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Abstract

Since my appointment at the University Pierre ad Marie Curie (UPMC) in the Group of Electri-
cal Engineering of Paris (GeePs) PHEMADIC division, my research interests focused on hete-
rojunctions for nanoelectroniques and photo detection devices. Notably, I was interested in the
integration of 2D materials that present a great potential for these topics. However, my first studies
considered epitaxial diamond based power and UV detector heterojunctions. This work was a col-
laboration with (LPICM-Ecole Polytechnique) and the National Institute for Material Science (Na-
tional Institute for Material Science-Japan) that yielded a high on/off ratio device. Nevertheless,
the difficulty to achieve pn junction on diamond hindered further development and I shifted my
interest towards the modulation of the electronic properties of graphene keeping in mind the afo-
rementioned applications. This new direction was possible thanks to strong national (Dr P. Roca
1 Cabarrocas du Laboratoire de Physique des Interfaces, Dr A. Ouerghi and Dr A. Madouri from
Laboratoire de Photonique et Nanostructures - CNRS) and international partnerships (Pr S. Oda
- Tokyo Institute of Technology, Pr Y Hee Lee - Sungkyunkwan University, Pr C.S Lai - Chang
Gung University and Dr S. Kanjanachuchai - Chulalongkorn University) within the framework of
the Labex NanoSaclay (post doc: F.Gunes (2012-2014) and Phd student H.Arezki (2012-2016))
and the ICT-ASIA programme (PhD K-1 Ho (2013-2016)). In that context, we studied several he-
terostructures such as e.g. silicon nanocrystals/graphene, fluorographene/graphene and memories,
h-BN/graphene for field effect devices and transparent electrodes. Moreover, in collaboration with
Dr K.Fukumoto and Pr S.Koshihara at Tokyo Institute technology, we have investigated the ul-
tra fast carrier dynamics in CVD graphene superlattices by fs-PEEM (femtosecond-Photomession
Electron Microscopy). We have been able to map the carrier lifetime accross a sample and we are
trying to correlate the observation to the twist angle of the superlattices. In addition, I extended this
collaboration to synchrotron Soleil in an attempt to observe the band structure of these superlatti-
ces. Another field of research concerned the study of photovoltaic heterojunctions by modulated
photo-luminescence technique (PhD student Ming Xu 2013-2016). Within the framework of ANR
(SMASH I BC?) and European project (HERCULES) we have investigated and benchmarked va-
rious passivation by measuring the carrier lifetime (ms for crystalline silicon as opposed to ps for
graphene). In addition, we have extended the range of data available to the community for the
radiative recombination coefficient B down to 20 K. This manuscript is structured around three
different sections. The first section presents a detailled resume including my bibliography. In the
second section, I will present a summary of my research activity. For the sake of clarity, I will

only present my work since my appointment at the University Pierre and Marie Curie (UPMC)
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as an Associate Professor in Electrical Engineering. Nevertheless, links to my previous research
notably my work as a Senior Scientist at NXP-TSMC research centre (formely Philips Research
Europe) will appear in the various sections. This second section througout the thesis I directed
or co-directed will include my activity on (i)diamond and silicon based heterojunctions as well
as (i1) bidimensional (2D) materials such as graphene. This latest was my main research topic for
the last five years. The last section, will consider my propspective research for the coming 5 years
dedicated to the low power applications of advanced materials. In this part, I will consider the
exploitation of 2D layered materials for two domains : nanoelectronic memory devices based on a
patent i recently filed and the integration of topological insulators (TI) in thermoelectric generators
(TEG). I was acquainted to both domains since my PhD and I believe the remarkable properties
of 2D materials may be of interest for the data retention and power consumption in non volatile
memories on one hand but also improve the figure of merit in order to demonstrate thermoelectric

generators using topological insulators.



Résumé en francais

Depuis mon intégration a 1I’Université Pierre et Marie Curie (UPMC) au Laboratoire de Génie
Electronique et Electrique de Paris (GeePs) pole PHEMADIC, je me suis intéressé aux hétéro-
jonctions a base de semi-conducteurs pour les applications nanoélectroniques et de photo détection
notamment I’intégration des cristaux bidimensionnels, qui présentent depuis I’avenement du grap-
hene un fort potentiel applicatif. Mes premiers travaux au sein du pdle PHEMADIC ont porté sur
le diamant épitaxié, matériau grand gap qui présente des propriétés remarquables pour la photo dé-
tection UV et I’électronique de puissance. Dans ce contexte, en collaboration avec le Laboratoire
de Physique des Interfaces et Couches Minces (LPICM-Ecole Polytechnique) et le National Insti-
tute for Material Science (NIMS-Japon) nous avons développé une hétérojonction diamant (type
p 500 nm)/a-Si:H (10 nm) a fort facteur de redressement. Néanmoins, la difficulté a produire du
diamant de type N a ralenti le développement d’autres hétérojonctions. Des lors, j’ai décidé de
concentrer mes efforts sur le graphene cru sur des surfaces technologiquement viables. Mon axe
de recherche s’articule autour de la caractérisation et la modulation des propriétés électroniques
de ces matériaux 2D, j’ai étudié essentiellement deux types de graphene produit par mes parte-
naires nationaux et internationaux. Dans ce cadre, et avec le soutien du labex NanoSaclay, j’ai pu
mettre en place une plateforme GraPhIC (Graphene Growth Interface and Characterization) nous
avons développé des instrumentations et des structures de test que nous avons caractérisé au sein
du consortium (post doc: F.Gunes (2012-2014) et doctorant H.Arezki (2012-2016). Ces travaux
ont permis d’acquérir une expertise dans des techniques spectroscopiques photo électroniques et
Raman d’une part mais aussi de développer des composants nanoélectroniques tels que des tran-
sistors tout graphene, des hétérostructures pour des applications photovoltaiques et mémoires. Ces
travaux sont le fruit de collaborations fortes nationales (Dr P. Roca i Cabaroccas du Laboratoire
de Physique des Interfaces, Dr A. Ouerghi et Dr A. Madouri du Laboratoire de Photonique et Na-
nostructures - CNRS) et internationales (Pr S. Oda de Tokyo Institute of Technology, Pr Y Hee
Lee de Sungkyunkwan University, Pr C.S Lai de Chang Gung University et Dr S. Kanjanachuchai
de Chulalongkorn University) que j’ai pu établir via des invitations (Japon/Taiwan) et le projet
2D Nanotech (STIC-ASIE 2013-2015). Dans le cadre de ce projet, nous avons étudié différentes
interfaces e.g. graphene/nanocrystaux (Pr S. Oda), graphene/fluorographene (Pr C.S Lai - docto-
rant Kuan-I Ho 2013-2016). Mes travaux avec le Japon (Dr K.Fukumoto et Pr S.Koshihara) ont
notamment porté sur la mesure de la dynamique ultra rapide des électrons dans des superstruc-
tures en graphene par fs-PEEM (femtosecond-Photomession Electron Microscopy) développé au

Tokyo Institute of Technology que je visite chaque année depuis 2012. Nous avons ainsi pu établir
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une distribution spatiale de la dynamique des porteurs avec une technique originale et tentons de
corréler les différentes dynamiques a 1’angle de rotation entre chaque couche de graphene. Par
ailleurs, mes travaux se sont étendus dans le cadre d’une collaboration avec le synchrotron Soleil
pour la mesure des structures de bandes sur les superstructures en graphene CVD. Un second axe
de recherche concerne 1’étude des hétérojonctions photovoltaiques par des techniques de photo-
luminescence notamment la photoluminescence modulée. Nous avons développé des techniques
de luminescence pour la mesure des propriétés a 1’échelle micro/nanométrique et en fonction de
la température (doctorant Ming Xu 2013-2016). Nous avons étudié différents type de passivati-
ons dans le cadre de projet ANR (SMASH I BC?) et européen (HERCULES) pour déterminer le
temps de vie des porteurs majoritaires (ms pour le silicium a opposer au ps pour le graphene) pour
différents types d’hétérojonctions.

Ce manuscrit est constitué de trois parties : la premicre partie présente mon curriculum vitae
détaillé dans lequel j’y ai inclus ma bibliographie. Dans la seconde partie, je présente un ré-
sumé de mes travaux de recherche. Dans un soucis de cohérence et clarté, je n’ai inclus que
mes travaux depuis ma prise de fonction en tant que maitre de conférences a I’'UPMC (2009).
Néanmoins, des références a mes travaux antérieurs notamment en tant que scientifique au sein
de la division recherche de NXP-TSMC Research Centre (IMEC - Leuven ex Philips Research
Europe) apparaitront dans les différentes parties. Cette section au travers de mes encadrements et
co-encadrements de these effectués durant la période 2009-2016 porte sur les travaux suivants :
(i) heterojonctions a base de diamant et de silicium (ii) ingénierie des propriétés électroniques du
graphene. Ce dernier point a constitué mon activité principale ces cinq dernieres années. Enfin,
dans la dernicre partie, je propose deux axes de recherches pour les cinq prochaines années qui
s’articulent sur I’étude des matériaux 2D (isolants topologiques inclus) et leur potentiel pour les
applications électroniques basses puissances notamment les mémoires non volatiles et la conver-
sion thermoélectrique. J’ai été amené a travailler sur ces deux sujets depuis mon doctorat et il
m’apparait pertinent d’investiguer 1’apport de la nanostructuration des matériaux 2D et de leurs
propriétés électroniques remarquables sur la performance des mémoires a piégeage de charge en
terme de réduction des puissance d’injection et de rétention des électrons d’une part et d’autre
part démontrer une augmentation du facteur de mérite thermoélectrique en intégrant des isolants
topologiques sur un concept de thermogénérateur que j’avais déja démontré en technologie mi-

crosysteme.
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Chapter 1

Research activity 2009-2016

1.1 Foreword

My research started in 1999 during my PhD at the Institut d’Electronique de Microélectronique
& de Nanotechnologies (IEMN-Lille, France) from 1999 to 2002'. 1 designed, fabricated and
characterized infrared sensors based on thermoelectric micro radiometer in MEMS technology.
particularly, I developed a highly sensitive thermopile based on the doping of polysilicon ther-
moelements”. This research led to the development of a new planar device using a suspended
thermopile designed to prevent the encapsulation under atmosphere?.

Following my PhD, I joined The University of Cambridge Engineering Department (CUED) and
the Centre for Advanced Photonics and Electronics (CAPE) as a research associate (06/2003-
07/2006) in the Electronic Devices & Materials Group head by Pr W.I.Milne and under the su-
pervision of Dr D.F Moore within the framework of an EPSRC funded project entitled APOEM
(250k£) : Active Packaging for Optoelectronic and Electronic Microsystems. In this context, I
utilized the experience acquired during my PhD to developed micromechanical structures for the
alignment of photonics devices as well as characterization set up. Notably, I implemented a force
measurement set up to measure mN forces delivered by thermomechanical microactuators®. In this
framework, I’ve been involved in national and international collaborations with Tokyo University,
Imperial College London, EPFL Lausanne as well as the company Micro Circuit Engineering that
was interested in such MEMS devices for its productss_7. Moreover, I participated to the launch
of Owlstonenanotech Ltd a spin off of CUED for which I prototyped as a consultant (06/2004
-07/2006) a field asymetric microspectrometer™.

In 2006, I joined Philips Research (acquired by NXP and TSMC in 2008) Europe and became
a senior scientist at NXP-TSMC Research Centre located at IMEC (Leuven, Belgium) & The
High Tech Campus (Eindhoven, The Netherlands). I participated in different work packages in
the NEMeSyS European Project (4M€)® developing future non-volatile memories for 45nm and
beyond integrating advanced tunnel barriers such as charge trapping devices’. I was in charge of
the technology and the characterization of advanced memory devices using high-k materials and

metal gate. This work led to the demonstration of advanced charge trapping concepts based on the

ES

www.owlstonenanotech.com



2 Research activity 2009-2016

integration of high-k and metal gate for 45 nm and beyond. This work was partly within the In-
dustrial affiliated program within IMEC with various semiconductor research groups. I authored
several technical notes on the topic'?,!'=13. I participated to the demonstration of a new program-
ming mechansim entitled PAHHI (Punch Through Assisted Hot Holes Injection) to programme
and erase thick tunnel oxide flash devices'*. I filed four patents including a thermoelectric sensor
using the CMOS integration technology to create a temperature gradient between two thermoele-
ments .

In September 2009, I was appointed as an Associate Professor in Electrical Engineering at Pierre
and Marie Curie University (UPMC), Paris. I started my research on diamond based deviced
and progresively shifted to graphene and photovoltaic heterostructures. I coordinated the pro-
ject GraPhIC (Graphene growth Interfaces and Characterization) funded by Labex NanoSaclay in
which we developed a characterization platform for graphene based devices as well as synthesis
using CVD (post doctoral research associate Dr F. Gunes). From September to December 2012,
I was an invited Associate Professor at the Quantum Nanoelectronic Research Centre (QNERC)
at Tokyo Institute of Technology/Japan in Professor S.Oda’s lab. I closely work with Pr S. Kos-
hihara and Dr K.Fukumoto whom i visit every year to investigate the lifetime in CVD graphene
superlattices using their fs-PEEM technique. Since March 2013, I head the ICT-ASIA funded
(2D Nanotech) research exchange programme in collaboration with Tokyo Institute of Techno-
logy (Japan), SDRL (Chulalongkorn University-Thailand) and Semiconductors lab (Chang Gung
University-Taiwan). I am also the French coordinator for an International nanoscience master de-
gree (XNEM 2014-2017) funded by the EU-TEMPUS programme for the Middle East and North
Africa region *. I coordinate the semiconductors physics course and we will welcome 3 students

at UPMC to carry out their master’s thesis.

1.2 Diamond based heterojunctions

My integration at GeePs lab (formely LGEP lab) started with the study of diamond based hete-
rostructures. This work was a collaborative research between GeePs, the Physics of Interfaces and
Thin film lab LPICM and the National Institute for Materials Science (NIMS - Japan). Despite the
tremendous challenges to overcome for its synthesis and doping, diamond remains an attractive
wide band gap semiconductor (5.5 eV) for a range of electronic devices especially those requiring
high power and operating in harsh environment (temperature, radiations)'®. Amongst the con-
cepts that raised a lot of interest are Schottky-barrier diodes (SBD), Schottky-barrier Photodiode
(SPD) as well as pn and p—i—n junction (PND) with (N)-doped diamond!’"!°. The development
of reliable bipolar devices is a key technological building block for the design and fabrication of
electronic devices. For that purpose, it is necessary to obtain device-grade quality for the n as
well as the p- type diamond. Although various groups have devoted a lot of efforts to incorporate
donor atoms such as (P)-Phosphorus or (As) —Arsenic into semiconductor diamond, the resisti-

vity as well as junction characteristics such as built-in voltage and rectification ratio remain too

* http://www.arabnano.eu/



1.2 Diamond based heterojunctions 3

poor to envision competitive device. In addition, increasing the donor concentration beyond a
certain level has proven to be detrimental to the diamond integrity. The aforementioned techno-
logical issues to fabricate bipolar devices on diamond homojunctions have raised interest into the
study of heterojunction with semiconductor materials such as aluminum nitride (AIN) or zinc ox-
ide (Zn0)?*?!. Such a structure combines the properties of both semiconductors and may lead
to outstanding performance in terms of rectification ratio. Note that if these heterostructures are
fabricated with transparent electrodes, pn and/or p—i—n diamond based heterojunctions find ap-
plications in photo detection as well as light emitting diodes®?>. In our work we have integrated
amorphous silicon (a-Si:H). 500 nm thick diamond epilayers were grown by the dissociation of
CH, and H, gas precursors. The B species inside the microwave plasma chemical vapor deposi-
tion (MPCVD) chamber were incorporated into the diamond epilayer with a concentration ranging
from 10" to 10'6cm™3. Following the diamond growth, the samples were oxidized to remove the
surface conductive hydrogenated layer and introduced in a standard RF glow discharge reactor for
the amorphous and microcrystalline silicon deposition. Hydrogenated amorphous silicon layers
were deposited at 175 °C on these substrates by plasma enhanced chemical vapour deposition. A
30 s hydrogen plasma treatment of the p-type diamond epi layer was performed just before the
deposition of a 50 nm intrinsic a-Si:H from the dissociation of pure silane at 7 Pa under an RF
power of SmW /cm?. After the intrinsic a-Si:H we deposited 50 nm thick n-type amorphous films
by adding phosphine to silane in the case of n+a-Si:H layers. Fig.1.1 illustrates the energy band
diagram of the studied device.

6 - p diamond i a-Si:H n+ a-SitH
T \
1 i
4-: I T
< 34 I Eg = 5,45eV :
E 2- ! , AEc | = Xa-Si:H B Xdiam = 3’4ev
w ] | !
14 l
-1_5 EgaSi:H =1,7eV
-2:‘"'I""I""I""I""I""I""I
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

X (pm)
Fig. 1.1 Schematic of the energy band diagram for diamond/a-Si:H/n +a-Si:H at equilibrium
The whole diamond layer is fully depleted at —2.5 V reverse bias. The experimental space

charge region is estimated around 570 nm which corresponds approximately to the thicknesses of

the epi-diamond and the intrinsic a-Si:H. Fig.1.2 shows the current—voltage characteristics (J-V)
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of the heterojunction diodes in semi-logarithmic scale. The reverse current is below the detection
limit up to 440 K. The heterojunction diodes exhibit a pronounced rectifying behaviour (up to 10°
or more) for a current density of 10mA/em? at +2 V bias. The magnitude of the ideality factor n
and the variation of Jy(T') as a function of temperature provide information on the carrier trans-
port mechanism.We could distinguish 2 regimes of operation indicating the presence of different
transport mechanisms. For very low bias i.e.0 < V' < 1V, the characteristic of the heterojunction
with temperature follows the SBD’s model and therefore presents a similar ideality factor n 1.1.
However, for the second regime of operation i.e. 1 < V' < 2.5V, n is much larger than the value

of 2 expected fromthe Sah—Noyce—Shockley theory.
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Fig. 1.2 Current—voltage characteristic of a diamond/a-Si:H/n+ a-Si:H heterojunction versus tem-
perature. The SBD characteristic, measured at room temperature, is shown for comparison. The
inset shows the reverse current versus voltage until breakdown at —160 V at 300 K

In this regime, n reaches 3.6 and remains approximately constant with temperature. This ob-
servation is in contradiction with the trend observed in other heterojunctions where n decreases
with increasing temperature®>. Such an anomalous n value indicates that the current is not limited
by drift nor by diffusion, but gives evidence of the presence of alternative transport mechanisms
such as space charge limited current (SCLC). Indeed for the second bias region, we showed that
the dominant transport mechanism was SCLC controlled by deep energy states. The breakdown
voltage reached —160 V i.e. 1.6 MV/cm in the 50 nm intrinsic amorphous silicon layer. Such
a thin amorphous silicon layer could be implemented in power switches in order to reduce the
thick diamond layers usually implemented in Schottky diodes. The cycling of the devices with

temperature showed a robust operation with no variation of the C—V as well as the J-V charac-
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teristics demonstrating the potential of such structures in harsh environments. These results have
been presented at the ICANS 24 in Nara - Japan August 2011 and subsequently published in the
Journal of Non Crystalline Solids?*.

We kept collaborating with NIMS developing diamond based ultraviolet photodetectors®. In
addition, using the characteriaztion platforms developped at GeePs, we were able to observe the
leakage current in epitaxial diamond Schottky barrier devices by the correlation of conductive-
probe atomic force microscopy and Raman imaging?®.

Since 2012, I progressively reduced my involvement in diamond research and joined a pho-
tovoltaic topic on the characterization of passivation for solar cells and transparent electrode. At
the same time, I was granted by the Labex NanoSaclay funding to focus on the modulation of
the electronic properties of graphene to devise heterojunctions. Through this grant I could set
the GraPhIC platform (Graphene growth Interface and Characterization)* that aimed at sharing
material, technology and characterization techniques to develop various research topics around
graphene applications. This collaboration led by myself (GeePs) includes LPICM lab, LPN lab
and the Atomic Energy Commission (CEA). In the following, I will describe these activities cen-
tered on the research projects I supervised and carried out by the PhD students I co-directed with
Dr J-P Kleider (CNRS-GeePs) and Pr C-S Lai from Chang Gung University - Taiwan.

1.3 Silicon based heterojunctions and interfaces

PhD student : Ming Xu, thesis defended on April 8" 2016. Funding Chinese Scholarship Council.

Subject : “Photoluminescence techniques for the characterization of photovoltaic interfaces”.

1.3.1 Modulated photoluminescence and carrier lifetume measurement

Ming Xu has utilized and developed modulated photoluminescence (MPL) techniques and exten-
ded its capabilities with the temperature control from 20 to 300 K. This system was applied to
study photovoltaic heterostructures. The driving force to improve the efficiency of silicon hete-
rojunction solar cells (SHJ) consists of adapting the cell structure to further reduce the interface
recombination at the back surface. In that regard, we studied various combinations of passivation
as well as doping within the framework of the European project HERCULES (High Efficiency
Rear Contact solar cells and Ultra powerful moduLES) T. Few research on the temperature de-
pendence of the electronic properties of a-Si:H/c-Si junction have been reported, Fig.1.3. In this
range of temperature, we observed that the carrier lifetime of heterostructures passivated with do-
ped interfaces exhibit peculiar temperature and injection level dependence. These experiments
were supported by TCAD simulation in order to determine the dominant recombination mecha-
nisms and the influence of shallow and/or deep defects®’. Particularly we discussed the lifetime

extraction from simulations and introduced the concept of differential and steady state lifetime.

