition.

The quality of both the graphene and the dielectric depos-
ited thus strongly depend on the type of metal or metal-oxide 
seed-layer deposited by e-beam evaporation. The use of Ti 
as a seed-layer shows the most promise due to the reduced 
roughness of the e-beam evaporated films and higher dielec-
tric constant compared to for example Al, Ta and SiO2 e-beam 
evaporated films, furthermore the Ti seed-layer did not damage 
the graphene. Hf seed-layers are also an option, but care should 
be taken that the deposition temperature of the ALD process 
is low enough to prevent the formation of Hf-C bonds which 
disrupt the sp2 C backbone of graphene and deteriorate its elec-
trical properties, as discussed in Section 2.2.

Apart from e-beam evaporated metal or metal-oxide seed-
layers almost no other deposition techniques have been investi-
gated to achieve uniform ALD nucleation. This is because other 
PVD techniques easily damage the graphene.[13] Jeong et al. for 
example tried to use sputtered ZnO as a seed-layer to achieve 
uniform HfO2 growth on graphene.[51] Although uniform HfO2 
layers of ≈17 nm could be deposited on the sputtered ZnO, 
Raman analysis showed that the graphene was completely 
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Figure 10. Evaluation of the hall mobility µhall as a function of the carrier 
concentration ns for graphene devices fabricated on SiC. The results indi-
cate that the deposition of a high-κ dielectric on the epitaxial graphene 
by either oxide seeded ALD (O-ALD) or e-beam evaporation (EBPVD) 
leads to a mobility improvement. Furthermore, the ALD seeded devices 
outperform the devices fully prepared by EBPVD. Adapted with permis-
sion.[59] Copyright 2011, American Chemical Society.
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etched after the ZnO deposition, due to sputtering induced 
plasma damage. Since this plasma damage is intrinsic to the 
sputtering technique, it is not suited for the deposition of ALD 
nucleation layers on graphene.

Consequently, the combination of PVD techniques, such as 
e-beam evaporation, sputtering or pulsed laser deposition with 
ALD to obtain uniform dielectric layers on graphene is a com-
promise. On one side the material quality and thickness con-
trol of ALD is superior to those of the PVD techniques and it 
prevents damaging the graphene, but the inert nature of the 
graphene makes nucleation difficult. PVD techniques on the 
other hand make deposition on the graphene possible but 
suffer from low material quality, limited thickness control and 
damage to the graphene.[13] Combining PVD with ALD there-
fore limits the exposure time of graphene to reactive species, 
such as ions, which are inherent to PVD techniques, and could 
damage it significantly. Therefore, completely avoiding this 
damage remains difficult. The deposition of uniform layers 
with ALD directly on graphene would avoid these issues, which 
will be discussed in the next section.

3.3. Surface Functionalization

The use of polymer seed-layers to initialize ALD growth on gra-
phene makes it difficult to achieve good EOT scaling, but avoids 
damaging the graphene. Metal and metal-oxide seed-layers on 
the other hand easily damage the graphene, but provide good 
EOT scaling. To circumvent the tradeoff between these two 
approaches the direct ALD on graphene using surface functional-
ization treatments has been investigated extensively in literature, 
for example by using ozone or O2 and N2 plasma treatments. 
The treatments create oxygen and nitrogen functional groups on 
the graphene on which the ALD precursor molecules can adsorb, 
ideally allowing for the deposition of a uniform ALD layer.