* Labex NanoSaclay  www.helmholtz-berlin.de/projects/hercules
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The system developed is benchmarked to the quasi-steady-state photoconductance (QSSPC) and
photoconductance decay that are widely accepted as the industrial standard.
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Fig. 1.3 Band diagram and carrier concentration of the simulated SHJ stack structure in thermal
equilibrium

Amongst all the results achieved during his thesis the most striking one is the experimental
determination of the temperature dependence of the band-to band radiative coefficient B(T'), the
data range (to be published) was extended from 77 K to 20 K. Radiative recombination is the

origin of luminescence. Its rate is described as:
R.,; = Bnp (1.D

that yields the steady state radiative recombination lifetime defined as:

An An

ss,rad — R

= — (1.2)
rad Bnp

T
n and p are respectively the carrier concentrations for electrons and holes whereas An and Ap
represent the excess carrier concentrations in c-Si. Assuming that An = Ap,: The radiative re-
combination coefficient B is characterized as a function of temperature and data are available
down to 90 K to date’®". Coupling PL and MPL measurements, Ming Xu was able to extend
the range of B as a function of T down to 20 K. First one needs to acquire the DC PL signal V' (T')
over the whole spectrum. This signal is proportional to the integrated PL intensity j(7") through
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a calibration constant ¢; Eq.(1.3):
V(T) = ¢ j(T) (1.3)

where j(T') is proporptional to the radiative recombination R,,; that is proportional to B(T)

through a constant ¢, Eq.(1.4). Therefore
J(T') = ¢, B(T)n(T)p(T) (1.4)

Where n(T) and p(T') are determined from the measurement of the lifetime by MPL Eq.(1.2).
whereas ny(T) is obtained considering the concentration of ionized dopants. As a result :

B(T) = V(T)

=— - (1.5)
n(T)p(T)cyc,

The constant ¢; and ¢, are evaluated using the temperature dependent B values given by Nguyen
et al?® for T > 90 K. . Fig.1.4 displays the benchmark of our work with the data reported in the
literature notably Nguyen’s, Trupke’s and Briiggemann’s results, Eq.1.5.The B(T') curves are in

good agreement above 77 K. Note that there were no data available below 77 K in the literature

'9 v T T T T T T
-10¢ Trupke's work i
— Nguyen's work
1lr this work ]
o 10| o Bdata by this work | |
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o
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temperature (K)

Fig. 1.4 Radiative recombination coefficient log;, B supercited from>", Trupke’s work?® , Briig-
gemann’s work?” and fitting from the experimental data in this work. The integrated PL is directly
deduced from the experiments.

and our work contributed to extended the range of B available for the community down to 20 K.
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1.3.2 Observation of the Excitation transfer in stacked quantum dot chains
by micro PL - Collaboration with Chulalongkorn Unviversity - Thai-
land

In addition to silicon based heterojunctions, we have investigated the opportunity of using III-V
quantum dots sequences for solar cell applications grown by molecular beam epitaxy. This work
is a collaborative research between Pr S.Kanjanachuchai SDRL (Semiconductor Device Research
Laboratory) of Chulalongkorn University (Thailand) and myself in the framework of ICT-ASIA
programme. Here, We introduced the application of micro-PL mapping as a function of tempera-
ture under high injection in order to investigate the coupling between 1, 3, 5 layers of III-V InAs
quantum dot separated by 10 nm GaAs. This structure is particularly interesting as it finds po-

tential application in multijunction solar cells*!*2. Fig.1.5(a) comprises multiple stacks of InAs

Gahs capping 100nm

GaAs spacer 10nm

‘ Inas Qs ‘

> P
4 4

GaAs spacer 10nm
InAs QDs

GaAs spacer 10nm

InGaAs CHP 25nm

GaAs buffer 300nm

GaAs substrate

(a)

Fig. 1.5 (a) Schematic of investigated QDCs stacks structure (b) AFM image of Iny,Gaj g As on
GaAs cross-hatch pattern (CHP) reproduced from?!+3

QDCs grown on partially-relaxed InGaAs film on GaAs by solid-source MBE Using Riber’s 32P
MBE system, and after in situ thermal cleaning of GaAs (001) surface, growth starts from 300 nm
GaAs buffer layer, followed by 25 nm I'n,,GaggAs, 10 nm GaAs spacer, and 1, 3, or 5 stacks of
InAs QDC/10 nm GaAs spacer pairs. The cross-hatch pattern surface of the InGaAs layer serves
as a template on which chains of QDs form along the orthogonal [110] and [1-10] directions,>.
Fig.1.5(b) displays 10x10 pgm? AFM image showing the QDs geometry and distribution on the
topmost layer. For 1-stack the QDs are aligned along [110] and [110] dislocation lines of the
underlying CHP layer and some of them distribute randomly. Stacked InAs quantum dot chains
(QDCs) on InGaAs/GaAs cross-hatch pattern (CHP) templates yield a rich emission spectrum
with an unusual carrier transfer characteristic compared to conventional quantum dot (QD) stacks.
The photoluminescent spectra of the controlled, single QDC layer comprise multiple peaks from
the orthogonal QDCs, the free-standing QDs, the CHP, the wetting layers and the GaAs substrate.
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When the QDC layers are stacked, employing a 10 nm GaAs spacer between adjacent QDC layers,
the PL spectra are dominated by the top-most stack, indicating that the QDC layers are nominally
uncoupled. Under high excitation power densities when the high-energy peaks of the top stack
are saturated, however, low-energy PL peaks from the bottom stacks emerge as a result of carrier
transfers across the GaAs spacers. These unique PL signatures contrast with the state-filling ef-
fects in conventional, coupled QD stacks and serve as a means to quickly assess the presence of
electronic coupling in stacks of dissimilar-sized nanostructures,>* ¢ Fig.1.6.

] w m
! nl1 1“ l | I
d

Fig. 1.6 Room-temperature, 10 x 10 gm? micro-PL mapping at 532 nm of (upper panels) the 3-
stack QD chain sample at increasing integrated intensity from (a) 1.075 to (b) 1.105, (c) 1.155
and (d) 1.235 eV, and (lower panels) the 5-stack QD chain sample from (e) 1.075 to (f) 1.105, (g)
1.155 and (h) 1.235 eV. The scale bars are 2 pm. The broken lines are guide to the eye and indicate
some of the buried [110] dislocation lines>®.

We are currently investigating the opportunity to use p-type graphene electrode on a sequence
of QDs grown on n-type GaAS for the fabrication of III-V multijunction solar cell. In the following

we demonstrate how to tailor the work function of graphene.

1.4 Modulation of the electronic properties of graphene

PhD student : Hakim Arezki, thesis defended on May 13" 2016. Funding University Paris Saclay.
Subject : “Ingenierie des propriétés électroniques du graphene”.

Hakim Arezki studied and characterized various samples of CVD and SiC graphene grown by
our partners Pr Y.H Lee from Sungkyunkwan University (South Korea) and Dr A. Ouerghi from
LPN-CNRS, respectively. His work was initially related to the project GraPhIC funded by the
Labex NanoSaclay and Hakim Arezki collaborated with Fethullah Gunes post doctoral research
associate recruited for this project. In this work, we were mainly interested in the modulation of the
work function (WF) and the mobility through doping for transparent electrode and gate application
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as well as FET channel. For that purpose we resorted to various experimental techniques such as
Raman spectroscopy, photoemission X and UV as well as clean room lab for the nanofabrication
of the test structures and devices. We have investigated different doping methods in situ and ex

situ.

1.4.1 In situ nitrogen doping

In collaboration with Dr A. Ouerghi from Laboratory of Photonics and Nanostructures (LPN-
CNRS), we first looked at the nitrogen incorporation in trilayer graphene. Here the nitrogen was

incorporated during the cooling process after the growth of the SiC sample, Fig.1.7.

a) pristine b) N doped
I 11 ] A N, 141 )
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Fig. 1.7 Schematic of trilayer graphene grown on SiC (a) grown under argon flux and (b) cooled
under nitrogen flux®’

Fig.1.8 presents AFM, TEM images, and micro-Raman spectroscopy, obtained on the N-doped
trilayer graphene sample. Fig.1.8 (a) and (b) present the AFM images of the graphene grown on a
SiC (0001) substrate. The AFM image shows a highly homogenous topography with a step density
of 10—15 nm height and atomically flat terraces of about 7 um wide on r:werage38 (Fig.1.8 (a)). In
AFM phase images (Fig.1.8 (b)), at the step edges we observed the appearance of different regions,
which corresponded to multilayer ribbons located at the very edge of the terrace’® . As obser-
ved from the STEM images (Fig.1.8 (¢)), the N-doped graphene produced here, is predominantly
composed by trilayer graphene. In the STEM image, the 3C-SiC lattice planes are straight, sharp,
parallel to the surface, and equidistant. The interlayer separation is about 0.34 + 0.01 nm, and
the graphitic layers are atomically flat and show a continuous film. In addition to acquiring AFM
and STEM images, we characterized the graphene layer using Raman spectroscopy. In Fig.1.8
(d), typical spectra of pristine graphene and N doped graphene are shown, which correspond to
measurements made on two locations of a terrace. The signatures of graphene are also observed
as expected in the pristine and N-doped trilayer. They are identified by three main structures: (i)
the D band, (i1) the G band, and (ii1) the 2D band. For pristine graphene, the D peak is weak,
indicating a low density of defects. In the case of N doped graphene, we note an increase of
the D band and one more contribution due to the (D’) bands at 1620 em™!, corresponding to the
disorder-induced feature, which is known to occur in sp2 carbon with defects. The high intensity

of D band, as well as the presence of the D band, suggests that nitrogen breaks the local symmetry
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of the graphene lattice. In addition, we note that the 2D peak reduces in intensity and the FWHM
increases from 40 em™! to 70 em™! as typically observed in N-doped graphene*?.

d) 2.=532nm —1/ =05
- oo !
—1/, =028
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1N, =0.5 20

M

N
P o -
1)1, =0.13 A

Intensity (a.u)

1200 1600 2000 2400 2800
Wavenumber (cm™")

Fig. 1.8 (a) AFM topography of N-doped graphene sample. (b) AFM phase image of N-doped
graphene. Graphene layer covers the entire substrate. (c) Cross-sectional High-resolution STEM
image of N-doped graphene. (d) Comparison of Raman spectra taken for different I,/ ratios
on N-doped graphene and comparison to pristine sample.*?

In order to locate the nitrogen into the trilayer and measure the WF shift induced, we carried
out XPS and UPS experiments. We probed the electronic properties of the samples using X-ray
photoelectron spectroscopy (XPS) of nitrogen doped graphene layer (Fig.1.9). Fig.1.9 (a) displays
the deconvoluted C 1s core level XPS spectrum of N doped graphene. The C 1s spectrum sho-
wed four components at 283.7, 284.6, 285.4, and 286.5 eV in binding energy. These components
correspond to the SiC bulk (noted SiC), the graphene layer (noted G), the interface layer (noted
IL), and the C-N bounds (C-N), respectively. The small new peaks at 286.5 eV suggest the bon-
ding formation of doped nitrogen atoms to be sp2-C or sp3-C atoms. Fig.1.9 (b) shows the Si 2p

spectrum for an N-doped graphene sample. It is dominated by a peak at 101.1 eV corresponding
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to the bulk silicon and presents a shoulder at higher energies. The shoulder is composed of a
peak at 102.0 eV assigned to the IL between the graphene and the SiC (0001) substrate. Another
peak at 100.7 eV is attributed to Si clusters of broken Si-C bonds formed during the graphitization
process. Fig.1.9 (c) shows the deconvoluted N 1s of the N-doped graphene sample. This peak
is decomposed in three components centered at 398.2 eV, 399.6 eV, and 401.4 eV assigned, re-
spectively, to pyridinic, pyrrolic, and graphitic configurations, respectively, as shown in Fig.1.9
(d). It is admitted that graphitic-N is the most efficient doping configuration®”**. In our context,
pyrrolic and pyridinic-N appear to be the dominant bonding configurations. Interestingly, no Si-
N-C bonds are visible?”. This observation indicates that the nitrogen is predominantly bonded in
the graphene plane and edges and did not diffuse to the interface. This diffusion may have been
prevented by the trilayer nature of the graphene in our sample.

We performed UPS analysis to determine the shift in work function induced by N atoms and
verify the nature of the doping of graphene layers. As a reference, we utilized a sample of pristine
monolayer graphene but without N-doping, the WF measured is 4.3 eV, similar values have been
reported previously and trilayer undoped graphene is estimated to be 4.4 eV*. We therefore
conclude that the N doping process implemented in this work on trilayer epitaxial graphene has
demonstrated its effectiveness to shift to a minimum of 0.3 eV, the WF from 4.4 eV to 4.1 eV
confirming the n-type nature of the graphene layer. The mobility for holes and electrons is about
1300 em?/V s and 850 cm?/V s, respectively measured on a top gate device with Al,O5 gate oxide.
The striking feature of this device is its carrier mobility that is nearly as high as pristine graphene

obtained on Hall bars by Pallecchi er al.*¢

in prior work but at 4 K and without any gate oxide.
We conclude therefore that although oxygen may have hindered the nitrogen doping to an extent,
limited scattering or traps centers have diffused at the interface and the carriers mobility estimated
could have been even larger before the gate completion. In addition, no hysteresis was observed
while sweeping Vg back and forth indicating that no trapping occurred at the Al,O5/graphene
interface. Note that current silicon high speed devices exhibit few 100 cm?/V s and suffer from
short channel effects. Yet, considering the low on/off ratios logic devices are unrealistic however
there is potential for radiofrequency FETs as the cut off frequency FT increases with mobility, but
one should consider parasitic resistances to properly assess the potential for such applications. On
the other hand, nanoribbons patterned on N doped graphene with optimized gate dielectric could
open the band gap required for logic applications*’. Such a scheme coupled to this atmospheric
growth and doping method is a simple and cost effective approach to produce graphene based
nanoelectronic devices.
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Fig. 1.9 (a) C 1s spectrum for N-doped graphene. The deconvolution using Doniach-Sunjic line
shape analysis shows the SiC, G, IL, and carbon nitrogen (CN) bonding configurations. (b) Si
2p XPS spectrum for N-doped graphene. (c) N 1s XPS spectrum for N-doped graphene showing
3 different nitrogen configurations. (d) The atomic configuration showing pyridinic-N, pyrrolic-
N,and graphitic-N as well as graphene lattice and vacancies. XPS measurements were carried out
at an angle of 45° with respect to the sample normal.

1.4.2 Ex situ doping by nitric acid

We have shown using in situ nitrogen doping that the WF could be modulated up to 0.3 eV. Here
we have monitored the structural and electronic modifications of epitaxial graphene for different
concentrations of diluted nitric acid (NA) 15 vol %(NA15), 30 vol %(NA30), 70vol %(NA70) and
100 %(NA100) of nitric acid (NA) solutions in deionized water (DI water) for 2min. The electro-
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nic properties of the doped graphene samples were characterized by Raman spectroscopy and the
work function shift after NA doping were measured using ultraviolet photoemission spectroscopy
(UPS). To highlight the effect of nitric acid doping, these measurements were compared with
the obtained values for pristine graphene. We demonstrated that the NA doping permits the WF
modulation with respect to the dilution*®*°. Indeed, the WF first increases the electronic doping
between 15 and 30 vol %(NA15, NA30) and then decreases the electronic doping between 70
and 100 vol % (NA70, NA100). This study on epitaxial graphene presents striking differences
compared to the work of Das et al on CVD graphene where only p-type work function shifts are
observed. We clearly demonstrate that both systems react differently to an identical chemical
functionalization. Morevoer, these observations are supported by density functional theory cal-
culations (DFT)**~°, Fig.1.10. We believe that the first H N O; molecules dissociate and saturate
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Fig. 1.10 (a) UPS data for pristine, NA30, NA70 and NA100 samples indicating the WF shift as a
function of nitric acid concentration. (b) Illustration of the Fermi level shift in the graphene Dirac
cones.

all available defect sites or step edges. This induces a nitrogen-doped graphene layer (NA15%
and NA30%) and therefore decreases the WF. On the other hand, beyond NA30%, the H N O5

molecules can physisorb on the surface inducing a p-type doping, lowering the Fermi level and as
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a result increasing the WF.

To evaluate the electronic quality of our graphene layers, we determined the carrier mobility of
the pristine and NA100% doped graphene using van der Pauw measurements at room tempera-
ture. Table 1 shows the electrical data measured for the pristine sample and NA100 extracted
from Hall measurements. We have measured in previous works the electronic properties on such
a monolayer graphene using the same growth mechanism. The lowest mobility achieved was 1400
em?/V s at 300 K. Note that Giines et al.>! achieved a sheet resistance of 100 Q/sq, using HN O;
doping on CVD graphene. These data clearly indicate that although doping alters the lattice of
graphene to some extent, it does not render the material electronically poor. The orders of magni-

tude are sufficient for many mainstream applications where contacts are required®> %, Fig.1.11%.

Sheet resistance Carrier density Mobility

(2/em?) (cm™) (em?/(Vs)
Pristine 200 9x1012 2300
NALDD 500 61012 1700

Fig. 1.11 Electrical data extracted from Hall effect measurements on pristine and NA100% sample
at 300 K, majority carriers are holes.*”

1.4.3 CVD graphene/a-Si:H heterostructure

As we targeted to implement CVD graphene as a transparent electrode or a Schottky contact with

crystalline silicon for solar cell applications®®

, we studied the impact of amorphous silicon (a-
Si:H) onto monolayer graphene. a-Si:H is utilized as a passivation layer in silicon heterojunctions
solar cells”’. It prevents the surface recombination that is detrimental for the power conversion
efficiency. To study the influence of a capping layer on the charge carrier transport in embedded
graphene, 10nm of doped a-Si:H (n-type and p-type) were deposited onto the graphene by PECVD
at 100 °C. Raman spectroscopy measurements have shown a difference between n-type and p-type
a-Si:H doped silicon capped graphene. As deposited a-Si:H onto CVD graphene present a high
compressive strain as observed in Fig.1.12. Interestingly, the Raman features of the embedded
graphene are preserved and this clearly demonstrates that little or no structural damages occurred
during the deposition process. Indeed the G peak downshifted for both n-type and p-type a-Si:H
compared to pristine that is a signature of strain®®. This red shift of both the G and 2D band is
inherent to the elongation of the carbon-carbon bonds lowering their vibrational frequency. When
n-type a-Si:H is capping the graphene, the shifts become - 6 cm™! and -1 em™! for both the G and
2D peaks respectively whereas they increase to - 8 cm™! and -13 em™! when p-type a-Si:H covers
the graphene inducing more compressive strain. To elucidate a possible contribution of field ef-
fect doping, Hall bars were patterned for transport measurements as a function of temperature to

* This work has been highlighted in Nanotechnology perpsective written by Dr Filippo Giannazzo™
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Fig. 1.12 Raman spectra of CVD graphene capped with 10 nm a-Si:H p and n doped.

evaluate the sheet resistance, charge carrier density and Hall mobility of the encapsulated film>°,
Fig.1.13. We observe that whatever the capping type the electrical measurement are temperature
independent, this is in sharp contrast with the observation of Gluba et al.?’ that observed the influ-
ence of scattering mechansims for undoped capped graphene. In addition, we show that graphene
capped with p-type a-Si:H undergoes a limited holes transfer increasing its charge carrier density
without affecting its mobility (=~ 1400 cm?*/V s) compared to pristine on Si0,. Whereas the for
n-type capping, the carrier density decreases and the mobility is reduced by more than a factor
of 2 approximately with respect to graphene on SiO, (= 600 cm?/V's and Rs increased to 1300
ohm/sq). As the strain is more important for p-type capping than for n-type and the defect peak
does not substantially increase, the srain is not responsible for this change in transport properties.
As aresult, we conclude that there must be a field effect doping due to impurities at the interface.
At last, we demonstrated that a phase change of the as deposited a-Si:H under high laser power
induces a Raman shift®!%*. The a-Si:H transforms into y — ¢.Si for both type of capping as it
is visible by the appearance of a peak at 520 ¢cm™!, Fig.1.14. Both cappings exhibit up shifts for
the G and 2D peaks upon crystallization inherent to the relaxation of the mechanical strain as
well as a possible field effect doping as the intensity of the 2D peak diminishes as opposed to
the G peak. We have demonstrated that the transport properties of capped graphene with a-Si:H
remain interesting and the graphene is not damaged neither by the deposition process nor by the

mechanical strain. This route may find application in embedded GFET channel to reduce the high
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Fig. 1.13 Transport measurement versus temperature on CVD graphene capped with 10 nm a-Si:H
: (a) sheet resistance, (b) mobility, (c) carrier density.

threshold voltage observed due to charge accumulation often due to contamination. The capping
will prevent unintentional doping and tailor the Fermi level towards the charge neutrality point.
The AE can be evaluated with Eq.1.6%.
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Fig. 1.14 Raman spectra of CVD graphene capped with 10 nm a-Si:H before and after recrystal-

lization of the a-Si:H. a) p-doped, b) n-doped
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Fig. 1.15 Energy band diagrams of heterostructures graphene/a-Si:H n and p doped.

We estimate before crystallization a AE of 0.3 eV between the two capping type inherent
to the charge transfer from the a-Si:H. However, this energy difference could also be inherent to
metallic contamination such as FeCl;. It has been recently demonstrated that such heterojunction

could exhibit power conversion efficiency up to 14-15 %°, Fig.1.15.

1.5 Graphene/fluorographene heterostructures

PhD student : Kuan-I Ho, thesis defended on january 12 2016 with Pr CS Lai at Chang Gung
University (CGU). Funding Ministry of Science and Technology(MOST) - Taiwain . Subject :
”Study of Fluorinated graphene and its application for dielectrics and transistors”.