The use of O3 pre-treatments, or the replacement of the H2O 
co-reactant by O3 was investigated first. This is because plasma 
treatments are generally considered more aggressive and are 
expected to easily damage the graphene, whereas O3 treatments 
are relatively mild. Lee et al. studied the deposition of Al2O3 on 
HOPG, comparing the normal H2O Al2O3 ALD process with a 
process where the H2O pulse was replaced by O3 exposure.[24] 
For the H2O based process only ALD growth on the step edges 
of the HOPG was observed, whereas for the O3 ALD process 
a more random nucleation was obtained. However, for both 
processes no uniform deposition of Al2O3 was obtained after 
50 ALD cycles at 200 °C. To obtain uniform deposition of Al2O3 
on the HOPG an additional ozone pretreatment was required. 
The ozone pretreatment followed by the O3 ALD process 
resulted in the deposition of closed Al2O3 layers down to 9.5 nm 
thick. XPS analysis showed that the O3 pretreatment created 
epoxide (CO) carbonyl (CO) and carboxyl (OCO) con-
taining surface groups on the HOPG surface, which enhanced 
the ALD nucleation but also indicated a change of sp2 C to sp3 
C which is likely to deteriorate graphene device performance. 
Similar observations were made by Prikle et al. who showed that 
an O3 ALD process increases the nucleation density of the Al2O3 
on HOPG, but who also found that achieving a closed layer 
remains difficult when no O3 pretreatment is used.[65] However, 

because HOPG is not suited for device fabrication the influence 
of the O3 treatment on the properties of the graphene remained 
unclear.

The importance of the O3 pretreatment before ALD was 
investigated further by McDonnel et al. who changed the pulse 
order during ALD (i.e TMA first or O3 first) and its effect on 
the nucleation, see Figure 11.[63] First dosing TMA lead to an 
almost uniformly deposited Al2O3 films after 6 ALD cycles. O3 
first however, lead to the selective nucleation of Al2O3 growth 
on the HOPG step edges. XPS measurements of the HOPG 
surface indicated that short O3 exposures, as typically used 
during ALD processing, clean the surface of contaminants and 
therefore remove possible precursor binding sites. These pos-
sible binding sites remain for a TMA first process and thus 
explain the higher nucleation density compared to the O3 first 
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Figure 11. AFM image of Al2O3 deposited on HOPG by starting with  
a) the TMA pulse and b) an O3 pulse. The difference in coverage illus-
trates the importance of the ALD pulse sequence on uniformity on ALD 
Al2O3. For the TMA first process an almost uniform layer is obtained 
whereas for the O3 first process preferential deposition on the step edges 
is obtained. Adapted with permission.[63] Copyright 2012, AIP Publishing.
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process. Long doses of O3, like the pretreatments used by Lee  
et al., first clean the graphene and subsequently create func-
tional groups on the graphene surface.[24,63] The duration of the 
O3 pretreatment therefore plays an important role in tuning the 
nucleation density.

When similar work was done on CVD and exfoliated gra-
phene it was discovered that the O3 pretreatments at high 
temperatures (>150 °C) severely damaged the graphene.[66,67] 
Which agrees with the change from sp2 C to sp3 C observed by 
XPS, discussed above. Lee et al. however showed that at low 
temperatures (25 °C) damage to the graphene can be prevented. 
This was later confirmed by Jandhyala et al. who showed, 
using ab inito calculations, that at temperatures >150 °C the 
O3 chemisorbs on the graphene changing the sp2 carbon back-
bone to sp3 carbon.[67] At 25 °C however the O3 physisorbed 
on the graphene, leaving the sp2 backbone intact. During the 
subsequent TMA pulse the physisorbed O3 reacted with the 
TMA forming a Al2O3 nucleation layer. The quality of the Al2O3 
deposited at 25 °C is however, not optimal. To improve this the 
temperature was increased after 4 TMA/H2O cycles at 25 °C to 
150 °C where an additional 32 cycles of TMA/ H2O ALD were 
performed, obtaining a uniform Al2O3 layer of 4.5 nm thick. 
Fabricated FETs showed an significant increase of the mobility 
after Al2O3 deposition with a maximum of ≈19.000 cm2 V−1 s−1. 
The increase in the mobility was attributed to the removal of 
surface contaminants by the ozone treatments, such as resist 
residues left over from the graphene transfer process, the bar-
rier properties of the Al2O3 preventing impurities, such as O2 
and H2O, adsorbing on the graphene and the charge screening 
of the Al2O3 dielectric.

A combination of O3 ALD and the substrate enhanced nucle-
ation of Ni (Section 2.5) was used by Martin et al. to deposit 
Al2O3 layers on graphene for the integration of graphene in a 
spin selective membrane in magnetic tunnel junctions (MTJ). 
A closed layer was obtained after only 6 ALD cycles, corre-
sponding to a thickness of 0.6 nm. These are the thinnest 
uniform Al2O3 layers on graphene reported to date. The ALD 
layers are thinner than any of the polymer, metal or metal-oxide 
seed-layers discussed in Sections 3.1 and 3.2. Despite that not 
always a metal substrate can be used to enhance nucleation, 
this shows the promise of O3 functionalization to deposit ultra-
thin dielectrics on graphene.

Apart from O3 functionalization also NO2 has been exten-
sively investigated in literature as a replacement for the H2O 
step in the ALD process. The method was introduced by 
Farmer et al. for the deposition of Al2O3 on single wall carbon 
nanotubes,[98] and later adapted for the nucleation of Al2O3 
on graphene by Williams et al. who used 50 NO2/TMA ALD 
cycles at room temperature followed by 305 cycles of H2O/TMA 
at 225 °C to deposit ≈30 nm thick continuous Al2O3 films on 
graphene.[71] The NO2 adsorbs non-covalently on the graphene 
surface, most likely through a charge transfer mechanism.[69] 
In the subsequent TMA exposure the NO2 reacts with the TMA 
forming Al2O3 islands. Because the NO2 does not adsorb on 
Al2O3 the reaction stops when the entire graphene surface is 
covered by Al2O3, at a thickness of ≈8.0 nm. The relatively large 
thickness required before growth stops, could indicate that even 
with NO2 the nucleation on graphene is not completely uni-
form. Later work by Farmer et al. showed that the use of NO2 as 

a reactant gas instead of H2O lead to a strong mobility decrease 
of the graphene.[49] This was later confirmed by Lin et al.  
who attributed the mobility decrease to the charged impurity 
scattering of the NO2 grown Al2O3 nucleation layer. The severe 
deterioration of the graphene’s electrical properties, make NO2 
treatments to initialize ALD growth unsuited for device applica-
tions. Other applications however, where the quality of the gra-
phene is not important, NO2 functionalization can still be used. 
An example is the fabrication of thin oxide membranes. In this 
case the graphene is only used as a growth support and etched 
after ALD processing, which makes it possible to fabricate of 
2.8 nm thick freestanding Al2O3 membranes.[72]

Wheeler et al. investigated the exposure of graphene to XeF2 
gas to enhance ALD of Al2O3 on graphene.[81] Graphene was 
exposed to XeF2 for various exposure times. The XeF2 dissoci-
ates on the graphene at room temperature forming CF func-
tional groups. The amount of CF groups created increased 
as a function of the XeF2 exposure time. An optimum was 
found for a CF group coverage of approximately 6–7%, where 
a uniform Al2O3 layer was deposited on the graphene after 
≈15 nm. Lower coverages did not result in a closed graphene 
layer, higher coverages of CF could not be obtained due 
to the formation of CF2 which decreased the total density of 
reactive surface sites. Hall measurements showed a ≈10–15% 
increase in the mobility after Al2O3 ALD. This mobility increase 
is smaller than normally observed after Al2O3 ALD,[59,67] pos-
sibly due to charged impurity scattering at the graphene/Al2O3 
interface.

The use of plasma treatments to obtain the uniform nucle-
ation of ALD on graphene was first reported by Nayfeh et al. 
who replaced the H2O co-reactant dose by a O2 plasma step, 
for the deposition of Al2O3 on graphene.[74] Fabricated devices 
containing the plasma deposited Al2O3 as a gate dielectric were 
compared to devices with a SiO2 e-beam evaporated dielectric. 
The plasma prepared Al2O3 devices performed significantly 
better, but this is most likely due to the poor quality of the SiO2 
devices (as discussed in Section 3.2). Furthermore the dielec-
tric constant of SiO2 is significantly lower compared to that of 
Al2O3, which could also explain the difference in performance. 
Raman measurements of both the plasma deposited Al2O3 
and the SiO2 e-beam reference samples revealed defects, indi-
cating that the graphene is indeed damaged by the O2 plasma. 
Later work by Lim et al. showed that N2 plasma pre-treatments 
can also be used for the uniform deposition of Al2O3 on gra-
phene.[73] It was suggested that the N2 plasma creates defects 
in the graphene, which act as nucleation sites for the TMA or 
H2O precursor and co-reactant. The nature of the defects sites 
created was not investigated, but these are most likely nitrogen 
containing surface groups, which react with the TMA, similarly 
as observed for the NO2/TMA process.