Since 2013, within the framework of the ICT-ASIA programme”, I collaborate with Pr CS
Lai of CGU on graphene based devices. The MOST has selected K-I Ho to carry out part of his
PhD in France. In that context, he joind me from February 2015 to October 2015 to work on the
integration of fluorographene (FG) as a passivation layer for FET device®”-%®. This technology
has strong potential for 2D based nanoelectronic devices®®’°. In this work, we presented a novel,
fast, and efficient method to passivate silicon dioxide substrates (SiO,) by forming FG on the
substrate surface by C F, plasma treatment. We studied the FG as a function of the C/F ratio and
we observed that the fluorination process renders the graphene more hydrophobic and transforms
the sp2 bonding configuration into sp3 configuration. We implemented these observations into
the fabrication process of a self-aligned transistor where the gate was deposited at the last step as
opposed to standard processes. Our gate-terminated self-aligned transistor further improves the
overall performance by limiting the series access resistances and achieves a high carrier mobility
~ 3000 cm?*/V s, comparable to typical chemical vapor deposition graphene (CVD-graphene)
on high quality self assembly monoloyers (SAMs) and on boron nitride (h-BN)”""?, Fig.1.16.
Several devices have been tested to extract statistics. Vp,,,. errors bars on the different substrates
are shown in Fig.1.16b, left axis. The Vp,,,. of graphene on SiO,, Cig4F| FG, C; 4F; FG, and
C, 1 F; FG are, respectively, 1.5, 2.5, 2.5, and 1.6 V. This trend indicates a p-type doping. We

* 2D Nanotech - grant 3226/DGM/ATT/RECH
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observed that the leakage current is stable whatever the passivation and fivefold lower than the
drain current indicating that the FGs do not present any leakage path. This is evidence of the
insulating property of the FG layer. Surprisingly, the mobility improves as the V), ,. increases
with the fluorination, as opposed to usual trend observed elsewhere but in this work the FG acts as
a passivation and is not the channel. Therefore one should consider the total electrostatic picture
of the graphene/FG/SiO, system, i.e., graphenel/dipole/SiO,. In our study, both SiO, and
the graphene channel are identical for all samples and therefore should present the same charge
impurities in SiO,, and charged or dipolar functional groups on graphene because of unintentional
atmospheric contamination. These C-O based functional groups are known to be holes donors;
they alter the local electric field on the graphene channel and therefore its conductivity. The
graphene sheet exhibits a given electrostatic potential. This picture is the same for all our samples.
However, once the FG passivation is introduced the electrostatic potential is perturbed and the
presence or absence of a dipole moment at the FG/graphene interface will affect the charge transfer
occurring through the FG/graphene/adsorbates system. In that regard, it has been demonstrated
that the fluorination coverage translates into different F bonding configuration’*~"> with C and
therefore different dipole moment, u. For low F content, e.g., C, F, F bonds onto C preferably on
one side, whereas for CF coverage, F covers all C atoms but on both side of the graphene sheet. For
the later configuration that is close to our C; | F; FG, the opposite dipole moments cancel out. note
that the C/F coverage is controlled by the fluorination time. Experimentally, we observeda~ 1 V
increase in the Vy,,. . voltage for both Cy5 4 F| FG, C5 4 F| FG. These two FGs as opposed to C | F;
FG present a dipole moment that facilitates the transfer of holes from the adsorbed contamination
to the graphene sheet. This translates into a drop of the Fermi level (Ef) in the graphene and as
a result in an increase of Vp,,.,. as observed experimentally. Fig.1.16 c illustrates the mechanism
involved for the different dipole formation. On the other hand, the C; ; F; FG passivation that
does not exhibit a net dipole, then the V Dirac is lower. Here, we believe that the absence of
net dipole reduces the charge transfer from residual adsorbates and therefore little shift in the
Ef is expected as compared to Si0,. Indeed, no substantial variation of the Vp,,,. is visible.
The graphene (channel) is seen as decoupled from the SiO, substrate through the C; ; F; FG
passivation hence the better mobility. Note that the devices with FG passivation exhibit a higher
slope, narrower minimum conductivity plateaus, and higher value of the minimum conductivity.
This trend relates to a reduction of the scattering mechanisms and clearly indicates that the samples
with FG passivation exhibit a lower charged impurity density. As shown in Fig.1.16 b, right axis,
the hole mobility of devices on FG is as high as three times enhanced for the lowest C/F ratio from
300 cm?/V s on SiO, to 1000 cm?/V s on C, | F; FG. The peculiarity of the C, | F; FG, i.e., C/F &
1 is that all the fluorine atoms covalently bond to carbon atoms. We fabricated a gate-terminated
self-aligned field effect transistor in order to reduce the access series resistances, Fig.1.17 shows
the electrical characteristics of the self-aligned graphene-FET with the C; ; F; FG passivation.
The self-aligned process enhances the carrier mobility more than six folds from = 300 em?/V's on
Si0, to 1800 cm*/VsonS iO, with self-aligned process. The introduction of the FG passivation
further improves the mobility up to &~ 3000 ¢cm?/V's. The FG passivation layer also induces a 50
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Fig. 1.16 a) I,¢—V;g characteristics of the top gate graphene-FET fabricated on FG substrate.
The inset shows a photograph of the device under test. The scale bar in the inset is 50 pm. b)
Comparative plot of the Vp),,,. voltages and hole field-effect mobility as a function of the fluori-
nation. c) Illustration of the dipole formation for C;g 4 F; FG and C; 4 F; FG. d) Dipole formation
for C; { F| FG. The black arrow indicates the orientation of the dipole moment y. The Dirac cones
depicted show the variation of the Fermi level induced by the charge transfer’®

% enhancement in the drain current and an on/off ratio increasing from = 2.4 SiO, to 3 (C; | F}
FG), Fig.1.17. We demonstrated that the FG passivation layer is a versatile and reliable option
to improve the performance of graphene-based electronics™. In February 2016, in collaboration
with Chang Gung University and the Laboratoire de Photonique et Nanostructures (LPN-CNRS),
I filed a patent application on the integration of graphene/fluorographene nanoribbons FETs for

memory applications’”.

* This work has been highlighted by the Labex NanoSaclay in July 2015
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Fig. 1.17 I p s — Vs characteristic of the devices fabricated with and/or without self-aligned design
and 1 monolayer FG passivation-selfaligned 2015

1.6 International collaborative research

1.6.1 Toyohashi Tech - Japan - Graphene oxide

In 2012, I started a joint research on graphene oxide with Pr Adarsh Sandhu from the Electronics-
Inspired Interdisciplinary Research Institute (EIIRIS) in Toyohashi University of Technology. In
this work, graphene oxide was reduced into graphene through different chemical (hydrazine, ul-
traviolet photocatalysis) and biological (microorganisms) processes’>’”. We benchmarked the
reduction efficiency of these methods by probing materials characteristics using X-ray photoelec-
tron spectroscopy (XPS) analyses to observe the effectiveness of the reduction processes through
the sp2/sp3 content. In addition, the homogeneity of the reduction was investigated on micrometer
scale sample with micro Raman mapping as well as conductive-probe atomic force microscopy
(CP-AFM) to investigate the longitudinal conductivity of the different samples. The results sho-
wed that hydrazine based reduction remains the most efficient. However, the bacterial procedure
demonstrated partial reconstruction of the carbon network and reduced the amount of oxygenated
functional groups®’. This work led to the signature of a Memorandum of Understanding between
EIIRIS and UPMC.

1.6.2 Characterization of CVD graphene superlattices

Bilayer graphene (BG) has attracted attention thanks to its unique electronic structure, which can
be modified by the stacking orders®'*. A tunable bandgap can be opened by applying verti-
cal electric fields which break the layer symmetry with potential applications in photonics and
electronics®. The CVD samples studies in this work were provided by Pr Y.Hee Lee group at
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Sungkyunkwan University South Korea. These samples presented peculiar flower-shaped struc-
tures composed of bi and trilayer that exhibit random twist angles®®%”. These peculiar structures
could be interesting for graphene dot application or as a floating gate for nonvolatile memory.
During our sudies on CVD graphene, we noticed the presence of multilayer defects across the

Fig. 1.18 AFM profile superposed to the optical image of 1L, 2L, 3L defect in CVD graphene.

samples, Fig.1.18. These superlattices are composed essentially of bi and trilayer, Fig.1.19. We
observed by TEM analyis and Raman that the twist angle is different for various structures within
the same sample, Fig.1.20. Since the electronic properties in graphene are dependent on the num-
ber of layer and stacking orientation, we decided to probe these features on our samples by Raman
spectroscopy, and nano - Angle Resolved Photoemission Electron Spectroscopy (ARPES) at sy-
nchrotron Soleil.
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Fig. 1.19 (a) optical image of trilayer graphene superlattices, (b) Raman mapping of the 2D band,
(c) Raman mapping of the G/2D ratio, (d) Raman spectra for different twist angles.

Fig. 1.20 (a) Fourier transform HR-TEM of 1ML CVD graphene.(b,c,d) diffraction of bi and tri-
layer CVD graphene exhibiting various twist angles.
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1.6.3 Synchrotron Soleil collaborative research - nanoARPES

In the continuity of the GraPhIC project, GeePS and ANTARES beamline have initiated a col-
laboration to investigate various combination of material at synchrotron Soleil under proposal
20140653 entitled Chemical nano-imaging and detection of density of states close to the Fermi
level on multilayers graphene islands and heterojunction. In particular, I was interested in pro-
bing the band structure directly onto the aforementioned superlattices®®°. Our collaboration is
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Fig. 1.21 (a) Optical and SEM picture of a Hall bar patterned onto a twisted bilayer graphene, (b)
Pxx and p,, as a function of the magnetic field.

on-going with a focus on heterojunctions. Notably, I am particularly interested in probing the
charges trapped at an interface after injection through a tunnel barrier.

1.6.4 Tokyo Institute of Technology - Japan - Spatio-temporal observation
of photogenerated electron dynamics in graphene superlattices

In the last decade, graphene has been one of the most studied 2D materials. Quasi-standing mono
and multilayer graphene has attracted attention for a range of optoelectronic applications. The mo-
dulation of graphene’s properties for devices applications relies on the understanding of the carrier
interactions and recombination dynamics”>®. Indeed, stacked monolayer graphene, demonstra-
tes tunable band stuctures that depends on the stacking orders, i.e. the rotation angles between
two layers. Therefore, understanding the ultrafast kinetics and their correlation with the num-
ber of layers as well as the stacking configuration is of particular interest. However, the ultrafast
carrier dynamics influenced by the crystallographic structures is not well understood, because of
the instrumental limitations. Here we utilize a different technique coupling an optical pump-probe
technique using femtosecond laser pulses and a photoemission electon microscopy with the spatial
resolution of 100 nm (time-resolved photoemission electron microscopy®’*®: fs-PEEM),Fig.1.22.
On one hand the fs timescale helps to investigate the faster relaxation mechanisms, and on the other

hand the simultaneaous microscopic observation probes any particular region that may exhibit a
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given rotation angle. These relaxation mechanisms have been extensively studied in high quality
exfoliated and SiC graphene using pump probe techniques®. For our superlattices, we estima-
ted the photogenerated carrier lifetimes in selected regions has been estimated by time-resolved

photoemission electron microscopy with 100 nm spatial and 100 fs temporal resolutions.

a) b)
Evac -
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1.55eV

4.5eV

$=4.5 eV

Echantillon

Fig. 1.22 (a) Illustration of the sample investigated in the PEEM system, (b) pump laser at 4.8 eV
excites electrons from the valence band to the conduction band of the graphene the relaxation is
probed at 1.55 eV.

Our spatial resolution permits to acquire in one shot the photoemission of all these superlatti-
ces. A subsequent analyzis performed on the pixelized image allows the extraction of the lifetime
of the carrier within a particular region. As a result, we are able to produce a map of lifetime
accross a large scale graphene sample and establish the superlattices which have a stronger inte-
raction with the underlying substrate and other which seem decoupled from the substrate. Fig.1.23
a shows a the Raman microscopy image of the 2D peak over the G peak to enhance the structu-
ral information. The bilayered regions correspond to a rotation angle of > 12°, 12° and < 12°,

respectively. These angles have been determined from the Raman signatures.

Fig. 1.23 (a) Raman mapping of G/2D bands of different superlattices with twist angle : < 12°,
= 12° and > 12°, (b) PEEM intensity image corresponding to the same regions.

Fig.1.24(a) provides a PEEM image obtained at the same region to Fig.1.24(b) in addition to
monolayer region, Fig.1.24. Slightly darker contrasts in the three regions indicate the higher work-
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Fig. 1.24 (a) Raman spectra of different superlattices with twist angle : < 12°, = 12° and > 12°,
(b) PEEM intensity profile as a function of time for the 3 superlattices.

functions inherent to the different stacking orders. From the PEEM intensity, we can determine
the lifetime of the photogenerated carrier for each angle, Fig.1.24. Different stacking orientation
give rise to a different band structure and therefore we expect a different recombination lifetime for
each region. Clearly, we observe a difference between the monolayer that is directly onto silicon
dioxide and suffers from phonon interaction as opposed to the bilayer superlattices. These latest
appear to be decoupled from the substrate and longer lifetime are observed. The PEEM system
presented here is able to precisely mapping in space and with fs time resolution the lifetime of
photogenerated carrier in complex nanostructred materials. We are currently accumulating more
data on these samples and extended our study to topological insulators (submitted to Carbon).

1.6.5 Chang Gung University - Taiwan
1.6.5.1 Graphene nanodiscs nonvolatile memory

Since 2013 in the framework of the ICT-ASIA project, I collaborate with Pr CS Lai in Chang Gung
University (Taiwan). He has been engaged in the research of the characterization and reliability
of MOSFETSs, flash memory, high-k dielectrics and biosensors. In that context, we worked on
SiC and CVD graphene FET device for memory applications*>’%’7. With regard to graphene, its
large scale synthesis by chemical vapour deposition (CVD) and its transfer process onto functional
substrates have opened new opportunities for device integration. However, the growth as well as
the transfer of the material inherently generate structural and electrical defects. Although defects
are usually detrimental for most of the devices operation, it is possible to exploit them as a trapping
centres i.e. charge storage nodes for the fabrication of atomically thin films non-volatile memories
(NVMS)IOO_“B, Fig.1.25. In this work, we have integrated graphene nano discs (GNDs =~ 20 nm)
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Fig. 1.25 a) illustration of the energy band diagram at the flat band. a) programme operation,
the electron tunnel through the 3 nm SiO2 barrier. This results in a Fermi level located in the
conduction band. c) erase operation, the electrons tunnel back and the Fermi level move down
into the valence band.

as charge trapping nodes for non-volatile memory (submitted to Carbon). The fabrication process
relies on the patterning of Au nanoparticles (Au-NPs) which thicknesses are tuned to adjust the
GNDs diameters upon etching. A density of GNDS as high as 8x10''em™2 is achieved. The
functionalization of the GNDs by N H; plasma introduces defects sitesand N — H" and N — H 2+
functional groups as observed by Raman and FTIR spectroscopies. This inherently enhances the
density of the trapping centers in and around the GNDs. As a result, the memory window reaches
more than 2.4 V and remains stable after 10* operating cycles. The charge loss is less than 10
% 10-year data retention rendering this simple back end process suitable for low cost nonvolatile
memory”, Fig.1.26.

* Integration of functionalized graphene nano-discs as trapping centers for nonvolatile memory submitted
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Fig. 1.26 GND nonvolatile memory characteristics. (a) P/E characteristics without NH3 functi-
onalization. The gate voltage (calibrated by initial Vxp) is 8 V for programming and -8 V for
erasing, with 107% s to 1 s pulse width. (b) P/E characteristics after N H; functionalization. The
memory window significantly enhances. (c) The endurance characteristics of the N H; GND-
NVM. The samples can sustain more than 10* cycles with +/—8 V for P/E operation. (d) Extra-
polated data retention characteristics of the GND-NVM. Less than 10 % charge loss after 10-year
is expected.

1.6.5.2 Multilayer graphene nanoribbons

We already mentioned in section 2.5 our work on fluorographene and its potential as a passivation
layer. In this collaboration, we present a novel graphene nanoribbon (GNR) transistor fabricated
by the partial fluorination of the channel. This fully back end process permit the design and the
fabrication of FinFet like GNR, Fig.1.27.

Our heterostructre consists of directly embedding the tunnel dielectric within the multilayer
graphene i.e.partial transformation of the graphene by fluorinated plasma instead of growth or de-
position process. Our first attempt showed that the ambipolar behaviour on GNR can be achieved

with such process with a reasonably low gate nA leakage current, Fig.1.28. Interestingly, a few
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Fig. 1.27 Illustration of a Finfet like transistor fabricated using multilayer graphene grown on SiC,
the fluorination process renders the channel embedded into a fluorographene dielectric.

devices showed a 10* on/off ratio at room temperature (defined as the highest on current over the
charge neutrality point current). The off state current is limited by the thermionic emission that
readily occurs at room temperature. Indeed, the off state current reduces with the temperature as
can be seen at 200 K already. This leakage path can be limited using appropriate source and drain
contact or by tuning the work function of the multilayer graphene channel in order to increase
the barrier at the interface between the GNR and the metallic contact to a few kT suppressing the
thermionic emission. We are working on the optimization of such device for memory application.

This will be further discussed in section Prospectives.
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Fig. 1.28 a) current - voltage characteristics of the fluorinated multilayer graphene channel before
and after fuorination showing the effective reduction of the channel width; b) I-V characteristics of
Gr/GF FETs showing high on/off ratio at room temerature. The leakage current due to thermoionic
emission reduces with temperature.



Chapter 2

Prospective research topics

2.1 Foreword

During the last decade two dimensional (2D) crystals have emerged as a new class of materials.
Graphene is probably the most famous example, but material scientists have unveiled numerous
alternatives with outstanding electronic and structural properties. As the physics of these materials
is being captured, researchers endeavour to integrate 2D materials and/or topoligical insulators
(IT) to realize the strong potential these materials offer for a wide spectrum of applications e.g.
photovoltaic (PV), nanoelectronic devices, optoelectronic devices, sensors. In that regard, based
on my research background acquired on the characterization and integration of graphene into
devices, I wish to pursue this activity with a focus on low power nanoelectronic devices. This
section represents a tentative roadmap for my research for the next 5 years that I envision in two
folds : (i) on the short term I wish to pursue the integration of ultrathin layered materials stacked
into heterostructures for nonvolatile memories partcularly i would like to demonstrate that our
multilayer fluorinated nanoribbon can be an efficient floating gate, (ii) on a longer term, I plan to

investigate the potential of 2D and TI layered material for thermoelectric power generation.

2.2 2D heterostructures for nonvolatile memory

2.2.1 Revisiting the band gap engineered charge trapping memory concept

The breakthroughs observed in the micro and nano electronic fields were always the result of
the integration of new materials and the development of technological process to integrate them.
Indeed, the passivation of silicon (Si) with silicon dioxide (SiO,) has enabled years of miniaturi-
zation depicted by Moore’s law and the integration of more and more complex electronic function
with the advent of the digital world. To overcome the challenges dictated by Moore’s law and
foresee what is beyond, silicon carbide (SiC), diamond, and gallium nitride (GaN) have appeared
for high voltage electronics thanks to their wide band gaps and thermal conductivity. Gallium
nitride (GaAs) and indium phosphide (InP) thanks to their high carrier mobilities are utilized for

24,104,105

high speed and optoelectronic devices , whereas, high-k dielectrics have been integrated
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as a replacement to SiO,. Nevertheless, the technological constraints originating from the ulti-
mate miniaturization have substantially increased the complexity and cost of the manufacturing
tools and modeling methods therefore stressing the need for alternative and spawning a large field
of research notably in material science!°®!%7. These innovations have strongly and permanently
affected our daily life with the internet of things (IoT) taking an increasing space, the world’s popu-
lation is about 6 billion that is the amount of cell phones circulating. Many devices will be utilized
to monitor various signals and may not be as complex and power consuming as a smartphone ne-
vertheless any of them requires some sort of nonvolatile memory. the NVM arena has witnessed
the rise of a number of alternatives to the floating gate concept ranging from evolutionary to revo-
lutionary devices and materials. While being under thorough investigation in academia as well as
in the semiconductor industry none of these potential candidates has yet emerged as the ideal re-

placement for floating gatelo&log. I'myself was working on alternative CT-NVM as senior scientist
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Fig. 2.1 Bang gap engineered nonvolatile memory.(top) Illustration of the vertical heterostruc-
ture and cross section TEM image of high k based device. (bottom) temperature dependent data
retention for SONOS and BE-SONOS charge trapping devices.’

at NXP-TSMC Research Centre located at IMEC - Belgium to develop future non-volatile me-
mories for 45nm and beyond. At that time, I studied various band gap engineered devices e.g.
SONOS, TANOS, BE-SONOS based on high k materials integration’!%!213-110.111 = Ajthough,
we managed to demonstrate the potential of the CT concept, the data retention could not meet the
high temperature requirements, Fig.2.1. It is hard to date to find a universal concept that meets all

the criteria in terms of power consumption, programming speed and data retention. As a result, a
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large focus is on the material properties and recently 2D materials appeared in the picture thanks
to the interesting impact their ultrathin nature brings to the electronic transport properties.