To circumvent the damaging of the graphene by an O2 
plasma treatment Shin et al. performed the O2 plasma 
treatment on a sacrificial graphene layer.[39] The O2 plasma 
treatment created epoxide and carboxyl groups on the graphene, 
converting it to graphene oxide (GO). This GO was transferred 
on top of an untreated graphene layer. Next 22.3 nm of Al2O3 
was deposited on the graphene /GO stack. The deposition of a 
smooth and continuous Al2O3 film, was confirmed by Atomic 
force microscopy (AFM). Nourbakhsh et al. also performed O2 
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plasma treatments on a sacrificial graphene layer which was, 
transferred on top of the graphene channel before the plasma 
treatment, as illustrated in Figure 12.[77] The top layer of gra-
phene was oxidized by the O2 plasma exposure and at the same 
time protected the underlying graphene layer. With this method 
uniform Al2O3 layers down to 4 nm could be deposited. FET 
devices fabricated with the abovementioned processes pre-
formed similarly to back-gated graphene-FETs and showed 
an improved gate capacitance over Al e-beam seeded Al2O3 
FETs.[77,78] A disadvantage of using a sacrificial graphene layer 

is the requirement of an additional graphene transfer step. This 
makes the functionalization process time consuming. Further-
more, the extra transfer step, could trap polymer residues left 
over from the previous transfer procedure in between the gra-
phene layers. To avoid the need for an additional transfer step 
Nath et al. spin-coated GO flakes prepared by chemical exfo-
liation on top of epitaxial graphene.[79] The GO layer (≈1.5 nm 
thick) acted as a seed-layer for the subsequent ALD growth of 
Al2O3, HfO2 and TiO2. The GO was stable up to 400 °C, which 
made it possible to deposit the films at the optimal ALD pro-
cess conditions, without damaging the epitaxial graphene. The 
dielectric constants of the deposited films were identical to 
those deposited on a Si witness sample and close to their ideal 
values.[79]

Vervuurt et al. developed a plasma functionalization method 
which avoids the use of a sacrificial graphene or GO layer alto-
gether.[32] In this case the graphene was functionalized by a 
H2 plasma treatment. The H2 plasma treatment created CH 
functional groups on the graphene surface, enhancing the 
adsorption of the TMA precursor molecules, allowing for the 
deposition of uniform Al2O3 films down to 8 nm in thickness 
on graphene. As for O2 plasma treatments, the H2 plasma treat-
ment initially led to the sp3 hybridization of graphene, which 
resulted in a drastic reduction of the graphene charge carrier 
mobility. Contrary to O2 plasma functionalized graphene how-
ever, this reduction in charge carrier mobility was fully recov-
ered upon Al2O3 ALD. Subsequent annealing at 400 °C further 
improved the mobility. Density functional theory calculations 
showed that this is caused by the abstraction of hydrogen 
functional groups from the graphene upon Al2O3 precursor 
adsorption, which recovered the sp2 hybridization of the gra-
phene (see Figure 13).

Johns et al. replaced the H2O pulse with atomic oxygen, 
created by flowing O2 along a heated tungsten filament, for 
the growth of ZnO on epitaxial graphene.[80] The exposure of 
graphene to atomic oxygen led to the formation of epoxide 
groups on the graphene surface. The subsequent exposure 
to the diethyl zinc precursor (DEZ) abstracted these oxygen 
groups from the graphene surface, creating mobile metal oxide 
clusters no longer bonded to the graphene.[99] AFM images 
showed the uniform nucleation of ZnO on the graphene, while 
Raman analysis indicated that no defects where created in 
the graphene after the atomic oxygen and DEZ exposure. No 
closed layers were grown however, probably because the atomic 
oxygen exposure and DEZ exposure were performed at room 
temperature, whereas for the removal of reaction products and 
other physisorbed species the sample needed to be heated to 
200 °C at the end of each ALD cycle, making the process time 
consuming.

The use of different surface functionalization techniques, 
such as O3, NO2 and plasma treatments, make it possible to 
deposit uniform dielectric layers by ALD on graphene without 
the need for thick nucleation layers. When the treatments are 
performed at a sufficiently low temperature, the reaction with 
the sp2 basal plane of graphene can be avoided and the deterio-
ration of the graphene’s electrical properties can be minimized 
or prevented all together. The downside is that the low deposi-
tion temperatures, generally lead to dielectrics of lower quality 
being deposited. Performing a few cycles at low temperature to 
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Figure 12. a) Schematic diagram of the method employed by Nour-
bakhsh et al. For sample A the underlying graphene is protected by a 
sacrificial graphene layer. An unprotected graphene layer is used as  
a reference, sample B. b) Relationship between the sheet resistance 
and the number of O2 plasma pulses for the protected and unprotected 
sample. c) Raman spectra of the protected and unprotected sample after 
6 O2 plasma pulses. Adapted with permission.[77] Copyright 2015, The 
Royal Society of Chemistry.
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initialize the nucleation on the graphene followed by depositing 
the remaining material at higher temperatures is an option, but 
also makes the process time consuming due to the need to cool-
down and heat the ALD system between two deposition runs. 
The need for a low processing temperature can be avoided by 
the use of a sacrificial functionalized graphene layer, such as 
GO.[79] Additionally certain precursor chemistries or function-
alization methods recover the pristine graphene sp2 hybridiza-
tion during ALD, making it possible to directly deposit mate-
rials on graphene at elevated temperatures without damage.[32] 
Moreover, when compared with other graphene surface prepa-
ration methods, the surface functionalization techniques have 
the advantage that they can be done in the same system without 
breaking the vacuum as is the case for most other deposited 
seed-layers. This could help to improve the quality of the seed-
layer/dielectric interface, since the contamination of the sam-
ples with adventitious carbon, due to the exposure to air, is 
avoided.

3.4. Wet Chemistry

Apart from the dry functionalization approaches discussed in 
the previous section, also wet chemical functionalization has 
been explored to obtain uniform ALD growth on graphene. Cao 
et al. soaked the graphene in H2O for approximately 4 h before 
Al2O3 ALD growth. It was found that the Al2O3 was uniformly 
deposited on the graphene, a result attributed to the presence 
of physisorbed water at the graphene surface. The Al2O3 was 
deposited at a temperature of 200 °C, well above the desorp-
tion temperature of H2O. This would suggest that if the Al2O3 
deposition is not started quickly the H2O will desorb from the 
graphene, which will result in the deposition of discontinuous 
ALD films. A similar approach has been used by Zheng  
et al. who exposed the graphene to several H2O pulses before 
starting the ALD process at 100 °C.[82] Uniform Al2O3 depo-
sition was obtained after ≈4 nm of Al2O3 deposition. Despite 
the dependence of H2O pre-treatments on deposition temper-
ature and dwell-time it might have some advantages over, for 
example, O3 functionalization. Work by Webber et al. indicated 
that the amount of trapped charges in Al2O3 deposited by ALD 
is reduced for H2O pretreatments combined with the thermal 
ALD of Al2O3 compared to the O3 based ALD process.[68] The 
better performance of the thermal process was attributed to the 
higher deposition temperature (120 °C vs. 80 °C) leading to a 
more dense film being deposited. Furthermore Al2O3 prepared 
using O3 is known to be oxygen rich, due to the incorporation 
of carbonate groups from incomplete surface reactions. These 
can possibly act as charge traps.