2.2.2 What can we expect from 2D materials?

As CMOS scaling is approaching its physical limits, new devices, circuits and architectures are
being investigated. At the device level, one route consists of replacing the Si with higher mobility
channels such as Ge or III-V semiconductors. Another one proposes 2D semiconductors such as
metal dichalcogenides (MX2). Should we want to demonstrate an 2D materials based NVM, one
should first question the benefit brought by the 2Ds in terms of scaling, Fig.2.2. This roadmap
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Fig. 2.2 ITRS roadmap showing in blue the number of transistors per chip and in red the transistor
gate lengthnz.

has been built upon one material Si and one technology CMOS with a focus on speed i.e high I,
current or high mobility-light m,  , and low I, - by maintaining a good electrostatic integrity in
order to suppress short channel effects. Indeed, although a Snm Si MOSFET technology could
not be ruled out yet, it is clear that the source-drain tunelling will be a limitation beyond 5nm,
Fig.2.3. This tunnelling is responsible for the degradation of the sub-threshold slope (SS) and
high 1, current therefore the increase in static power consumption''>. The SS and the I of f
that varies in exp(—E g/mkt) require a reasonable bandgap and as a result a new technology must
be implemented. Here 2D materials which presents heavy m, and lower mobility present a
scaling advantage as well as Si nanowires that remains also a possible contender' '*. To optimize
the control over the channel, a short characteristic length of short channel FETs is required. This
length is defined for single gate SOI MSOFETs: as , Eq.2.1:

E
A= Eﬂtchtox 2.1)

o0x
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Fig. 2.3 (left) Tunneling current versus the effective masse for various compounds*’, (right) trans-
mission coefficient versus the effective mass for ITI-V as well as 2D materials' .

different expressions exist for Finfet, nanowires devices and the trend indicates that thin and nar-
row channel are the most performant to suppress SCE. Inherently to their ultrathin thickness and
lower dielectric constant, short-channel effects are limited in 2D FETSs which translates into a bet-
ter electrostatic control of the gate over the channel barrier' ', For instance A is reduced to only
2 nm for a 5nm thick M 0S5, channel and 1 nm equivalent oxide thickness (EOT) formed by 6
nm H FO,. Clearly, should a reliable large scale technology emerges for the production of these
materials, GNRs, 2D materials and Si NWs i.e high m, rr materials are serious candidates for
scaling not for the current expectation of the ITRS but rather for gate length below Snm. This can
be achieved thanks to the short scale length and the excellent electrostatics suppressing source
drain tunnelling'!”"''®. With such a scalable technology a natural step forward is to produce the

memory function that is indispensable for any solid state system or sensor.

223 2D-CTNVM

The target of the current research is to develop 2D vertical heterostructures for charge trapping
nonvolatile memory. We have already developed and patented several building blocks to achieve
this goal. GeePs lab (CNRS, UPMC and CentraleSupélec) have filed a patent entitled Method for
obtaining a graphene-based field effect transistor’’, in particular a memory field effect transistor,
equipped with an embedded dielectric element application number EP16305161.8. In our pro-
posed embodiment, we introduced the fluorination of a multilayer graphene ribbon on undoped
SiC substrate, Fig.2.4a&b, to fabricate a graphene/fluorographene heterostructure for field effect
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devices *, Fig.2.4c. Here the device is first patterned and the effective width of the channel is
reduced through plasma assisted fluorination to yield an graphene nanoribbon.

b) —

— coupled to substrate
decoupled from substrate

Normalized

1200 1600 2000 2400 2800
wavenumber(cm™)

[ sraphene embedded channel

B fluorographene

Fig. 2.4 (a) TEM image of multilayer graphene grown on the C-face of SiC substrate. (b) Raman
spectrum of a monolayer coupled to the SiC substrate and on the top few layer uncoupled exhibi-
ting a twist angle. (c) Schematic of the plasma assited graphene channel fluorination yielding an
embedded mulilayer ribbon.

Among the building blocks of a CT-NVM are :
The channel : As mentioned earlier, short-channel effects are strongly limited in 2D-material
based devices. We have various options to fabricate the channel providing the electrons. GNRs
Fig.2.5a&b, M oS, or BiSe, are particularly good candidates. The mobility is reasonably high
enough ~few 100 ¢m?/V s and they present a band gap that allows the transistor to be turned off.
Note that for this purpose, the mobility is not a key criterion since the electron, will flow vertically.
Our first attempt based on the graphene/fluorographene heterostructure Fig.2.5¢ yield working
devices but with low I,,/1,, (defined as the highest on current over the charge neutrality point
current) although we obtained for a few devices 10* ratio at room temperature. The off current
is limited by the thermoionic emission that readily occurs at room temperature Fig.2.5d. Our
prospect is optimistic considering that graphene nanoribbons with tunable bandgap and from 0.27

* Narrowing the effective channel width of graphene nanoribbon by plasma assisted fluorination submitted to IEEE
Electron devices letters
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eV to approximately 1 eV have been calculated and fabricated'!*!?°. Moreover, we believe that
our contacts were not optimized and a judicious choice will reduce further the leakage current.
Note that here the subsequent fluorination passivates the edges of the ribbon (spacers) and reduces
further the effective width W, ;- and on the other hand to render a few fluorinated layers dielectric
i.e. become a tunnel oxide or a blocking oxide for CT-NVMs.

a) b) 32 ;_ v v T T T

Fig. 2.5 (a) HRSEM image of a fluorinated GNR;b ) I-V characteristics of GNRs with 50um and 40
nm channel width, a clear improvement is visible for the 40 nm device despite a poor on/of f ratio.

The tunnel oxide
For this function, we propose two options. the first one is inherent ot our proposed embodiment
if the channel is made of a GNR fluorinated with a C/F ratio close to 1. The second option requi-
res h-BN/graphene interface and large scale synthesis are emerging, Fig.2.6. A major advantage
presented by h-BN is that it does not dope nor trap at the interface. This would avoid any trap-
ping at the interface enabling the carrier to tunnel into the trapping layer preventing threshold
voltage shift, Fig.2.7, However this observation remains to be confirmed after cycling a device
through Fowler-Nordheim injection. First, the integrity of the material could be much better as
opposed to high-k materials already implemented. The ultra-thin interfaces may be less prone to
inter-diffusion Fig.2.6) and segregation processes which deteriorate the electronic properties. The
thickness uniformity permits a uniform electric field along the width and therefore a controlled
voltage to be applied on the gate which translates into the transfer of the carriers at the same speed
with a shorth transit time considering the atomic scale thicknesses involved.
The trapping medium

The prerequistite is that material presents sufficient charge trapping states. This latest could be the
density of states of the materials and therefore graphene or M oS, could be candidates. Typical
floating gate devices suffer from a poor capacitive coupling from the gate to the channel and large
capacitive coupling to neighbouring devices increasing the cross talk. CT devices however, has
a single gate and therefore present a larger capacitive coupling. Current CT devices using SiN as
a trapping medium Fig.2.1, are hindered by the variability of Vt upon scaling due to the limited

trapping sites and uniformity. Moreover, the retention is also limited and temperature dependent
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———— 10 nm CK ———— 10 nm SiK ————— 10 nm N K IOnm

Fig. 2.6 (a) Bright-field Scanning Transmission Electron Microscopy (STEM) image and (b) cor-
responding High Angle Annular Dark Field (HAADF) STEM image of h-BN on graphene/4H-
SiC heterostructure, (c) High-Resolution Transmission Electron Microscopy (HRTEM) image of
h-BN on the step edges of graphene on SiC, (d—f) EDX elemental maps showing, respectively,
the spatial distribution of C, Si and N in the selected area of the h-BN on graphene/4H-SiC hete-
rostructure. The overlay of the three maps is given in (g)'?'.

because the traps are rather shallow and easily escape upon activation even more if either tunnel
and/or blocking oxide present conductive paths.

Graphene is indeed a candidate as it presents a high density of states even higher if stacked in
multilayer, its workfunction is tunable* and the low dimensionality is a major add on compared
to typical FG devices particulary in terms of cross talk. We have already investigated this buil-
ding block and our preliminary results show a large amplitude of the work function but also that
functionalized graphene nanodiscs could be implemented as trapping sites reaching trap density
as high as in SiN (10'°cm™3)*. Graphene can be functionalized to increase the charge trapping
sites or tailor the workfunction to locate them deeper in the energy band diagram, Fig.2.8. This
would further improve the charge retention especially at high temperature as the carrier will see
a larger barrier. Note that fluorographne with C/F ratio below 1 is also an possible option to be
investigated as trapping medium. It is conceivable that such nanostructures become less sensitive
to random fluctuation as here no hopping mechanism should take place considering the configu-

ration of the trapping medium. Moreoever, it is possible to position the electron trap deeper in the

* Integration of functionalized graphene nano-discs as trapping centers for nonvolatile memory submitted
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Fig. 2.7 (a,b) ARPES measurements of pristine graphene and h-BN/graphene, measured at hv = 60
eV,through the K-point, in the I' K direction; (c) ARPES intensity integrated spectra as a function
of the binding energy, extracted from the 2D ARPES map, for the initial pristine graphene (red
line) and h-BN/graphene (blue line) 121
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Fig. 2.8 (left) cross section HR-TEM of GNDs on 3-nm Si0, and capped with Al/,O5 to improve
the contrast (submitted to Carbon). The GNDs are =~ 20 nm diameter; (right) Modulation of the
workfunction with acid doping49.

well using the workfunction tuning demonstrated elsewhere.
The blocking oxide and gate
Our initial embodiment consists of multilayer graphene grown on SiC substrate. The graphene

is patterned using ebeam lithography to sub micrometer scale typically 150 nm. The pattern is

the subsequently fluorinated using a C F, plasma. Fluorine attaches to graphene and diffuse in
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few layer on the top and sidewalls. Therefore, the effective width of the channel w, ; » has further
decrease compared to the designed width w. Thus a dielectric crust passivates the sidewalls as well
and embeds the graphene nanoribbon (GNR). At last, the deposition of a metal gate allows the
fabrication of a trigate GNR device, Fig.2.9. In this configuration, the fluorinated graphene acts as
a gate dielectric. However this building block could be implemented on top of M 0.5, channel for
instance and therefore the fluorinated GNR would compose the trapping medium and the blocking
oxide. Here we extended the embodiment to another configuration to fabricate a full 2D materials
charge trapping nonvolatile memory i.e. 2D CT-NVM. , Fig.2.9. We are currently discussing
this technology with NUS Singapore using their Pulsed Laser Deposition methods. Note that
the gate workfunction must be appropriately tailored to suit the band alignement imposed by the
heterostructure and the channel doping. This is where graphene presents a major asset even better

than being a GNR as its workfunction is easily tunable.

Fig. 2.9 Finfet like 2D - CTNVM proposed using the fluorinated GNR demonstrated before.

Criteria

Band offsets i.e. CB: conduction band offset/VB: valence band offset. CB and VB offsets are
critical to ensure band gap engineering and maintain the data retention (or electron trapping) in
charge trapping devices. Indeed, should the barrier be sufficient the electron will be resistant to
thermoionic emission. On the other hand however, the P/E voltages to tunnel electrons could be
a bit larger.
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Dielectric constant to reduce programming and erase voltage i.e. low power

Compromise between improved performance and good reliability i.e. device lifetime
Charge distribution in 2D heterosturtcure by PEEM - WF shift

low power injection mechanisms - Fowler Nordheim (FN) vs. Channel Hot Electron Inhection
(CHEI)

2.3 Thermoelectric generator (TEG)

2.3.1 Physical basis of low dimensional materials-based energy efficient de-

vices

The recent advances in material sciences and the world wide energy concern, have triggered a
large research effort to develop high-performance thermoelectric materials and devices for energy
conversion using the integration capabilities of nanotechnology. Interestingly, the optimization of
the figure of merit ZT relies on a contractictory trend : materials must exhibit a very low thermal
conductivity while both electrical conductivity and Seebeck coefficient must be large, Eq.2.2. In

bulk materials, these transport coefficients are interrelated. Therefore technology, material science

and device design must all contribute to address this tedious task,'*?.
2
zr =2 (2.2)
K + K,

S is the thermoelectric power or Seebeck coefficent, o is the electrical conductivity and «; is the
lattice thermal conductivity and «, is the thermal conductivity of the electronic carriers. Large
values of ZT require high S, high o,and low k. Increasing the carrier density, n increases the
electrical conductivity which is detrimental to the Seebeck coefficient that decreases. The term
S%6 i.e. the power factor is optimized for degenerated narrow gap semiconductors with n =~
10"°cm™3. On the other hand, the thermal conductivity « is dominated by the phonons contribution
to the heat conduction. Alloying has been utilized to reduce «; but also to impact the electrons
and holes mobility therefore reducing o. In 1999, M.Dresselhaus ez al.'>* demonstrated that low
dimensional materials exhibit an enhanced thermoelectric figure of merit Eq.(2.2) as opposed
to their bulk counterparts thanks to the quantum confinent that sharply change the density of
states improving S as well as the phonon scattering reducing the lattice contribution to the thermal
conductivity. The low dimensionality particularly enhances the density of states near Er, leading
to an enhancement of the Seebeck coefficient, Fig.2.10.

In that regard, low dimensional materials could potentially change the picture. Indeed, here
the characteristic length / be it the thickness of a quantum well in a 2D system or the diameter of
a wire for 1D system or a quantum dot for 0D system, disentangle to some extent the transport

parametersl24.
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Fig. 2.10 Gradual increase of the thermoelectric figure of merit (ZT) during last 60 years from
K.Knek — FyziklnstavAV R.

Impact on the thermal conductance : the phonon mean free 4,; path is limited by / whereas the
electron mean free path 4, is not so. Therefore if A; ~/ = 4, the lattice thermal conductivity «; is

reduced with a limited impact on the electron mobility.

Impact on the thermoelectric power S: quantum confinement and electron energy filtering are
the main effect that improve S compared to bulk S. In degenerated systems, such as metals and

heavily doped semiconductors, the Seebeck coefficient can be expressed by a simplified form of

the Mott relation, Eq.2.3:
2,2
n°k Ino(E
5= B{a““)} 23)
E=EF

3e oE

This expression remains valid independently of the conduction mechanism be it through band
states, localized states or hopping amongst others. Should one consider the band conduction
mechanism, the electrical conductivity ¢(E) is a function of the carrier density n(E) that is itself
a function of the density of states g(E) and the mobility u(E) or the relaxation time 7(E), Eq.2.4:

o(E) = n(E)eu(E) = n(E)e? —— (2.4)

ZT(E)
ms

where e is the free electron charge, and m™ the effective mass. Note that in solids with non-
parabolic bands, m* = m*(E). As a result in order to enhance S one can tailor the energy de-
pendance of the conductivity do(E)/d E by enhancing the dn(E)/d E. Increasing this latest, is
achieved by tailoring the energy dependence of the density of states dg(E)/d E. This is precisely
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the outcome of the quantum confinement with sharp maxima observed for nanowires,Fig.2.11.

On the other hand, one can also increase the energy dependence of the mobility d u(E)/d E by

(a) (b)
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/2 / Bulk

D(E}

D(E)

0 E o

Fig. 2.11 Schematic representation of: (a) O-dimension (0-D), (b) 1-dimension (1-D), (c) 2 dimen-
sion (2-D) and (d) 3-dimension (3-D). The corresponding density of states (DOS) plots for each
type is also presented!?>.

increasing the electron energy filtering i.e. increasing the scattering time’s energy dependence
dz(E)/d E. In parabolic bands semiconductors, the relaxation time is represented by a power law,
Eq.2.5:

1

t=1,E""2 (2.5)

where A is the scattering exponent: 0 for scattering of electrons on acoustic phonons, 1/2 for scat-
tering of electrons on neutral impurities, and 2 for scattering of electrons on ionized impurities.
Therefore doping the materials i.e. introducing ionized impurities is a possible route. Besides
scattering, potential barriers in 2D heterostructures can be designed in superlattice'?®. For suf-
ficiently thick barriers where tunnelling is cancelled, the electron transport occurs owing to hot
electrons that possess sufficiently high energy for thermionic emission over the barrier. In this
type of band gap engineered structures, it is conceivable to substantially increase the Seebeck
coefficient with a relatively low impact on the electrical conductivity, Fig.2.12. Note that only
majority carrier system are of interest in heterostructure systems as recombinaition mechanisms
with minority carrier would reduce the conversion efficiency. The Mott relation simplifies if one

considers metallic transport, Eq.2.6 :

212
ke T
3e Ep

(2.6)

In 2015, Hippalgaonkar et al., demonstrated in single and few layer M0, a record high power

factor as large as 8.5 mW/mK 2 at room temperature'2%. The enhanced powerfactor is attributed
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hBN

kM

Fig. 2.12 a, Schematic of the single quantum well (SQW) heterostructure
hBN/GrB/2hBN/WS2/2hBN/GrT/hBN. b, Cross-sectional bright-field STEM image of the
type of heterostructure presented in a. Scale bar, 5 nm.'?’

to a unique combination of high mobility and high effective mass. This is twice higher than
commercially used bulk Bi,T e therefore showing the potential of 2D TMDC:s for thermoelectric
applications.At high concentration, in 2D materials, the density of states (DOS) near the Fermi

level can be written as, Eq.2.7 :
88y

T 2x(h)?

where g, = 2 and g, = 2 are the spin and valley degeneracies at the Fermi energy, E ., respectively,

DOS (2.7)

m”* is the the effective mass and 7 is the reduced Planck’s constant. Therefore, E « n,p/mx that
yields to S o« m*/n,p,. Since 6 = nypeu , the powerfactor S%c o« (m*)*u/nyp, scales with the
mobility for a given carrier concentration.

For the last few decades, researchers have developed extensive efforts to overcome the max-
imum room-temperature ZT 1 of commercial thermoelectric materials. In 1999 Dresselhaus et
al proposed to enhance the ZT through nanostructuring. Recently, there has been a substantial
activity around topological insulators (T1), a new class of elecronic materials. TIs exhibit similar
material properties such as heavy elements and narrow bulk gaps, with typical TE materials.The
topological surface states (SSs) surrounding the TIs offer additional surface transport channel the-
refore the possibility to desentangle and modulate the transport paramerters related to either elec-
trical conductivity or thermal conductivity'?®. As a matter of fact, Bi,Te; and Sb,Te;, known
for decades as the best room temperature thermoelectric and narrow gap materials, happen to be
TIs, Fig.2.13. The key property of this new class of material lies on its surfaces, i.e., the topolo-
gical surface states (TSS). These latter in the absence of magnetic impurities are immune to back
scattering at the edges of the material. As a result, TSS are expected to exhibit high mobility and
could become highly promising candidates in ultra low power nanoelectronics.



44 Prospective research topics

\ 4

energy

band gap

y

Fig. 2.13 Band structure of a TI, showing the valence (blue) and conduction (orange) bands, with
the spin-locked surface states crossing the bulk band gap.'°

2.3.2 Thermoelectric generator

In parallel to nanoelectronic devices, I intend to develop thermoelectric harvesting systems using
at the first stage TI such as BiSSe,. The immunity to backscattering provides the TSSs of TIs a
high mobility thant could enable energy efficient devices where the TI material becomes a high
conductivity (low resistivity) conduction channel with reduced Joule heating. Note that this pro-
perty opens also opportunies in transistors or interconnects'>!. In the United States, the DARPA
MESO programme investigates heterostructures made of TIs with magnetic materials that enable
band gap engineering and offer perspectives for low power transistors such as the BisFET first
proposed for bilayer grapheneBz.The mobility of the TSSs can be further improved by patterning
nanoribbon, this is a major advantage over graphene whose mobility is impacted by edges defects.
As stated above, one strategy to improve the ZT figure of merit in thermoelectric devices is to
decouple the electron and the thermal transport. This sheds a new light on TIs as they inherently
decouple the electronic transport carried by the TSSs whereas the thermal transport is carried out
by the bulk. There has been several report demonstrating the added value of TIs for TEG. Purdue
University is developing high ZT TEGs based on surface excitonic with coupled complementary
TSS as channels'**. When two TSS from the same TI or an additional one are placed face to face
with opposite carriers, excitons (electron-hole pairs) could form and condense into an excitonic
condensate (EC). This configuration could produce an electronic superfluid with no power dissi-
pative electronic transport. This has already been oberved in segregated graphene monolayers'>*,
Fig.2.14. However this configuration requires the gating of each TI surface to provide proper car-
rier and density and to prevent electrons and holes from recombining. It is hard to quantify the

voltage required but one could imagine a hybrid PV-TEG system where the Voc of a solar cell
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could gate the TI based TEG'®>. 1 first experienced thermoelectricity during my PhD at IEMN

+V

surface

Fig. 2.14 Schematic of a topological excitonic condensate based on two coupled, complementary
TI surfaces. Each surface is controlled by a gate to induce proper carrier type and density. High
mobility TSS may enhance the ZT, and if excitonic condensate occurs, the superfluidic (dissipa-
tionless) electronic transport may further enhance the ZT dramatically'3?.

(1999-2002) where i optimized the thermoelectric thermopower of a polysilicon thermopile and
demonstrated an infrared microsensor®. Notably we demonstrated through a careful design that
it is possible to circumvent the convection losses and increase the sensitivity>. This structure has
been further improved by Pr D. Leclercq’s group at IEMN-CNRS and several patents were filed.
These designs present supported thermoelements that maintain a temperature gradient beween
the hot and the cold junctions. It is now being implemented as a thermogenerator in the OPEN
FOOD SYSTEM project supported by the OSEO funding body (9.1 Meuros)* where IEMN lab
amongst other academic partners are involved with household appliances leaders such as SEB and
TEFAL, Fig.2.15. At NXP-TSMC research centre, I patented a device that can be fabricated on a
CMOS substrate!’. The thermal contrast is created from the shallow trench isolation (STI) strips.
My initial embodiment includes a light pipe to locally heat the hot thermojunction for non contact
measurements. However, this can be adapted using a metal filler to conduct heat directly onto a T1
thermoelement, thus avoiding the bonding of an absorber and making a monolithic TEG device.
So far most of the work around the perspective of TIs and 2D materials for TEGs provides useful
data on transport properties but little experimental developments to fabricate optimized TEGs has

been carried out.

* www.openfoodsystem.fr/
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Fig. 2.15 (a) Schematic of a single-membrane infrared microsensor: (a) cross section in real scale,
(b) cross section along a line of the thermopile strip (membrane thickness enlarged), (c) sight in
sectional view.(b) Schematic of micro TEG with the silicon absorber patterned and transfered onto
the hot thermojunction5136.



2.4 Conclusions and Perspectives 47

2.4 Conclusions and Perspectives

The advent of two-dimensional (2D) crystals offer a wealth of new challenges and opportunities to
the device research. Inherently to their ultra thin nature and their effective mass, the electrostatic
picture can be substantially enhanced and new device architectures in both planar and vertical 2D
heterostructures such as tunnel FETs may appear in a close future. Moreover as we observed on
graphene, the modulation of the transport properties and work function through various functio-
nalization methods is a major asset to customize electrodes and/or channels. Another aspect that
has been recently put back under the spot lights considers the thermoelectric properties of layered
materials particularly the topological insulators that are expected to enhanced the thermoelectric
figure of merit ZT using the surface states (TSSs) that decouple electronic from heat conduction.
Engineering wise, these observations are very promising and I target two types of applications i.e.
non volatile memory (2D CT-NVM) and thermoelectric conversion that both need to be addressed
within the scope of material sciences and device engineering. As the investments in this techno-
logy on the national and international scene keeps increasing it is of out most importance that solid
state demonstrators are fabricated. Regarding 2D materials such as graphene and beyond I am set-
ting a collaborations with research groups that develop large scale 2D materials. This technology
could be implemented to fabricate our 2D CT-NVM device. On the other hand, UPMC - INSP
lab has applied to extend its MBE capabilities to the growth of vertical 2D heterostructures. In
addition, it is already possible to exploit the existing expertise in the growth of TIs such as Bi,Se;
to devise suspended TEG.
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Characterization of Phosphorus and Boron Heavily
Doped LPCVD Polysilicon Films in the Temperature
Range 293-373 K

M. Boutchich, K. Ziouche, P. Godts, and D. Leclercq

Abstract—in this paper, thermal properties of phosphorus and Hot juncticns

boron-doped low pressure chemical vapor deposition (LPCVD) W or P Pulvailicon st - ks
polysilicon layers with regard to sensor applications are presented. s !
Thermoelectric coefficient and relative resistance variations of
polysilicon are investigated within the temperature range of
293-373 K.

Test structures and characterization benches have been devel-
opped to obtain measurements with precision of 5%. lon implan-

Ciold stnp

tation has been experimented to achieve low electrical resistivities \'t._ J o R
and high Seebeck coefficients. It can be seen that temperature coef- R
ficient of doped polysilicon resistance are negative, approach zero, =

or positive depending on the doping concentration. These results ‘ _
are, to our knowledge, the first reported for such dopants concen- Fig. 1. Scheme of the thermopile chip.
trations and are important for design and optimization of high sen-

sitivity thermal sensors using n- and p-doped—LPCVD polysilicon . . o
thermopile. a few papers have been published about polysilicon thin films

Index Terms—PCVD-doped polysilicon, Seebeck coefficient, characterization subjected to thermal appl@cations [2]. In _t_his
thermoelectricity, thermopile, relative resistance variations, |€tter are presented measurements of heavily doped polysilicon
thermal sensors. thermoelectric power and relative resistance variatitsig/ R

in the temperature range of 293-373 K.

|. INTRODUCTION
) o . Il. THERMOPILE FABRICATION
OLYSILICON has many important applications in IC

and microsystem technology. Our study takes part of the LPCVD polysilicon films with a 4500A thickness are de-
work on polycristalline silicon as a convenient material foposited on thermally oxidized 2-in 100 silicon wafers (SiO
thermal sensors. A variety of thermoelectric sensors integrafgifkness 1.2:m). A 500 thick dry oxyde layer deposited at
on silicon wafers and using polysilicon thermopiles hav&000°C is used to prevent from exodiffusion. In order to reach
already been fabricated [1]. In order to develop a new highe middie of the polysilicon layer, 70 and 180 keV accelera-
sensitivity infrared thermal sensor, we studied thermoelect#i@n Voltages are used respectively for boron and phosphorus
properties of phosphorus and boron heavily doped low pressiffPlantation. Annealings at 100 for 1 h and at 1100C for
chemical vapor deposition (LPCVD) polysilicon from-210t3 10 min are performed on different samples in nitrogen atmos-
at/en? to 10 x 10 aticn? doses. Dopants concentration®here to obtain an uniform distribution of dopants species across
were choosen to achieve low electrical resistivity because H€ Polysilicon layer [3]. A significantimprovement in sheet re-
Johnson noise. Our aim is to use a new n- and p-type thé&iStivity @s well for boron doped layer as for phosphorus one are
mopile design that consists of a sequence of p—n diodes srspieved with 1106C-10 min annealing corresponding to the
cuted by ohmic contacts at the junctions. Each thermocou&%St uniform distribution revealed by SIMS analysis. After dry
delivers an emf proportional to the thermoelectric powétXyde removing, a S-shaped strip, TLM and Van der Pauw test
defined as the difference between the two thermoelemeft&uctures are patterned using RIE. As shown on Fig. 1, ohmic
Seebeck or thermoelectric coefficients. In order to integrate°@ntacts are deposited by lift off on the strip to realize Au/doped
large density of thermocouples and then improve the seng&fysilicon thermocouples. Chips are passivated with a 7000
sensitivity, we have to provide low electrical resistivity strip§ECVD nitride layer and thermopile contact pads are opened

with good thermal properties such as Seebeck coefficient. ORly RIE. At least, the wafers are sawed ix 88 mn? chips. To
characterize thermoelectric coefficients and relative resistance

Manuscript received October 31, 2001. The review of this paper was arran Veariations' two tests benches were developped.

by Editor J.psm. ' ’ pap g dl’he first test bench designed is devoted to thermoelectric co-
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des Sciences et Technologies de Lille, Villeneuve d’Ascq cedex, France (e-mail; AT b h ds of the th ile. Each end of th

mohamed.boutchich@iemn.univ-lille1.fr). enceA’" between the ends of the thermopile. Each end of the

Publisher Item Identifier S 0741-3106(02)02136-5. chip isinserted in a copper heat sink with good thermal contact.
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Fig. 2. (a) Relative resistance variations of boron-doped polysilicon verstesnperature are represented on the left of each curve and (b) thermoelectric

temperature and (b) relative resistance variations of phosphorus dopeefficient
polysilicon versus temperature.

of phosphorus-doped polysilicon versus temperature and

implantation doses. Thermoelectric coefficients at room temperature are

represented on the left of each curve.

The emf delivrated is directly proportionnal to the thermoelec-
tric coefficientar asV = N x a x AT, N denoting the number
of thermocouples.

For relative resistance variations measurements, we devel-

oped

a second experimental setup that consists of a block of

copper lying on a hot plate. An inserted thermocouple enables
us to record average temperature of the chip that is stuck on
the piece of copper with silicon grease to provide good thermal
contact [2] [4]. The hot plate is controlled with a temperature
regulator within the range of 293 to 373 K. Contact pads of the
thermopile are connected to a multimeter by wire bonding.

1)

I1l. CHARACTERIZATION RESULTS

Relative resistance variations of boron and phosphorus-
doped LPCVD polysilicon over the temperature range 2)
293-373 K are shown in Fig. 2(a) and (b) with the im-
plantation dose as parameter. Interesting points can be ex-
tracted. In this temperature range that represents typical
operating range of almost all the infrared thermal sensors,
relative resistance variations are quasi-linear. Tempera-
ture coefficient corresponding to the slope of the curve
may be selected over a wide range, both positive and neg-
ative or approaching zero by selecting doping concentra-
tion. This property presents a great interest for sensors
applications especially for temperature drift control [5]
[6]. The shift in slope observed on Fig. 2(b) could be in-

terpreted in terms of carriers mobilities that are affected
by the temperature raise. According to Aretal.[7] and
Seto [8] experiments, mobility depends upon the nature of
the dopant and starts to decrease slowly with increasing
temperature for phosphorus and boron concentrations up
to 5 x 10 at/cn?. In this temperature range and for
those dopant concentrations where the barrier height is
small, grain boundaries have only modest influence on
electrical conduction [9]. Consequently, polysilicon be-
haves as monocrystalline silicon leading to the positive
gradient in resistivity versus temperature. As a result, a
self temperature compensated thermopile can be fabri-
cated with judicious choosen dopants concentrations and
species.

For sensors based on thermal principles involving a tem-
perature gradient detection, Seebeck effect with semicon-
ductor thermopiles has proved to be very useful. Polysil-
icon exhibits thermoelectric coefficients that consider-
ably exceed the range of values obtained with commonly
used metal thermocouples. Because of the weak database
available on Seebeck coefficient, we endeavored to char-
acterize our doped polysilicon films. The Seebeck effect
cannot be measured directly in a single material for sym-
metry reasons, only relative coefficients can be experi-
mentally determined. Thanks to the low Seebeck coeffi-
cient of gold (2.:V/°C), Au/doped-polysilicon thermo-
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couples thermoelectric power can be assimilated to dopeléctric coefficients and electrical resistances. Those data are
polysilicon Seebeck coefficients. Fig. 3(a) and (b) showeery useful for modeling sensor sensitivity and temperature
that thermoelectric coefficients of boron and phosphorukift. A new improved IR thermal sensor using established
doped polysilicon films increase linearly with temperaeharacteristics will be available in the near future.

ture. Moreover, with those heavy dopants concentrations,
the films exhibit large thermoelectric coefficients and low

electrical resistivities. These very interesting results allow [y

us to consider a new IR thermal sensor design with a large

density of phosphorus and boron polysilicon thermocou- (2l

ples.

IV. CONCLUSION

Heavily doped boron and phosphorus LPCVD polysilicon

(3]

4

films have been characterized in the temperature range of

293-373 K. Au/polysilicon thermopiles were fabricated in [l
standard IC technology and test benches devoted to thermoelec-
tric coefficient and relative resistance variations measurementgs]

have been developped. At room temperature and for the most
heavily doped polysilicon thermopiles, thermoelectric coeffi-

cients values such as 196.¥/°C for p-type and 154.5V/°C

for n-type were achieved that correspond to 350v8°C for a
thermocouple made up n- and p-type thermoelements. Thes
results reveal interesting behaviors of thermopiles thermo-

8l
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Abstract

In this paper, a new IR thermal micro sensor using an original design and silicon micro technology is presented. The operating principle
of the sensor is based on the Seebeck effect. A high thermoelectric power thermopile has been developed using thermoelectric properties
phosphorus and boron doped LPCVD polysilicon. Moreover, low stress membranes have been recessed under each hot and cold junctic
The temperature gradient is maintained by increasing the thermal resistance under the thermocouples. A former study allows us to determi
the Seebeck coefficients and relative resistance changes of phosphorus and boron LPCVD polysilicon layers within the temperature rang
of 293-373 K. The sensitivity values reachedu®2(W/m?) for 5mmx 5mm sensor with low influence to convection. This planar and
symmetrical configuration requires no specific packaging, thus minimizing the manufacturing cost compared with existing realizations. The
micro sensor is manufactured within the framework of a national project (CNRS-INTERLAB).
© 2005 Elsevier B.V. All rights reserved.

Keywords: Packaging; Polysilicon; Thermopile; Membranes; IR micro sensor; NETD

1. Introduction cold junctions of the micro thermocouple (hence the high sen-
sitivity). A variety of such thermoelectric sensors integrated
Infrared micro sensors are generally constituted of three on a silicon wafer and using polysilicon as thermopile have
functional parts. First, a radiative coating is used, which also already been fabricated and commercialiieeB]. However,
selects the bandwidth. Next, there is a thermopile detector,the significant thermal dissimilarity between the two types of
which converts temperature differences into emf by the See-thermojunctions makes these sensors highly sensitive to gas
beck effect, and finally, a substrate lying on a heat sink which conduction and convection phenomena. Their encapsulation
stabilizes the temperature of the sensor. Using silicon tech-is therefore of paramount importaneg5].
nology, it is necessary to circumvent the high thermal con-  Taking into account the advantages presented by the sus-
ductivity of the silicon substrate. A classical solution con- pended structures, we have developed a new concept of IR
sists of using micro-machining suspended structures, such asnicro sensors on membranes, which does not require any spe-
membranes or cantilevers. The hot junctions are gathered incific packagind6]. The originality of this concept lies in the
the vicinity of an absorbent zone located on a membrane ordistribution of the hot and cold junctions, with each supported
a cantilever with low thermal conductivity minimizing the by a membraneRig. 1). Many technological solutions have
conduction heat losses. The cold junctions are located onbeen implemented to optimize the sensor sensitivity. A new
a heat sink, generally the silicon substrate. These configura-photosensitive polyimide that presents interesting absorbent
tions lead to important thermal resistance between the hot andproperties in the IR bandwidth and processing facilities is
processed. Heavy phosphorus and boron doped polysilicon
* Corresponding author. Tel.: +44 1223 764138; fax: +44 1223 332662. Strips have been processed in order to achieve low resistivity
E-mail addressmb510@eng.cam.ac.uk (M. Boutchich). and high Seebeck coefficient for the thermopile. Bi-layer low

0924-4247/$ — see front matter © 2005 Elsevier B.V. All rights reserved.
doi:10.1016/j.sna.2005.01.016



M. Boutchich et al. / Sensors and Actuators A 121 (2005) 52-58 53

Reflectin
Top layer : 9
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Fig. 1. Schematic of the unpackaged micro sensor (top: global view, bottom: cross section).

stress membranes have been realized to support hot and coldf a membrane supported by two silicon pillars as shown in
junctions by recessing the silicon substrate and then provideFig. 2@). A simple equivalent structure is represented in the
an important thermal resistance that strongly contributes to same figure, wherkeqis the equivalent thermal conductance

maintain a large temperature gradient. of the membrané&ig. 2
The thermal conductance for the reflecting zone is given
by:
2. Modeling p
Leget = ()»161 + A2e2 + Aze3 + Ageq + )»5655> 1)

The heat transfer in such multiple periodic membrane de-
vices can be modeled using a single membrane model undemwhereis, A2, A3, A4, A5 andey, €, €3, €4, & represent the
the assumption that each suspended structure is thermally inthermal conductivities and the thicknesses of the;SEIN,
dependent. The portion of the sensor modeled here consistpolyimide and polysilicon layers. Als@& depicts the total

— et= Sum of thicknesses
Polyimide
PolySi P/ N Aeq
SiNx e
S102
=P
0 1 »x
y I —_ »m
x dx : dx :
(a) Schematic part of the microradiometer (b) Simplified structure

Fig. 2. (a) Cross section and top view of the sensor, (b) equivalent structure used for the modeling.
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Fig. 3. Heat transfer in the equivalent structure and its surrounding.

thickness of the membranp,the width of the polysilicon zones. Consequently, the temperature difference between the

line andw the sum ofp and the width of interlind-ig. 2 hot and cold thermojunctions (subscripted 1 and 2, respec-
Bi-dimensional numerical modeling has shown that a one- tively) is:

dimensional treatment for heat conduction can be used. On

the one hand, this can be justified by the high contrast of ther- AT =

mal conductivity between membrane and air layer (100:1). h+ 1

Alternatively, the very important aspect ratio between length 1

and thickness of the membrane (1000:1) may validate this. thxnw (= ko) = (1 = k2)br2) ©)

Elsewhere, the high density of thermoelectric strips of high

thermal conductivity allows us to neglect the temperature

variations in they-axis (Fig. 2). Three mechanisms of heat

flow transfer: conduction, convection and radiation must be

. _ 1
taken into accourff7] ke 7

(kl - kz)(Ta - Tsub)

wherek; andk; are the constants defined by the absorbent
and reflective structures of respective lengthandL; (cf.
expressions 7 and 8).

Considering the elementxcbn the equivalent single layer - ch(y1(L1/2))
(Fig. 3), the heat balance can be expressed as: 1
ol + ) = () — pup(x) — gen(x) + r(x) @ 2= thoaL2/2) ®

whereg(x) represents the conductive heat flow density cir- When the sensor is exposed to an IR radiation of irradiance
culating in the single layegy,p(x) andegn(X) the convective E, and if the absorbent and reflective coatings (of respective

heat flow densities exchanged with the environmenia(d absorptivitiesa;, ap) are considered as gray bodies the net
the net thermal flow density induced by IR radiation. flows can be expressed by:
Using the Fourier law, Eq(2) can be solved, resulting 4
in the temperature across the membrane (of length ) to be%r1 = a1(E — oTy) C)
expressed as indicated in .
P 9 or2 = ax(E — oT$) (10)
A 1 A L . .
T(x) = | Tsun+ — ) | Chyx — thVEShyx - = 3 Again, in view of the small dimensions of these mem-
Y Y branes, temperaturds and T, (in K) will be similar to the
wherey? represents the propagation coefficient (&): average sensor temperatufe, Subsequently, the previous
equations can be approximated by:
2 h+HW @
YT e ¢ = ai(E — oT) (11)
and ¢r2 = az(E — oT2) (12)
A _ hTa+ W' Tsun+ or (5) Then, the expression of the emf delivered by the micro sensor
y? h+h becomes:

Additionally, T, andTsypcharacterize the air and substrate
temperatured) symbolizes the convection coefficient above V = Na [m(kl — k2)(Ta — Tsub)
the membrane anid below it. 4
By examining the above equation a maximum Seebeck + E—oalg (1= k1)as — (1 — kz)az)} (13)
voltage can be obtained when the hot and cold thermojunc- h+hn
tions are located in the center of the absorbent and reflecting
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Table 1
Characterization results for the three sensors A, B, and C
Active area (mm) Number of Membrane length  Electrical SensitivitySe Cr, (MVIK) NETD at 300K
membranes (pm) resistance () (wV/(W/m?)) (mK)
A 5x5 5 970 398 72 2.8 0.18
B 5x5 4 635 500 a7 15 0.32
C 3x3 3 220 93 17 0.9 0.38

From this equation, the performances of the sensors can beéhermoelectric power have been characterized and introduced
identified. The parameters of interest were the illumination [8].
sensitivity, Sg, the air temperature dependence coefficient,
Cr, and the noise equivalent temperature difference, NETD.

Here,& is defined by: 3. Device fabrication

Se= (8—V> (14) Three types of microsensors (A, B, C) were manufac-
IE /1y Tooh, ' =csts tured while varying the number of membranes and active

Thus, Eq(14)can be re-written in the form of E(L5) using area (able 1.

Eq. (13): The fabrication of these micro sensors requires seven
Not conventional photolithographic leve]8,9]. All fabrication

Sg = m[(1 — k1)a1 — (1 — kp)ay] (15) stages have been carried out on a (110) 3in.,-386um

thick silicon substrate. Due to its high thermal conductiv-
When the absorption law of the materials used to realize ity, the thickness of the silicon substrate is not critical (from
the radiative coating is known, the sensitivity in any spectral a thermal perspective). However, the (11 0) crystallographic
bandwidth (IR, UV) can be calculated from E@5). The air orientation enables both the micro-machining of vertical side-
temperature dependence coefficient is a parasite coefficientwalls and the patterning of a membrane that is of equal aper-

defined by: ture to that of the mask. Such a process minimizes the micro-
3V sensor area.
Cr,= <ﬁ) (16) After careful cleaning of the substrate, the growth and
a/ E,Tsh,h'=cstes deposition of the thin films for the membrane and the ther-
or using Eq(13). mopile detector have been carried out. This constitutes the
first functional part of the micro radiometer in the front
Cr, = Nah " h’(k2 — k1) a7 end of the substrate. In order to achieve significant tem-

perature differences at the tips of each micro thermocouple,
The influence of this parasite coefficient appears only ifthe the membrane that supports the micro thermopile must be
temperature of the air is different from the temperature of the fabricated with low thermal conductivities materials. More-
sensor. Adjusting the length of the absorbent and reflecting over, in order to prevent breaking after release, the stress
membranes can nullify this term. of each layer must be under control. Following the growth
The noise equivalenttemperature difference represents theof a 1.4um thermal silicon oxide (Sig), a 0.5um thick
lowest temperature detectable by the sensor. To account forich silicon LPCVD silicon nitride film SiN has been de-
the temperature variation of the target and the illumination posited. The thickness and composition of each thin film

we have introduced the following definition: was carefully studied and optimized in the LAAS laboratory
R [10] to achieve a low stress bi-layer membrane. Next, both
NETD = Us _ _Us KTsRAF (18) a 0.45.m LPCVD polysilicon and a 20 nm LPCVD silicon

= 3 3 o . i o
St 4Sgooly 4SgooTy nitride SN2 layer have been deposited. Once this first stage
where Sz, represents the sensitivity of the sensor to achie\_/ed,_the micro th_ermopile consisting of polysilicon has
the target temperature witl; the target temperature, been ion-implanted with boron (1.1%at/cn?, 70keV) and
k=1.38x 10-23JK~ the Boltzmann constanR the elec-  Phosphorus (1.28at/cn?, 180 keV) through the silicon ni-

trical resistance and F the bandwidth. tride, which was used as a cap layer to avoid dopant exodif-
9V fusion during the drive-in annealing (performed at 11G0
)2
= <—> (19) for 10 min):
aTt Ts,Ta,h,h/=csts

After annealing, the silicon nitride layer has been removed
This model highlights the flexibility of the original struc-  using phosphoric acid4PCs. A reactive ion etching step us-
ture that enables the disturbances to be minimized due to
the unpackaged structutarameters such absorptlwty and 2 The ion implantation parameters have been optimized in a former study
[ in order to achieve high thermoelectric power N/P doped polysilicon micro

1 These inherently appear in unpackaged structures. thermocouple§l1-13]
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ing SFKs gas has been performed, which resulted in S-shaped
N/P-doped polysilicon strips, each having a 5@ width

and an inter-track space of g@n. Further, to obtain micro
thermocouples composed of a p—n junction, Ti (20 nm)/Au
(200 nm) ohmic contacts have been deposited using evapo-
ration and lift off techniques.