Garces et al. investigated the use of cleaning epitaxial gra-
phene in a HF and/or NH4OH:H2O2 solution to achieve a 
higher nucleation density of Al2O3 on graphene.[85] The HF 
solution was intended to remove any possible oxides and other 
impurities from the graphene surface. While the NH4OH:H2O2 
treatment created hydroxyl terminated functional groups on the 
graphene as confirmed by XPS. The combination of the two 
treatments led to the uniform deposition of ≈30 nm Al2O3. Hall 
mobility measurements showed no change in mobility after 
functionalization and ALD. The dielectric constant of the Al2O3 

Figure 13. DFT-predicted structures and related relative energies of the 
lowest-energy (left) physisorbed and (right) chemisorbed species on 
pristine graphene, oxygenated graphene (i.e. graphene oxide, GO) and 
hydrogenated graphene (HG). For GO and HG the two most likely con-
figurations are given. The adsorption of TMA on hydrogenated graphene 
is accompanied by the release of H2 from the graphene surface, restoring 
the graphene to its pristine sp2 C state. Adapted with permission.[32] Copy-
right 2017, American Chemical Society.
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was confirmed to be 7.6, which is lower than on the Si witness 
samples for which a dielectric constant of 9 was measured. 
The lower dielectric constant obtained for the Al2O3 deposited 
on graphene was attributed to possible hydroxide and carbide 
impurities trapped in the film.

The number of wet chemistry approaches investigated to 
functionalize graphene is limited. Part of this is because the 
created reactive species on the graphene are physisorbed rather 
than chemisorbed. Chemisorbed species are more stable but 
also disrupt the graphene sp2 configuration, deteriorating its 
electronic properties. For this reason most wet chemical based 
approaches rely on increasing the amount of physisorbed spe-
cies. This makes these methods such as H2O soaking and H2O 
pulsing heavily dependent on the time until ALD is performed 
and the substrate temperature used during the ALD process. 
The reproducibility is therefore an important issue, for these 
functionalization methods. However, in the available litera-
ture this is rarely discussed. Furthermore, in the case of CVD 
graphene the adhesion to the underlying substrate is not very 
good. Submerging graphene in H2O can therefore lead to the 
delamination of the graphene from the substrate due to the 
intercalation of H2O. The simplicity of the H2O treatment 
methods might still be a viable alternative, but the reproduc-
ibility of the method needs further investigation.

4. Summary and Outlook

The integration of graphene in optical and electronic devices, 
often requires the deposition of high-k dielectrics on gra-
phene. ALD is the method of choice due to its precise thick-
ness control, low deposition temperature and ability to deposit 
high quality materials uniformly over a large area. The direct 
ALD on graphene typically results in selective growth on grain 
boundaries wrinkles and defect sites, caused by a lack of reac-
tive surface sites on graphene’s basal plane on which precur-
sors molecules can adsorb. ALD precursor molecules tend to 
physisorb on graphene instead of forming a chemical bond. 
The graphene cleanliness and ALD process conditions such as 
substrate temperature, pump times, purge times and the pre-
cursor chemistry strongly affect the deposition uniformity. The 
appropriate choice of precursor, dose and purge times as well 
as a low deposition temperature and suitable underlying sub-
strate (e.g. Cu) can increase the ALD nucleation on pristine gra-
phene. However for many applications the substrate material 
is a given, and the choice of precursors molecules is often lim-
ited. Decreasing the substrate temperature likely also decreases 
the quality of the material being deposited and thus a tradeoff 
must be made. Furthermore, the strong dependence on pro-
cess conditions might affect process reproducibility. To avoid 
making this compromise and increase process reproducibility 
seed-layers or surface functionalization can be used for ALD of 
uniform films on graphene.