The second functional part in the front end of the substrate
is the radiative coating. An 38m photosensitive polyimide
photo resist is spun on the substrate followed by annealing
at 55°C during 75 min in a convection furnace. This step en- i
ables part of the solvent to evaporate and makes the polyimide O S
stiffer. Contact pads have been patterned by UV exposure and 0234 s 67 8 9031415 16
development. d (cm)

A long polymgrlzqtlon annealing cycle fOl|OV§I€fd, which Fig. 4. Voltage delivered by the thermopile vs. source-sensor distance for
made the polyimide insoluble and conferred to it its absorp- gensors A, B, and C.
tive property. Rectangular areas of Au reflectors have been
deposited by lift-off. Hot and cold thermojunctions were thus
located under each absorbing and reflecting area. Finally, athe power densiti (W/m?) at a distance target-sensor equal
reactive ion etching step using @EHF; gases was per-  to5cm. From the value & the air temperature dependence
formed to pattern the membrane openings on the back-endcoefficientCz, can be deduced and the noise equivalent tem-
mask, which was composed of initially deposited SEIN perature difference computed. The results are presented in
thin films. Note that to increase the thermal resistance be- Table 1
tween the hot and cold zone, membranes have been recessed Response time measurements have also been performed
using thermostatic hydroxide potassium (KOH 40%°8). with a fast obturator disposed in front of the target. It appears
This resulted in a free-standing membrane structure. Micro that the device has a low responsive time of 75 ms compared
sensors were released by little pressure. Finally, wires haveWith existing micro sensorfl4,15] This property can be

been welded on the electrical contact pads to characterize thémproved by decreasing the membranes’ aperture, yet the
device. simulations show that a subsequent change will lead to atem-

perature gradient decrease, followed by a lower sensitivity.
As aresult, a trade-off exists, which depends on the targeted
application.

Note that the paramet&Ts, has been evaluated for the
Each micro sensor has been placed facing a radiationcharacterized prototypes which had the same absorbent and

source composed of a plane thermostatic plate. It consisted of €/1€Cting membranes lengths. In the aim to produce opti-
a copper plate (15 cm 15 cm) that was recovered by a 0.97 mized sensors with the dependence coefficient of air temper-
emissivity thin film. The temperature is controlled using a ature cancelled out, th_ese_ membranes lengths must be ad-
plane resistor attached to the back and regulated by a PIDJusted in order to obtait =k (Eqg. (17)). The model has

From the modeling, the voltage delivered by the sensor can been run with this condition to extract the evolution of the
be described by thé following: sensitivity to the illumination and the NETD with the number

of membranes, as shown kfig. 5. Absorbent and reflective
V = Se(E — oT2) + Cr,(Ta — Tsup) (20) membrane lengths are also displayed. The optimum number
of membranes appears to be 5.

V (mV)

4. Characterization results and prospects

In order to accurately determir& it is necessary to es-
timate the critical sensor-target distance from which the par-
asite signal (due to the air temperature) can be neglected5. Conclusion and discussion
compared to the radiative signgl(W/m?). Indeed, a dis-
tance far from the target results in the temperature of the air  Using standard silicon technology high sensitivity planar
to equal the temperature of the sensor. 5mmx 5mm and 3 mnmx 3 mm infrared micro sensors with
The voltage delivered by each sensor was plotted againstan original design have been developed. High Seebeck co-
the distance target-sensdtig. 4). A shape factor Fcp rep-  efficient doped polysilicon thermocouples have been used
resenting a purely radiative balance between the target andas thermopiles. The sensitivity has been predicted using a
the sensor, is superimposed. A significant change in the slopesimplified model that includes dimension and material phys-
can be observed under a critical distance estimated to 3.5 cmical properties and for the best performing realized sensor
However, the sensor’s response is purely radiative beyondthe theoretical sensitivity is §8V/(W/m?2), which is in good
this distance. That is why the sensitivly is determined by ~ agreement with experimental results ja2/(W/m?). Opti-
measuring the voltage delivered by the sensor as a function ofmized structures are proposed to be totally immune to the
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sources is a growing field for which such devices (contact [17] S: Hasebe, J. Ogawa, M. Shiozaki, T. Toriyama, S. Sugiyama, H.
Ueno, K. ltoigawa, Polymer based smart flexible thermopile for

sensors such as Heat flux meter and/or contact less sensors power generation, in: Proceedings MEMS 2004, Maastricht, Nether-
such as IR sensors) are now targefihd]. lands, 25-29 January 2004.
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This paper presents experimental results on band gap engineered charge trapping devices for embedded
non-volatile memories. Different material systems with high-k dielectrics and metal gates were fabri-
cated using 193 nm lithography and the electrical evaluation was performed on 256 bits mini-arrays.
The structure relies essentially on a layered tunnel ONO (oxide-nitride-oxide) barrier that replaces the
tunnel oxide in conventional SONOS devices. In addition, we have implemented high-k dielectrics, metal
gates and sealing layer in order to achieve low programming voltage and improve the data retention
especially at elevated temperature. Whereas, high-k and metal gate systems allow low programme/erase
voltages attractive for embedded non-volatile memories, the conventional band gap engineered SONOS
(BE-SONOS) offers better high-temperature data retention. However, compared to a SONOS device with
a standard “thick” tunnel oxide of 6 nm close to the EOT of the layered tunnel ONO barrier, it appears that
BE-SONOS memories suffer from charge loss toward the channel and therefore we believe that the band
gap engineered feature of the ONO barrier requires alternative materials.
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1. Introduction

The scaling perspectives of floating gate memory devices are
being seriously challenged. Nowadays, this successful technology
which has been a standard for decades is facing fundamental prob-
lems. The tunnel oxide thickness typically close to 8 nm cannot be
scaled down to preserve the data retention. As a result, program-
ming voltages remain high and the write/erase speed does not im-
prove [1]. In addition, the reduction of the coupling ratio and cross
talk interferences are compromising the future of embedded float-
ing gate flash technology beyond 45 nm. The non-volatile memory
arena has witnessed the rise of a number of alternatives to the
floating gate concept ranging from evolutionary to revolutionary
devices and materials [2,3]. While being under thorough investiga-
tion in academia as well as in the semiconductor industry, none of
these potential candidates has yet emerged as the ideal replace-
ment for floating gate. It appears that the performance (speed,
endurance, retention at room and high-temperature) of these
new concepts [4,5] does not yet fulfill the conditions required for
various applications. Among these alternatives, the band gap engi-
neered charge-trapping concept, proposed by Likharev [6] and fur-
ther advanced by Macronix has shown promising performance [7-

* Corresponding author. Tel.: +32 0 16287 732; fax: +32 0 16287 588.
E-mail address: mohamed.boutchich@nxp.com (M. Boutchich).

0167-9317/$ - see front matter © 2009 Elsevier B.V. All rights reserved.
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9]. One of the major advantages of the charge trapping technology
compared to floating gate is its immunity to the local defects in the
tunnel oxide. Moreover, many studies proved performance gain
thanks to the implementation of high-k/metal gates combinations
[10-13]. On the other hand, reliability concerns such as read dis-
turb, erase saturation and data retention have hindered the accep-
tance of charge trapping memories such as band gap engineered
SONOS devices as a replacement to floating gate. Intensive theoret-
ical as well as experimental efforts have permitted to overcome
most of these challenges. However, bottlenecks especially in
high-temperature data retention remain and new material systems
must be investigated.

In this work, 256 bits NOR memory arrays of different band gap
engineered mini-arrays were fabricated and tested with a custom
made test vehicle and tester. The investigated structures are dis-
cussed with emphasis on the typical memory characteristics, i.e.
program/erase (P/E) curves, endurance and data retention.

2. Band gap engineered structures

Beyond the 45 nm CMOS node, high-k dielectrics as well as me-
tal gates are considered for the CMOS baseline fabrication process
that could make them available for embedded integration. Among
these materials, hafnium silicate (HfSiO,) and hafnium aluminate
(HfAIO,) as well as aluminum oxide (Al,03) with metal gates such
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as titanium nitride (TiN) are being considered as options [14,15]. In
this work, we have assessed the potential of different material sys-
tems in combination with a band gap engineered silicon oxide/sil-
icon nitride/silicon oxide (ONO) tunnel layer in an attempt to
reduce the P/E voltage and improve the data retention.

Table 1 summarizes the devices fabricated for this study. In
addition to the conventional BE-SONOS (band gap engineered sili-
con-oxide-silicon nitride-oxide-silicon) and BE-MANOS (band gap
engineered metal-aluminum oxide-silicon nitride-oxide-silicon)
introduced by Macronix [8-10], we have studied the potential of
hafnium-based silicates and aluminate for the blocking oxide in
combination with a HTO (High-Temperature Oxide) sealing layer
(SL) and a metal gate. The purpose of the sealing layer is to increase
the energy barrier seen by thermally excited electrons and there-
fore prevent the loss of electrons into the blocking oxide conduc-
tion bands during the write operation as well as during
retention. Thanks to its wide band gap (9 eV), SiO, presents the
appropriate offsets for both electrons and holes whereas high-k
insulators have a narrower band gap than SiO,. Moreover their
band offsets are close to or even lower than the silicon nitride
(Si3sN4) conduction band. The sealing layer must be sufficiently
thick to block direct tunneling.

3. Devices and technology
3.1. Overview

The mini-arrays presented in this work are conventional one
transistor (1T) NOR arrays with memory transistors. The arrays
contain 256 bits (transistors) integrated up to the metall level
for the bit lines. The arrays are programmed and erased by direct
tunneling of electrons/holes from the Si substrate. Threshold volt-
age (V1) measurements are performed with 0.5 V applied on the se-
lected bit line whereas the non-selected word and bit lines are
grounded. The control gate voltage is automatically adjusted until
a bit line current criterion of 5 pA is fulfilled.

3.2. Technology

The mini-arrays were fabricated using 193 nm DUV lithography
for the active and gate definition. Four different structures were
deposited. All have in common the layered ONO as well as 6 nm
of SizN, storage medium deposited by low pressure chemical vapor
deposition (LPCVD). The stacks differentiate by their blocking
dielectric. After STI (shallow trench isolation) definition, the wafers
are subjected to a cleaning operation. The layered ONO barrier is a

Table 1

critical structure that required process development in order to
achieve a closed film of 3 nm LPCVD SisN,, Fig. 1. Subsequently,
ISSG oxide (in situ steamed generated) is grown on the substrate
followed by a dedicated clean operation in order to modify the nat-
ure of the ISSG from hydrophobic to hydrophilic. The 3 nm tunnel-
ing SisN4 of the layered tunnel ONO barrier is then deposited by
LPCVD at 700 °C. Finally, a 2.5 nm HTO oxide layer is deposited
in an oven at 780 °C on top of the 3 nm Si3N,4 to form the ONO bar-
rier. The conventional BE-SONOS devices contain a 10 nm HTO
oxide for the blocking dielectric. The high-k based memory transis-
tors contain either hafnium silicate (HfSiO,) with 47% Si deposited
by metal organic chemical vapor deposition (MOCVD) and nitrided
with an in situ ammonia NH3 anneal [14,15], aluminum oxide
(AI203) or hafnium aluminate (HfAIOx) deposited by atomic layer
deposition (ALD) and subsequently subjected to a post-deposition
anneal in nitrogen N, atmosphere. The post-deposition anneal is
particularly important for the Al,Os. In addition to the densifica-
tion of the film and a shrink in thickness of approximately 2 nm,
the conduction band offset of the Al,O3 increases upon crystalliza-
tion, this property has a major impact on the performance of the
Al,03-based devices such as (tantalum nitride-aluminum oxide-

~3nm
nitride

Fig. 1. TEM picture of the ultra-thin ONO barrier implemented in all band gap
engineered splits. The contrast shows the 3 nm of SisN, between the tunnel ISSG
oxide and the top HTO oxide of the barrier. Note that the black film has been added
during the TEM sample preparation to enhance the contrast.

Fabricated and studied band gap engineered devices. The ONO layered barrier and the trapping medium are common to all stacks.

Structure BE-SONOS BE-MANOS BESHINOS with sealing layer
Blocking dielectric and gate ;
Poly gate 10nm TiN gatef 10nm TiN gate 10nm TiN gate
10nm Si0, 17nm AlLO, 20nm HfAIOxX 20nm HfSiOx
3nm HTO 3nm HTO
6 nm Si,N,
2.5nm HTO
ONO layered barrier 2.5nm Si,N,
1.5nm Si0,
Si-bulk
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silicon nitride-oxide) TANOS [16]. The metal gate consists of MOC-
VD TiN, chosen for its favorable effective work function (eWF) with
respect to the blocking dielectric, i.e HfSiO,, HfAlO, and Al,Os films
(~4.7 eV). All gates are covered with 100 nm n-doped polysilicon
followed by the standard SiN spacer formation and junctions’ acti-
vation. After contact silicidation, and metal 1 (aluminum) pattern-
ing, the wafers are annealed in a forming gas mixture (Hy/N).
Fig. 2 shows a TEM picture of a finished band gap engineered SO-
NOS memory transistor. In parallel to the band gap engineered de-

43

vice, a SONOS device was fabricated with 6 nm of tunnel oxide,
6 nm of SisN,4 trapping medium and 10 nm of HTO blocking oxide.

4. Memory characteristics

4.1. P/E characteristics

Program and erase characteristics (P/E) are presented in Fig. 3a-
d. The devices are initialized to the same erased/programmed state

Fig. 2. TEM cross-section of a BE-SONOS stack after full integration. The stack is composed of the O(1.5 nm)/N(3 nm)/O(2.5 nm) layered barrier, 6 nm of trapping nitride ,
10 nm of blocking silicon oxide and 10 nm of TiN metal gate capped with 100 nm of n-doped polysilicon.
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Fig. 3. Programme/erase curves of (a) BE-SONOS, the structure consists of the tunnel ONO (1.5/2.5/2.5 nm), a trapping layer 6 nm Si;N4 common to all structures and 10 nm
of HTO blocking oxide. (b) BE-MANOS with (1.5/2.5/2.5 nm) ONO and Al,Os3 as blocking oxide. (c) BE-SHINOS/HfAIO, with 3 nm of HTO sealing layer and 20 nm of HfAIO, as
blocking oxide. (d) BE-SHINOS/HfSiO, with 3 nm of HTO sealing layer and 20 nm of HfSiO, as blocking oxide. For this latter the tunnel oxide (O1) was increased to 2.5 nm
since devices with HfSiO, material usually allow low programming voltage. The data acquisition was performed on non-cycled mini-arrays.



44 M. Boutchich et al./Microelectronic Engineering 87 (2010) 41-46

prior to measuring each P/E curve. For a given material system, all
characteristics are acquired under the same conditions. Fig. 3a
shows the P/E curves of BE-SONOS mini-arrays. The neutral thresh-
old voltage (Vr) of this structure is approximately 1.0 V. The P/E
voltages are chosen to be at most equal to current embedded flash
voltages i.e. £15V. BE-SONOS devices can be programmed with
voltages ranging from +12 to +15V reaching a maximum Vr of
2-4V with pulses up to 10 ms long. On the other hand, erase sat-
uration at approximately —1 V appears already at —13 V. Note that
the erase saturation can be postponed to lower Vr level using
depletion implants. This option has not been implemented here
[10,13].

Fig. 3b shows the P/E curves of BE-MANOS mini-arrays. The
neutral threshold voltage (Vr) is approximately 1.4 V. It is possible
to achieve a 5V window with +/—13 V/10 ms; such low voltage is
interesting as it is below current voltages used in floating gate flash
devices although the programming time is typically in the ps range
for flash. In addition, this structure exhibits a good resistance to
erase saturation. The phenomenon appears for voltages beyond
—14V and more than 100 ms erasing time. This low erase satura-
tion level is related to the SiN/Al,O3/TiN interface as for TANOS
[16,17]. However as for BE-SONOS, the Vr versus Vgaee characteris-
tic remains poor. Fig. 3c and d shows the P/E curves of BE-SHINOS
mini-arrays using HfAlO, or HfSiO, as a blocking dielectric. In these
two systems, the dielectric is combined with a 3 nm HTO sealing
layer to increase the energy barrier. Both HfAIO, as well as HfSiO,
structures exhibit large programming windows. However, the
HfSiO, is more appealing owing to the lower EOT provided by
the high-k material of the device despite a high neutral threshold
voltage (V1) ~ 2.3 V. The major feature is its apparent immunity
to erase saturation. The phenomenon does not appear even for
pulse width as large as 1 s. Mini-arrays can be programmed with
voltages ranging from +12 to +15V reaching a maximum Vr of
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6V for the programming and down to —2V for the erase. A6V
window is readily achievable with +14V/15ms and -14V/
100 ms. The resistance to erase saturation of this system is attrib-
uted to the 3 nm HTO oxide sealing layer inserted between the
SisN4 trapping layer and the top HfSiO, blocking oxide. The extra
energy barrier reduces the electron flow and hence postpones both
program and erase saturation to much higher and lower Vr,
respectively.

4.2. Endurance

Fig. 4a-d represents the endurance curves of the mini-arrays of
systems BE-SONOS, BE-MANOS and BE-SHINOS. The programmed
and erased Vi start to shift upward after 10% P/E cycles indicating
that negatives charges are trapped in the stack or at an interface.
The fact that all traces exhibit quasi-identical features indicates
that the origin may be unique and it is possible that these negative
charges are trapped within the ultra-thin nitride of the layered
tunnel ONO barrier because previous SONOS experiments with
tunnel oxide thicknesses between 1.5 and 2.5 nm did not show
such degradation. However, the programming windows obtained
are not affected by the Vi walk-out observed. The read voltage
can be chosen in the middle of the window with no risk of crossing
the programmed or the erased Vry trace. Interestingly, BE-MANOS
(Al,03 blocking dielectric) splits present a V; window symmetrical
around 0 V. This means that the read voltage can be chosen as low
as 0V, eliminating any risk of read disturb.

4.3. Data retention
Data retention is the bottleneck that precludes the wide accep-

tation of charge-trapping memories as a replacement to floating
gate devices especially in high-end applications. Note that to avoid
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Fig. 4. Endurance characteristics of the four structures investigated. The light walk-out observed in all traces indicates that there is minor degradation of the stack and the

origin maybe regardless of the structure.
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hasty conclusions, data retention measurements should systemat-
ically be performed for a minimum of 24 h at room temperature. At
elevated temperature, the test should be carried out for more than
24 h as thermal discharge could be balanced by the direct tunnel-
ing of charges and may only appear after a long period of time [18].
Fig. 5a-d displays the data retention of non-cycled mini-arrays at
room temperature. All measurements were performed for a mini-
mum of 24 h and extrapolated to 10 years. The devices were not
cycled to capture the intrinsic behavior of the stacks. P/E parame-
ters were set in order to avoid erase saturation as well as to achieve
at least a 3 V initial window. Note that since the depletion implant
scheme was not implemented, the neutral Vr of these devices is
relatively high, 1, 1.4, 0.9 and 2.3V for BE-SONOS, BE-MANOS,
BE-SHINOS/HfAIO, and BE-SHINOS/HfSiO,, respectively. This ex-
plains the steepness of the erased states especially for BE-MANOS
and BE-SHINOS/HfSiO,. On top of each plot, the trace of 2.2 nm
tunnel oxide SONOS mini-array retention was superimposed for
comparison. All high-k based structures present a decay rate for
the programmed state very similar to standard 2.2 nm SONOS.
Moreover, since the erased states are well below the neutral Vr,
the slope is steeper. As a result, BE-MANOS and BE-SHINOS,
Fig. 5b-d, exhibit remaining windows extrapolated to 10 years
comparable or smaller than the SONOS reference see Fig. 5b-d .
The only advantage is the possibility to erase below the neutral
V1 as opposed to SONOS. On the other hand, BE-SONOS mini-arrays
present a slower decay rate compared to SONOS. However, to
achieve a 3 Vinitial window, the device must be programmed with
+18 V/10 ms that is 3 V beyond voltages used in current embedded
flash memories. In embedded applications, voltage scaling is as
important as size scaling, the periphery to generate these 18V
would be too large and power consuming. After write and erase
pulse, the BE-SONOS device loses about 30% of its programming
window in a matter of seconds. This explains why we had to resort
to such a high programming voltage in order to secure a 3 V start-
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ing V1 window for the data retention measurements Fig. 6. At room
temperature, the BESONOS, Fig. 5a seems to be the only structure
providing an advantage compared to standard SONOS in terms of
data retention. It has comparable retention and has the ability to
erase slightly below the neutral Vr. Yet, the extrapolated remaining
Vr window is small, ~1 V. All high-k-based structures suffer from
the poor interfaces at the SiN/top dielectric interface, Fig. 5b-d.
The 3 nm SiO, sealing layers implemented in BE-SHINOS devices
do not improve the data retention as expected and therefore top
losses remain a major contributor to the decay.

Fig. 7 shows the data retention curves of the BE-SONOS structure
at elevated temperature. The 100 and 150 °C curve superimposes
for few days indicating the same discharge mechanism. However,
after 1 week measurements, the 150 °C trace sharply drops leading
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Fig. 6. Room temperature data retention characteristics of the four structures
investigated. Measurements have been performed for a minimum of 24 h. The
remaining window is extrapolated to 10 years specification. A standard SONOS
characteristic was added on each plot for comparison. The data acquisition was
performed on non-cycled mini-arrays.
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Fig. 8. Data retention at 150 °C of BE-SONOS mini-array compared with a 6 nm
thick tunnel oxide SONOS device. The data acquisition was performed on non-
cycled devices. BE-SONOS mini-array shows a window closure before the 10 years
specification whereas SONOS devices exhibit 0.4 mV remaining window extrapo-
lated to 10 years.

to an extrapolated window closure well before the 10 years specifi-
cation. Fig. 8 compares this latter with a 6 nm thick tunnel oxide
SONOS mini-array that was fabricated in parallel using a similar
integration scheme. The tunnel ONO of BE-SONOS corresponds to
a ~6 nm EOT hence this comparison. Note that for the thick tunnel
oxide SONOS, one must resort to alternative hot carrier program-
ming mechanism (e.g. [19]) as it is not possible to erase the memory
using Fowler-Nordheim or direct tunneling. For a comparable ini-
tial Vr window, the BE-SONOS device presents a smaller remaining
window as opposed to thick tunnel oxide SONOS, a sharp drop on
logarithmic scale occurs in the programmed states after a month
of measurements at 150 °C. In this comparison, the blocking dielec-
tric is identical i.e. 10 nm of SiO,, therefore the discharge must oc-
cur through the band gap engineered ONO layer.

5. Conclusion

In this paper, four band gap engineered charge trapping struc-
tures were evaluated for low-power embedded non-volatile mem-
ory applications. However, due to the high voltage required to
achieve a reasonable programming window, we have extended
the study to implement high-k and metal gates as well as sealing
layers in order to evaluate the potential of such concept for embed-
ded low-power applications. The programming windows achieved

are much larger with BE-SHINOS structures. However, the pro-
gramming efficiency is rather poor considering the Vr/Vg,. ratio.
The endurance curves are very much comparable whatever the
top dielectric indicating that no major degradation occurs during
cycling. In addition, the light walk-out observed is not detrimental
for the read operation. The data retention measurements at room
and elevated temperature revealed that the best structure remains
the BE-SONOS with oxide as a top dielectric. BE-SONOS exhibits a
1V remaining Vr window extrapolated at 10 years at 100 °C and is
therefore competitive with charge trapping structure such as TA-
NOS with the major advantage of not requiring any high-k and me-
tal gate integration. However, at 150 °C the data retention is still
poor and a thick tunnel oxide SONOS would perform better [9].
Although the materials utilized for BE-SONOS remain standard
and reliable, the large voltages required to achieve a reasonable
initial V; window exclude this concept for low-power embedded
non-volatile memory. The comparison of a BE-SONOS with a thick
tunnel oxide SONOS shows that the data loss occurs through the
band gap engineered ONO layer.
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We have fabricated and characterized diamond based heterojunctions composed of homoepitaxial diamond
(B-doped film: p type) and hydrogenated amorphous silicon (a-Si:H film: n-type). All devices include an
intrinsic amorphous silicon interface (i-a-Si:H). (J-V) characteristics of a-Si:H heterojunctions measured
from 300 K to 460 K present a very high rectification ratio (in the range 108-10°) and a current density of
10 mA/cm? under 2 V of forward bias. The reverse current up to —4V is below the detection limit in the
whole temperature range. The devices present two regimes of operation indicating that more than one
mechanism governs the carrier transport. These characteristics are compared with a Schottky barrier diode
(SBD) using a tungsten carbide metal on top of the p-type diamond as a Schottky contact. The SBD device
exhibits J-V characteristic with an ideality factor n close to one and the heterojunction follows this trend
for low bias voltages whereas for bias voltage above 1V a second regime with larger ideality factors n~3.6
is observed. These results point out the prominent role of transport mechanisms at heterointerface between
the a-Si:H layers and the p-type doped diamond which degrades the current injection. The breakdown
voltage reached — 160 V indicating the good quality of the deposited layers.
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1. Introduction

Despite the tremendous challenges to overcome for its synthesis
and doping [1], diamond remains an attractive wide band gap semi-
conductor (5.5eV) for a range of electronic devices [2] especially
those requiring high power and operating in harsh environment
(temperature, radiations) [3]. Amongst the concepts that raised a lot
of interest are Schottky-barrier diodes (SBD) [4], Schottky-barrier
Photodiode (SPD) [5,6] as well as pn [7] and p-i-n junction (PND)
with (N)-doped diamond [8]. The development of reliable bipolar
devices is a key technological building block for the design and
fabrication of electronic devices. For that purpose, it is necessary to
obtain device-grade quality for the n as well as the p- type diamond.
Although a lot of efforts have been devoted to incorporate donor atoms
such as (P)-Phosphorus or (As) —Arsenic [9,10] into semiconductor
diamond, the resistivity as well as junction characteristics such as
built-in voltage and rectification ratio remain too poor to envision
competitive device performance. In addition, increasing the donor
concentration beyond a certain level has proven to be detrimental to
the diamond film integrity. The aforementioned technological issues
to fabricate bipolar devices on diamond homojunctions have raised

* Corresponding author. Tel.: +33 1 69 85 16 46; fax: +33 1 69 41 83 18.
E-mail address: mohamed.boutchich@lgep.supelec.fr (M. Boutchich).

0022-3093/$ - see front matter © 2012 Elsevier B.V. All rights reserved.
doi:10.1016/j.jnoncrysol.2011.12.067

interest into the study of heterojunction with semiconductor materials
such as amorphous silicon (a-Si:H) or recently with Aluminum nitride
(AIN) [11] or Zinc Oxide (ZnO) [12]. Such a structure combines the
properties of both semiconductors and may lead to outstanding
performance in terms of rectification ratio. Moreover, if fabricated
with transparent electrodes, pn and/or p-i-n diamond based
heterojunctions [13,14] find applications in photo detection as well as
light emitting diodes.

In this work, we have fabricated p-i-n diodes based on the hetero-
junction of p-type diamond and amorphous and microcrystalline
silicon films. We mainly focused on the diamond/a-Si:H structure
for which we measured the dark current density-voltage (J-V)
characteristics as well as capacitance-voltage (C-V) characteristics
versus temperature. From these measurements, we identified two
regimes of operation and extracted the ideality factor n. The hetero-
junction has been pushed to breakdown and through modelling we
estimated the electrical breakdown field in each material.

2. Experimental

The p~diamond epilayers were homoepitaxially grown by MPCVD
(Microwave Plasma Chemical Vapor Deposition) on heavily B-doped
p+-diamond (100) 2.5x2.5x0.5mm?> substrates commercially
available. The B concentration ([B]) measured by secondary ion
mass spectroscopy (SIMS) is estimated to be close to 1x10%° cm ™3
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[15]. The diamond epilayers were grown by the dissociation of CH,4
and H, gas precursors. The B species inside the MPCVD chamber
were incorporated into the diamond epilayer with a concentration
ranging from 10" to 10'® cm 3. The ratio of CH4 to H, was 0.08%,
and the corresponding flow rates of CH, and H, were 0.4 and
500 sccm, respectively. The reactor pressure was fixed at 106 hPa
during growth. The growth was performed at ~800 °C. 500 nm of
diamond epilayer was deposited using these process parameters.
Following the diamond growth, the samples were oxidized for 1 h
in a boiling acid solution of HSO4/HNO3 (1:1) to remove the surface
conductive hydrogenated layer and introduced in a standard RF glow
discharge reactor for the amorphous and microcrystalline silicon
deposition. Hydrogenated amorphous silicon and microcrystalline
silicon layers were deposited at 175 °C on these substrates by plasma
enhanced chemical vapour deposition [16]. A 30 s hydrogen plasma
treatment of the p-type diamond epi layer was performed just before
the deposition of a 50 nm intrinsic a-Si:H from the dissociation of
pure silane at 7 Pa under an RF power of 5mW/cm?. After the
intrinsic a-Si:H we deposited 50 nm thick n-type amorphous or
microcrystalline silicon films by adding phosphine to silane in the
case of n+a-Si:H layers and using a high dilution of silane and
phosphine in hydrogen to achieve pc-Si:H growth. Fig. 1 shows the
Raman spectra with the typical features centered at 480 cm™ ! and
520 cm ™! for the a-Si:H and uc-Si:H films, respectively, on top of
the epitaxial diamond layer. This measurement shows that the
silicon based film can be grown on diamond substrates with no
detrimental impact on their microstructure.

The thickness and optical properties of the layers ~50 nm each
were determined from ellipsometry measurements on samples
co-deposited on Corning glass substrates with nm accuracy. Four
aluminium (Al) based Ohmic contacts were then deposited by evapo-
ration. The last stage of the fabrication process consisted of a reactive
ion etching (RIE) step with SFs/O, mixture in order to isolate the
devices in MESA structures of 500 umx 500 um contact. This area
was chosen in order to secure the positioning of the measuring
probe. Owing to the high conductivity of the diamond substrate, the
backside of the device was stuck with conductive paste directly
onto metal leads. Both contacts were connected using measurement
probes positioned in the characterization set-up. Fig. 2 shows a
schematic cross-section of the devices. The current-voltage (J-V)
characteristics were acquired via a Keithley 617 electrometer and
capacitance-voltage (C-V) characteristics were measured using
frequency dependent Agilent E4980A LCR meter with 0.01V and
0.01 pF accuracy respectively. The sample was connected to two
probes and embedded in a temperature controlled crystotat. All
measurements were carried out under vacuum and for temperatures
in the range from 300 K up to 460 K. Temperature stability was better
than 0.1 K.
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Fig. 1. Raman spectra of a-Si:H and pc-Si:H deposited on diamond.
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Fig. 2. Schematic description of the diamond based heterojunction (cross section).
3. Results

The J-V characteristics (not shown) of the diamond based hetero-
junctions were measured at room temperature for both diamond/
n+ microcrystalline silicon and diamond/n+ amorphous silicon
heterojunction. The microcrystalline based heterojunction presents
a rather high reverse current as compared to the amorphous based
device. In addition, most of the microcrystalline silicon based
devices were not exploitable because of the blistering that
appeared during film growth, resulting in a severe damage of the
microcrystalline silicon layer. Therefore, the following results and
discussion are only related to the diamond/i-a-Si:H/n + a-Si:H
heterojunctions. Fig. 3 shows the 1/C2 plots measured from 300 K
to 460 K at 10 kHz. From these measurements, we determine the
doping concentration as well as the built-in voltage by fitting
these traces. The calculated space charge density is equal to
5.7x10"at/cm® in agreement with the doping concentration of
the p~ diamond film deposited for this experiment. The built-in
voltage (Vy;) corresponding to the intercept with the abscissa
varies with temperature from 2.01V at 300K to 1.7V at 460 K
consistent with the variation of the turn-on voltage observed in
the J-V characteristics. We utilized numerical simulation tool
ATLAS 2-D software to determine the extension of the space
charge region and the energy band diagram [17]. The geometrical
and material parameters were chosen in agreement with our
fabrication process. The whole diamond layer is readily depleted
at —2.5V reverse bias. The experimental space charge region is
estimated around 570 nm which correspond approximately to the
thicknesses of the epi diamond and the intrinsic a-Si:H. Fig. 4 shows
the current-voltage characteristics (J-V) of the heterojunction diodes
in semi-logarithmic scale. The reverse current is below the detection
limit up to 440 K, a small increase is observed above this temperature.
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Fig. 3. Mott-Schottky plots of 1/C2 versus voltage deduced from capacitance-voltage
measurements at various temperatures. of the slope of the linear zone determines
the space charge density whereas the intercept with the abscissa gives the built-in
voltage Vp;.
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Fig. 4. Current-voltage characteristic of a diamond/a-Si:H/n + a-Si:H heterojunction
versus temperature. The SBD characteristic, measured at room temperature, is shown
for comparison. The inset shows the reverse current versus voltage until breakdown
at —160 V at 300 K.

The heterojunction diodes exhibit a pronounced rectifying behaviour
(up to 10° or more) for a current density of 10 mA/cm? at +2 V bias.

A SBD (0.79 mm2) device fabricated on the same diamond sample
has been characterized and its characteristic is also shown in Fig. 4.
This device was fabricated using a semi-transparent tungsten carbide
(WC) Schottky contact electrode for Deep UV application [15]. Its
characteristic exhibits an ideality factor n equal to 1.1 and a barrier
height of 1.42 eV. The inset of Fig. 4 shows the electrical breakdown
of the diamond/a-Si:H heterojunction. Breakdown occurs at — 160 V
indicating the good quality of the films.

4. Discussion

The estimated depletion zone obtained from the simulations is
consistent with the C-V measurements and confirm that the
depletion zone extend in the entire epi diamond layer. Note that the
capacitance variation with temperature is small and the slope of the
1/C2 plots exhibits little variation. This result shows that the doping
concentration is constant with temperature and therefore most of
the boron atoms are already fully ionized at room temperature.

The dark current in a Schottky diode device can be expressed as:

_ vy _
1=1o(m) [ exp(15) 1]
Where Jo(T) is the saturation current density defined by:

JolT) = A4 Texp —22)

V is the applied voltage at the junction, k is the Boltzmann
constant, n the ideality factor, T the absolute temperature, A the
contact area and A* the Richardson constant equal to 96 A/cm?-K?
taking the hole effective mass of 0.8 mg. The magnitude of the ideality
factor n and the variation of Jo(T) as a function of temperature provide
information on the carrier transport mechanism. From Fig. 4, it is
possible to distinguish 2 regimes of operation indicating the presence
of different transport mechanisms. For very low bias i.e. 0<V<1V, the
characteristic of the heterojunction with temperature follows the
SBD's model and therefore presents a similar ideality factor n~1.1.
However, for the second regime of operation i.e. 1<V<25V, n is
much larger than the value of 2 expected from the Sah-Noyce-Shockley
theory [18]. In this regime, n reaches 3.6 and remains approximately
constant with temperature. This observation is in contradiction with

the trend observed in other heterojunctions where n decreases with
increasing temperature [19,20]. Such an anomalous n value indicates
that the current is not limited by drift nor by diffusion, but gives
evidence of the presence of alternative transport mechanisms such as
space charge limited current (SCLC). Note that, the heterojunction
exhibits a reverse current two orders of magnitude lower that the SBD
demonstrating the remarkable blocking property of the intrinsic a-Si:
H layer. The excess reverse current observed in the SBD is presumably
due to the barrier inhomogenities between the diamond and the WC
contact.

Fig. 5 shows a Log/-LogV plot of the current density versus the
voltage in the second bias region versus temperature. In this bias
range, the J-V characteristic is well described by a space charge
limited current (SCLC) transport mechanism and follows a power
law:

J=KvV"

Where K is a constant dependent on the trap distribution [21]. The
power factor m also characteristic of the trap distribution varies
from 14.9 at 300 K to 9.8 at 440 K with a fitting error better than
0.04. It is agreed that for m> 2 the conduction is controlled by deep
energy states. These parameters are related to the defects distribution
but the variation and the magnitude of m cannot be over interpreted
at this stage as the traps in a-Si:H are both modelled by exponential as
well as Gaussian distributions. The determination of the exact fitting
parameters is beyond the scope of this paper.

To illustrate the transport within the heterojunction, we use the
energy band diagram depicted in Fig. 6. The experimental parameters
introduced are: Eggiam = 5.5 €V, an electronic affinity q)gijam = 0.5 eV
and the energy level of acceptor states Es—Ey=0.37 eV in B-doped
diamond. The intrinsic a-Si:H is modeled with a band gap Eg,.s;.n =
1.7 eV and a q)a.si:u =3.8 eV. The n + a-Si:H is similar to the intrinsic
a-Si:H but adding the energy level of donor states Ec~Ep =0.25 eV.
The density of states (DOS) in the a-Si:H consists of two exponential
band tails with characteristic energies kTc and kT, of 0.03 and
0.05 eV for the conduction and the valence band, respectively, with
a pre-exponential factor of 4x10%! cm~3 eV~ ! completed with two
Gaussian deep defect distributions of donors and acceptors with a
maximum value 2x10' cm™2eV~! and a standard deviation of
0.21 eV. The diamond/i a-Si:H interface presents a large conduction
band offset AEc as opposed to the valence band offset AEy preventing
electron's transfer. Simulations confirm this latest assumption even at
high bias. As a result, the conduction within this heterojunction is
essentially due to holes in the valence band and the aforementioned
mechanisms would occur at the valence bands interface between
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Fig. 5. Current-voltage characteristics in log-log scale for the diamond/a-Si:H/n + a-Si:H
heterojunction versus temperature.
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Fig. 6. Schematic of the energy band diagram for diamond/a-Si:H/n+ a-Si:H at
equilibrium 12.

the diamond and the a-Si:H [22]. However, further investigation and
refined modelling are required in order to identify the proper
transport mechanism for this particular heterojunction and fully
capture the underlying physics.

With regard to the breakdown of the device, we believe that the
depletion region sustaining such a high electric field consists of the
whole thickness of the p-diamond layer (500 nm) in addition to the
intrinsic a-Si:H thickness (50 nm). Simulations using the model
depicted in Fig. 6 show that the electric field at —160V is
3.4MV/cm in the diamond and 1.6 MV/cm in the intrinsic a-Si:H
layer. As a result, the breakdown most likely occurs in the amorphous
silicon material considering the magnitude of the electric field
observed. This indicates that adding a thin intrinsic amorphous
silicon film between the diamond and the contact may improve the
breakdown performance. Moreover, this would help to alleviate the
diamond surface inhomogeneities and therefore improve the reliability
of the devices.

5. Conclusions

In this work, we have presented the temperature dependence of
the electrical characteristics in diamond/a-Si:H heterojunctions.
These devices show a strong rectifying ratio up to 10° at £2V and
mA current densities. Carriers transport appears to be governed by
different mechanisms according to regime of operation. Comparing
with a Schottky barrier diode fabricated on the same diamond
epilayer and exhibiting an ideality factor n~1.1, the heterojunction

J-V seems to follow an ideal diode characteristic for low bias voltages.
At higher bias voltages, we observed a large ideality factor with a
value of 3.6, independently of temperature. This could partly be
explained by space charge limitation at the interface but further
investigations are required to validate this assumption. The break-
down voltage reached — 160V i.e. 1.6 MV/cm in the 50 nm intrinsic
amorphous silicon layer. Such a thin amorphous silicon layer could
be implemented in power switches in order to reduce the thick
diamond layers usually implemented in Schottky diodes. The cycling
of the devices with temperature showed a robust operation with no
variation of the C-V as well as the J-V characteristics demonstrating
the potential of such structures in harsh environments.
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Large-area graphene film doped with nitrogen is of great interest for a wide spectrum of
nanoelectronics applications, such as field effect devices, super capacitors, and fuel cells among
many others. Here, we report on the structural and electronic properties of nitrogen doped trilayer
graphene on 4H-SiC (0001) grown under atmospheric pressure. The trilayer nature of the growth is
evidenced by scanning transmission electron microscopy. X-ray photoelectron spectroscopy shows
the incorporation of 1.2% of nitrogen distributed in pyrrolic-N, and pyridinic-N configurations as
well as a graphitic-N contribution. This incorporation causes an increase in the D band on the
Raman signature indicating that the nitrogen is creating defects. Ultraviolet photoelectron spectros-
copy shows a decrease of the work function of 0.3eV due to the N-type doping of the nitrogen
atoms in the carbon lattice and the edge defects. A top gate field effect transistor device has been
fabricated and exhibits carrier mobilities up to 1300 cm?/V s for holes and 850 cm?/V s for elec-

trons at room temperature. © 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4903866]

Since its discovery, graphene has attracted tremendous in-
terest for condensed physics and material science as well as
advanced technologies.'” Recent progress in graphene synthe-
sis opens up different routes to investigate new building blocks
based on hetero-interfaces between 2D-nanomaterials.”* Such
materials systems will undoubtedly shape the future of nanoe-
lectronic devices’ and researchers keep on optimizing synthe-
sis technologies, i.e., mechanical exfoliation, laser exfoliation
techniques,”’ thermal decomposition of SiC, chemical vapour
deposition (CVD), and liquid-phase exfoliation of gra-
phene.*'” Moreover, low cost processes have been developed
such as laser-induced exfoliation of graphite, the reduction of
graphene oxide (RGO) using radiative processes''™'* or laser-
induced unzipping of carbon nanotubes.”” RGO, CVD, and
SiC graphene exhibit opto-electronic properties that could
potentially outperform any alternative material and permit its
implementation into a wide spectrum of applications with
devices like field effect transistors (FETS), solar cells, and sen-
sors.'®'® Nevertheless, to envision applications, the electronic
properties of synthesized multilayer graphene still remain to be
tailored to become competitive.'” For that purpose, a substan-
tial part of the research is devoted to develop doping strategies
using III-V elements, i.e., boron (B) and nitrogen (N) for p
and n type, respectively.”’>* Substitutional doping would
modulate the band structure of the material and therefore its
electronic properties. On the other hand, as synthesized
graphene may present defect sites, it is possible that nitrogen
or boron bond preferably to defects and/or edges particularly
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on SiC graphene.”> ™ However, considering the structure of
graphene, doping must be adapted to its technology. Among
the favoured approaches is the modulation of the electronic
properties through in situ doping during synthesis and charge
transfer using hetero-interfaces, e.g., nano colloids, polymers,
and self-assembly monolayers.”*** Regarding the in situ
doping approach, one method consists of introducing nitrogen
during the growth process. As a result, nitrogen atoms migrate to
the interface forming Si-N-C bonds that reduce the carrier mobil-
ity (1).”*° A second approach consists of annealing the sample
post growth under nitrogen atmosphere.”* Again, the density of
defects increases and is detrimental to the carrier mobility.

Here, we describe a method to grow N-doped epitaxial
graphene on 4H-SiC (0001) under atmospheric pressure. The
homogeneity of the as-grown layers was confirmed by atomic
force microscopy (AFM), and the trilayer graphene was charac-
terized by scanning transmission electron microscopy (STEM),
Raman and X-ray and ultraviolet photoemission spectroscopy
(XPS/UPS). Different nitrogen species were incorporated spon-
taneously into the graphene during the cooling of the sample at
1550 °C and under nitrogen flux. The bonding configurations of
the C-N components and the electronic properties of the N
doped graphene were characterized using XPS, UPS, and FET
devices. The device of N-doped graphene exhibits a mobility of
1300 cm?/V s for holes and 850 cm?/V s for electrons. Our ex-
perimental observations permit a better understanding of the
nitrogen doping of 2D materials as well as for the development
of graphene-based electronic devices.

Graphene layers were grown on commercially available
4H-SiC (0001) substrates in an infrared rapid thermal
annealing chamber. The SiC substrates were annealed on a
graphite susceptor at around 1550°C in argon pressure of
less than 800 mbar for 10min.*" In order to study the effect

© 2014 AIP Publishing LLC
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of the nitrogen atoms on the electronic properties of epitaxial
graphene, the sample was exposed to nitrogen under cooling
at room temperature for 15 min. These samples are labelled
as N-doped graphene. The graphene layers were then trans-
ferred ex-situ from the growth chamber to Raman spectros-
copy, XPS/UPS measurement systems. The Raman
measurements were performed with a frequency-doubled
NdYag laser operating at 532nm as excitation source with
up to 20 mW continuous wave output power.