Polymer, metal and metal-oxide seed-layers make it possible 
to deposit uniform films by ALD on graphene. Polymer buffer 
layers avoid damage to the graphene but can unintentionally 
dope it, shifting the charge neutrality point far beyond real-
istic device operating regimes. Furthermore the low dielectric 
constant of the polymers used and relative high thickness of 

the polymer/dielectric stack make dielectric scaling difficult. 
The deposition of metal and metal-oxide seed-layers often 
deteriorate graphene’s electrical properties due to deposition 
induced damage. In addition scattering of charge carriers in 
the graphene can be increased due to the incomplete oxidation 
of the metal seed-layer, leading to a decrease in charge carrier 
mobility.

The use of surface functionalization techniques makes it 
possible to deposit uniform dielectrics on graphene by ALD. 
The functional groups act as ALD precursor adsorption sites, 
increasing the deposition uniformity. The creation of these 
groups, can lead to the conversion of sp2 carbon bonds to sp3 
carbon, disrupting the graphene basal plane and deteriorating 
its properties. However, when the functionalization temperature 
is sufficiently low, the disruption of the sp2 carbon bonds of the 
graphene can be avoided because the functionalization proceeds 
via physisorption instead of chemisorption. This means that the 
ALD temperature needs to be kept low as well to avoid the des-
orption of the physisorbed functional groups. The lower deposi-
tion temperature conversely results in dielectrics of lower quality 
being deposited. Increasing the deposition temperature after 
the first few cycles is an option, but makes the process elabo-
rate. Similarly, the wet chemistry functionalization approaches 
enhance the ALD nucleation by increasing the amount of 
physisorbed species on the graphene. Physisorbed species are 
however less stable on the graphene surface compared to chem-
isorbed ones. Reproducibility can therefore be an issue.

The use of a sacrificial graphene layer that protects the 
underlying graphene during functionalization might also be an 
option. In this case the conversion of sp2 to sp3 bonds only takes 
place on the top layer and ALD can be performed at higher 
temperatures. Reversible H2 plasma functionalization provides 
a satisfactory compromise in which the graphene is function-
alized directly but the sp2 hybridization of graphene is recov-
ered after ALD due to the abstraction of the functional groups 
during the ALD process.

The overview given in this review indicates that there are 
many possibilities to grow dielectrics on graphene by ALD uni-
formly, each methods having its advantages and disadvantages. 
In the ideal case one would like to have a method that enables 
direct uniform ALD growth on graphene without damage to the 
graphene at a sufficiently high temperature to produce a high 
quality dielectric. The functionalization of graphene by a revers-
ible plasma treatment or the like and/or increasing the ALD pre-
cursor dose times offer the best opportunities from an experi-
mental point of view. These are relatively easy to implement and 
many ALD systems are equipped with a plasma source. The use 
of a sacrificial layer also works well but is relatively time con-
suming due to the additional graphene transfer step. In all three 
cases the functionalization and further ALD processing can be 
done in the same system at a constant temperature, without 
the need for additional equipment or breaking the vacuum in-
between functionalization and dielectric deposition.

Apart from the deposition of high-k dielectric materials by 
ALD, the uniform deposition of metals on graphene is also 
of interest, for example for the fabrication of metal-graphene 
contacts by ALD. In this case the damage to the graphene 
observed for plasma functionalization or other functionaliza-
tion methods to initialize the growth might be beneficial. It 
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has been shown for evaporated contacts that plasma treatments 
can improve the metal-graphene interaction.[100–102] So both 
uniform ALD nucleation and a better metal-graphene contact 
might be achievable when combining plasma functionalization 
with metal ALD. Recently, Thissen et al. have shown that using 
an e-beam induced deposited (EBID) seed-layer of Pt, A film of 
Pt can be grown uniformly on graphene. Fabricated devices with 
EBID-ALD deposited contacts showed high quality Pt-graphene 
contacts, likely due to the improved Pt-graphene interaction 
achieved by the EBID Pt seed-layer.[103] Despite the significant 
advances in ALD materials on graphene over the past few years 
further improvements and innovations are still required. Espe-
cially increasing the dielectric layer quality while maintaining 
uniform ALD growth will prove essential to the further improve-
ment of device performance and the reduction of EOT. A better 
understanding of the chemistry behind the functionalization 
and subsequent ALD process will be vital to achieve this.
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