XPS and UPS measurements for the study of the chemi-
cal composition and the work function (WF), respectively,
have been performed using a PHI 5000 Versaprobe spec-
trometer (Physical Electronics) operating at a base pressure
of 10~ mbar. For the XPS analysis, a focused monochromat-
ized Al K, X-ray source (hv = 1486.6eV) was used. The WF
was measured by UPS using a He I discharge lamp
(hv=21.2eV). It was determined from the secondary elec-
tron cut-off. The position of the Fermi level was calibrated
by measuring the Fermi edge of a sputtered cleaned gold
sample. During the work function measurements, a bias of
—8V was applied to the sample. N-doped graphene was uti-
lized to fabricate a 20 um gate length and 50 um gate width
FET device using 7nm of Al,O; gate oxide deposited by
atomic layer deposition (ALD). The electrical measurements
were performed in an ambient environment using an Agilent
B1500A semiconductor device parameter analyser. The charac-
terization of metal-insulator-metal structures was performed by
means of capacitance-voltage (C-V) measurements at a fre-
quency of 20 kHz using a HP4284A high precision LCR meter.

Figure 1 presents AFM, TEM images, and micro-Raman
spectroscopy, obtained on the N-doped trilayer graphene
sample. Figures 1(a) and 1(b) present the AFM images of the
graphene grown on a SiC (0001) substrate. The AFM image
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FIG. 1. (a) AFM topography of N-doped graphene sample. (b) AFM phase
image of N-doped graphene. Graphene layer covers the entire substrate. (c)
Cross-sectional High-resolution STEM image of N-doped graphene. (d)
Comparison of Raman spectra taken for different Ip/Ig ratios on N-doped
graphene and comparison to pristine sample.
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shows a highly homogenous topography with a step density
of 10—15nm height and atomically flat terraces of about
7 um wide on average (Figure 1(a)). In AFM phase images
(Figure 1(b)), at the step edges we observed the appearance
of different regions, which corresponded to multilayer rib-
bons located at the very edge of the terrace. In order to inves-
tigate the interface and the thickness, cross-sectional STEM
experiments were performed on N-doped epitaxial graphene.
This cross-sectional view was observed along the (11-20)
SiC zone axis (Figure 1(c)). As observed from the STEM
images, the N-doped graphene grown on SiC, produced here,
is predominantly composed by trilayer graphene. In the
STEM image, the 3C-SiC lattice planes are straight, sharp,
parallel to the surface, and equidistant. The interlayer separa-
tion is about 0.34 = 0.01 nm, and the graphitic layers are
atomically flat and show a continuous film.

In addition to acquiring AFM and STEM images, we
characterized the graphene layer using Raman spectroscopy.
In Figure 1(d), typical spectra of pristine graphene and N-
doped graphene are shown, which correspond to measure-
ments made on two locations of a terrace. One can notice
that the graphene contributions are also observed, as
expected on the pristine and N-doped trilayer they are identi-
fied by three main structures: (i) the D band, (ii) the G band,
and (iii) the 2D band. For pristine graphene, the D peak is
weak, indicating the low density of defects. In the case of N-
doped graphene, we note an increase of the D band and one
more contribution due to the (D) bands at 1620 cm ™', corre-
sponding to the disorder-induced feature, which is known to
occur in sp” carbon with defects. The high intensity of D
band, as well as the presence of the D' band, suggests that
nitrogen breaks the local symmetry of the graphene lattice.
In addition, we note that the 2D peak reduces in intensity
and the FWHM increases from 40cm ™' to 70cm ™ 'as typi-
cally observed in N-doped graphene.”’

All previous experiments were performed on N-doped
graphene, but the differences with respect to pristine gra-
phene layers are not discussed, since the presence of nitrogen
cannot be clearly detected using these techniques. In order to
probe the effects of nitrogen dopants on the electronic prop-
erties of graphene layer, we performed XPS and UPS on the
N-doped graphene layer. We probed the electronic properties
of the samples using photoelectron spectroscopy (XPS) of
nitrogen doped graphene layer (Figure 2). Figure 2(a) dis-
plays the deconvoluted C 1s core level XPS spectrum of N
doped graphene. The C 1s spectrum showed four compo-
nents at 283.7, 284.6, 285.4, and 286.5e¢V in binding
energy.”’ These components correspond to the SiC bulk
(noted SiC), the graphene layer (noted G), the interface layer
(noted IL), and the C-N bounds (C-N), respectively. The
small new peaks at 286.5 eV suggest the bonding formation
of doped nitrogen atoms to be sp>-C or sp>-C atoms. The
thickness of the graphitic film is calculated from the ratio
between the intensity of the G and SiC components of the
XPS spectrum. This ratio fits well with an exponential decay
of trilayer of graphene coverage in agreement with the TEM
measurement. Figure 2(b) shows the Si 2p spectrum for an
N-doped graphene sample. It is dominated by a peak at
101.1eV corresponding to the bulk silicon and presents a
shoulder at higher energies. The shoulder is composed of a



233111-3 Boutchich et al.

a) N-doped graphene Cis b) N-doped graphene% Si2p
# 79
= biid _ ]
£ It g
3 g S
g ?
2 EP g
5= <
E d %}‘ J
z /l 5
E L E i
Wis j et
2\ oo

292 290 288 286 284 282 280 278 106 104 102 100 98

Binding Energy (eV) Binding Energy (eV)

C) N-doped graphene N 1s d)
i\

Intensity (arb. units)

; @ PyridinicN @ PyrrolicN
204 402 400 398 a9s ae4 @ GraphiticN @ Carbon
Binding Energy (eV)

FIG. 2. (a) C Is spectrum for N-doped graphene. The deconvolution using
Doniach-Sunjic line shape analysis shows the SiC, G, IL, and carbon nitrogen
(CN) bonding configurations. (b) Si 2p XPS spectrum for N-doped graphene.
(c) N 1s XPS spectrum for N-doped graphene showing 3 different nitrogen
configurations. (d) The atomic configuration showing pyridinic-N, pyrrolic-N,
and graphitic-N as well as graphene lattice and vacancies. XPS measurements
were carried out at an angle of 45° with respect to the sample normal.

peak at 102.0eV assigned to the IL between the graphene
and the SiC (0001) substrate. Another peak at 100.7eV is
attributed to Si clusters of broken Si-C bonds formed during
the graphitization process.”” > Figure 2(c) shows the decon-
voluted N 1s of the N-doped graphene sample. This peak is
decomposed in three components centered at 398.2eV,
399.6eV, and 401.4eV assigned, respectively, to pyridinic,
pyrrolic, and graphitic configurations, respectively, as shown
in Figure 2(d). It is admitted that graphitic-N is the most effi-
cient doping configuration.”® In our context, pyrrolic and
pyridinic-N appear to be the dominant bonding configura-
tions. Interestingly, no Si-N-C bonds are visible.”* This ob-
servation indicates that the nitrogen is predominantly bonded
in the graphene plane and edges and did not diffuse to the
interface. This diffusion may have been prevented by the tri-
layer nature of the graphene in our sample. From photoemis-
sion spectra, we can estimate the nitrogen concentrations at
the sample surface. The total amount of nitrogen atoms can
be calculated from the N 1s and C 1s peak areas ratio in the
bulk sensitive configuration weighted by the relative cross
sections. The nitrogen content in pyridinic, pyrrolic, and gra-
phitic configurations is 21.3%, 75%, and 3.7%, respectively.
We performed UPS analysis to determine the shift in
work function induced by N atoms and verify the nature of
the doping of graphene layers. UPS data were acquired several
times from the overall sample and the averaged results are
shown in Figure 3(a). This shows the UPS spectra around the
secondary electrons cut-off region of the pristine and N-doped
graphene. The position of the Fermi level was calibrated using
a gold sample. The secondary electron cut-off was determined
by extrapolating two solid lines from the background and
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straight onset in the secondary electron cut-off region of the
spectra. WF is determined from the secondary electron cut-off
as WF =hv — E;,, where hv and Ey, are the photon energy of
excitation light (He I discharge lamp, 21.2¢eV) and the sec-
ondary electron cut-off energy, respectively. As a reference,
we utilized a sample of pristine monolayer graphene but with-
out N-doping, the WF measured is 4.3 eV, similar values have
been reported previously and trilayer undoped graphene is
estimated to be ~4.4eV.>> We therefore conclude that the N-
doping process implemented in this work on trilayer epitaxial
graphene has demonstrated its effectiveness to shift to a mini-
mum of 0.3 eV, the WF from 4.4eV to 4.1eV confirming the
n-type doped of the graphene layer (Figure 3(b)).

To investigate the transport properties of N-graphene
samples, a top gate FET device was fabricated and tested at
room temperature. Cr/Ni Source-drain electrodes were
defined by optical lithography and subsequent metal evapo-
ration then 7nm thick aluminum oxide (Al,O3) gate oxides
was deposited by ALD. Al top gate was deposited by e-beam
evaporation. A picture of the device is shown in Figures 4(a)
and 4(b). The drain current versus gate voltage (I4-V,) and
drain voltage (I4-Vys) curves of the N-doped graphene sam-
ple show ambipolar transistor effect and the minimal current
detected corresponding to the Dirac point (Vp;..) is located
at —1V and reaches —1.5V for some devices, no saturation
is observable on the I4-Vy, characteristic (Figures 4(c) and
4(d)). The top gate device operates as a p-channel FET for
Vo < Vpirac Whereas it operates as n-channel FET for
Vo> Vpigae. Since Vpipe is located at —1V, the device
clearly reveals the n-type doping character of N incorpora-
tion in the graphene. The gate leakage value starts at 10~ "2
and increases up to 10~'® A with increasing bias. The carrier
mobility (1) can be assessed using p=L x (Aly/AV)/(W
x CgVy), where C, is the gate capacitance per unit area (ca.
200 nF/cm?® measured by capacitance-voltage measurement);
L and W are the length and the width, 20 um and 50 um,
respectively; and V4 is 0.5 V. The mobility for holes and
electrons is about 1300cm?/V s and 850 cm?/V S, respec-
tively, but saturates at voltages below —2V and beyond 0'V.
The on/off ratios are 1.7 and 1.5 for holes and electron chan-
nel, respectively. Moreover, there is an onset of saturation
observed for the electron channel. The carrier concentration
ng~2x 10"”cm 2 is estimated from Cg using g-ns=Cg
(Vg — Vpime), With Vg the gate voltage and q the elementary
charge. This value is relatively low as opposed to N-doped
graphene obtained previously.” Note that the ALD-AL,O3
process is oxygen rich that may possibly compensate the N
doping. This point is further stressed by the fact that we
observed that the C-N bonds pyrrolic-N and pyridinic-N
favor functionalization thanks to the sp, bonds.** Recently,
It has been demonstrated that subsequent oxidation steps
reduce the energy difference between the Dirac point and the
Fermi level and as a result the carrier density drops to
~1.8 x 102em™2.° Nevertheless, the striking feature of this
device is its carrier mobility that is nearly as high as pristine
graphene obtained on Hall bars by Pallecchi ef al. in prior
work but at 4K and without any gate oxide.”” We conclude
therefore that although oxygen may have hindered the nitro-
gen doping to an extent, limited scattering or traps centers
have diffused at the interface and the carriers mobility
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estimated could have been even larger before gate comple-
tion. In addition, no hysteresis was observed while sweeping
Vg back and forth indicating that no trapping occurred at the
Al,Os/graphene interface. Note that current silicon high
speed devices exhibit few 100cm?/V s and suffer from short
channel effects. Yet, considering the low on/off ratios logic
devices are unrealistic however there is potential for radio-
frequency FETs as the cut off frequency F'r increases with
mobility,” but one should consider parasitic resistances to
properly assess the potential for such applications. On the
other hand, nanoribbons patterned on N-doped graphene
with optimized gate dielectric’® could open the band gap
required for logic applications. Such a scheme coupled to
this atmospheric growth and doping method is a simple and
cost effective approach to produce graphene based nanoelec-
tronic devices.
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right panels show the secondary elec-
tron cut-off and the Fermi level
regions, respectively, to determine the
WE. The monolayer sample taken as
reference exhibits a 4.3eV  WE,
whereas the N-doped sample reaches
4.1eV. (b) Band structures of the pris-
tine and N-doped graphene showing
the variation in WF.
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In summary, we have investigated a doping approach to
insert nitrogen into trilayer graphene on SiC (0001) under
atmospheric pressure. AFM image and Raman spectroscopy
give evidence of the predominance of trilayer graphene
across the sample. This doping method is highly attractive
for the efficient incorporation of doping species into the gra-
phene lattice. The C-N bonding configurations are predomi-
nantly pyrrolic, pyridinic, and graphitic as confirmed by the
XPS spectra. Nevertheless, the graphitic-N incorporation
into the graphene network reduces the work function from
4.4¢eV for the pristine graphene to 4.1eV for the N-doped
graphene as observed by UPS. In addition, we fabricated a
top gate FET device using Al,O3 as a gate oxide. The device
exhibits a Vp;,e at —1V indicating the n-type of the gra-
phene and mobilities of 1300 cm?/V s for holes and 850 cm?/
V s for electrons at room temperature.

FIG. 4. (a) Schematic of the graphene
based FET device. (b) Optical image
of a device fabricated on the N-doped
trilayer graphene with 7nm AL,O;
gate oxide. The channel length is

20pum and the width 50um. (c)
Current-voltage characteristics of top
gate FET on N-doped graphene at
room temperature. I4-V, curves show-
ing ambipolar behavior with Vp;,. at
—1V measured for Vd=0.5V. (d) I4-
V4 curves for various gate voltages
showing linear characteristics the mini-
mum for various Vg voltages.
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Abstract

®

CrossMark

Stacked InAs quantum dot chains (QDCs) on InGaAs/GaAs cross-hatch pattern (CHP) templates
yield a rich emission spectrum with an unusual carrier transfer characteristic compared to
conventional quantum dot (QD) stacks. The photoluminescent spectra of the controlled, single
QDC layer comprise multiple peaks from the orthogonal QDC:s, the free-standing QDs, the CHP,
the wetting layers and the GaAs substrate. When the QDC layers are stacked, employing a 10 nm
GaAs spacer between adjacent QDC layers, the PL spectra are dominated by the top-most stack,
indicating that the QDC layers are nominally uncoupled. Under high excitation power densities
when the high-energy peaks of the top stack are saturated, however, low-energy PL peaks from
the bottom stacks emerge as a result of carrier transfers across the GaAs spacers. These unique
PL signatures contrast with the state-filling effects in conventional, coupled QD stacks and serve
as a means to quickly assess the presence of electronic coupling in stacks of dissimilar-sized

nanostructures.

Online supplementary data available from stacks.iop.org/SST/30/055005/mmedia

Keywords: quantum dot chains, photoluminescent mapping, electronic coupling, cross-hatch

patterns, InAs, vertical stacking, excitation transfer

(Some figures may appear in colour only in the online journal)

1. Introduction

Semiconductor quantum dots (QDs) grown by molecular
beam epitaxy (MBE) are often stacked in order to increase the
active optical volume and to tune the emission or detection
wavelength and polarization of the QD ensembles [I, 2].
Stacking QDs is achieved through thin spacer layers which
physically separate but often electronically couple adjacent
QD layers [3]. Understanding the coupling nature of vertically
stacked QD structures is of fundamental importance to the
operation and optimization of QD-based devices such as
memory [4], lasers [5] and solar cells [6, 7]. Though useful,
coupling is not always necessary or desired, particularly for
broadband applications which benefit from the superposition

0268-1242/15/055005+07$33.00

of different wavelengths from individual QD layers [8]. If
present, electronic coupling results in the lowering of the
excitonic ground-state (GS) energy, and consequently a red-
shift of photoluminescent peak [3, 9]. The degree of coupling
is thus usually inferred from the magnitude of the energetic
red-shift relative to those emitted from a single QD layer
structure [3]. This approach can be misleading in stacked QDs
as the strain profile at the growth front is affected by the
underlying nanostructures: subsequent QD layers usually
nucleate at a lower deposition amount [9, 10]. If grown at the
same two-dimensional (2D) equivalent thickness throughout,
upper QD layers would be bigger than those of the lower QD
layers, with a concomitant red-shift due to size—not cou-
pling. One way to unambiguously identify the presence and

© 2015 IOP Publishing Ltd  Printed in the UK
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evaluate the strength of coupling is to vary the spacer thick-
ness and observe the changes in PL signals as a result of
excitation transfer of carriers. This approach has been adopted
to study coupling between, for example, stacked QDs [11]
and stacked quantum dots and wells [12]. Alternatively, one
can fix the spacer thickness, vary the size of each stack,
perform PL measurements and simply count the number of
GS peaks: a single (multiple) GS peak indicates the presence
(absence) of coupling [11]. This article adopts the latter
approach to study an unusual coupling property of stacked
quantum dot chains (QDCs) on cross-hatch pattern (CHP)
templates.

QDC:s or laterally-coupled QDs have garnered significant
interest in the past decade [13] and have recently gained
renewed interest due to their unique geometry suitable for
fundamental transport studies [14] and polarization-sensitive
optoelectronic devices [15]. However, QDCs are rarely stu-
died in stacked forms due to their complex optical char-
acteristics  [16], particularly when coupling can
simultaneously occur laterally and vertically as is the case
here. In this paper, stacked InAs QDCs on InGaAs/GaAs
CHP templates grown by molecular beam epitaxy (MBE) are
characterized by photoluminescence (PL) and a complete PL
fingerprint of QDCs/CHP structures is reported. Under high
excitation power densities, stacked QDCs do not exhibit state-
filling effects as would be observed in stacked QDs. The
otherwise excited-state carriers are instead transferred toward
the lower QDC layer, an effect attributed to the combination
of extended wavefunctions, resonant tunnelling and
thermalization.

2. Experimental

The structures investigated comprise multiple stacks of InAs
QDCs grown on partially-relaxed InGaAs film on GaAs by
solid-source MBE Using Riber’s 32P MBE system, and after
in situ thermal cleaning of GaAs (001) surface, growth starts
from 300nm GaAs buffer layer, followed by 25nm
Ing,Gap gAs, 10nm GaAs spacer, and 1, 3, or 5 stacks of
InAs QDC/10 nm GaAs spacer pairs. The cross-hatch pattern
surface of the InGaAs layer serves as a template on which
chains of QDs form along the orthogonal [110] and [110]
directions. The smoothness of the growth fronts and the for-
mation of QDs are monitored in situ via streaky and spotty
reflection high-energy electron diffraction (RHEED) patterns,
respectively. Each QD layer is grown until the RHEED pat-
tern changes from streaks to spots, i.e., at the onset of QD
formation. The 2D equivalent thicknesses of the bottom-most
stack are 1.7 monolayer (ML) and the remaining stacks are
1.3 ML. Finally, all samples are capped with 100 nm GaAs
for PL measurements. Two PL set-ups are employed. For
free-space, macro-PL setup, the samples are fixed in a cryo-
stat, excited by a broad beam (2.39 mm spot size), 514.5 nm
Ar* laser, and emission detected by a liquid nitrogen-cooled
InGaAs point detector (Hamamatsu’s G7754) using standard
lock-in techniques. For confocal, micro-PL setup, the sample
is mounted on a piezoelectric-driven platform (Witec’s

alpha300), excited by a narrow beam (~1 ym spot size) fre-
quency-doubled 532 nm Nd:YAG laser operating in con-
tinuous mode, and emission detected by a thermoelectrically-
cooled InGaAs array detector (Andor’s DU491A). Spatial-
and energy-resolved PL maps are acquired from the micro-PL
setup by raster scanning and simultaneously collecting point
spectra. All maps shown represent PL intensities integrated
over a 10 meV bandwidth around energies of interest.

3. Results and discussion

Conventional InAs Stranski—Krastanow (SK) QDs grown on
flat GaAs (001) are randomly distributed and typically emit a
single PL peak at around I um with a full width at half
maximum (FWHM) of a few 10 s meV [17]. Certain growth
conditions can extend the wavelength to the 1.3—1.55um
telecom window [18] or lead to bimodal or multimodal size
distributions with multiple PL peaks [19-21], while random
distribution remains. In contrast, InAs QDs grown on CHPs
are guided, forming chains along the orthogonal [110] and
[110] directions, each direction with its own size, size dis-
tribution, and wetting layer (WL) due to the asymmetry of the
underlying dislocations [22]. The formation of QDs along the
orthogonal dislocation chains has been established by plan-
view transmission electron microscopy (TEM) [23], whereas
vertical correlation of QDs with 10 nm GaAs spacer has been
confirmed by cross-sectional TEM [24]. The 60° dislocations
at the lower InGaAs/GaAs interface, typical in zincblende
heteroepitaxy, cause surface strain fields that affect adatoms
motion during growth [25], but do not affect the intrinsic
emission efficiency of the overlying QDs [26]. The PL
spectrum of a QDC layer would thus contain many more PL
peaks than those of conventional SK QDs due to the co-
existence of many optically active structures.

This section is divided into three parts. The first part
describes the PL maps and spectra of the 1-stack QDC layer,
showing all the possible luminescent peaks. The second part
shows that luminescence is dominated by the uppermost QDC
layer which is nominally uncoupled to the underlying QDC
layers. The third part shows that the luminescence from the
bottom QDC layers emerges at high excitation level, and
provides a qualitative explanation of the underlying
mechanism.

3.1. Single QDC layer: basic emission peaks

The 1-stack QDC sample emits in the 1-1.4 eV range similar
to conventional SK QDs, but with a much richer optical
feature. Figures 1(a)-(f) show spatial- and energy-resolved
spectral maps of the same 20 x 20 yum? area of the sample at
80 K. The PL maps, integrated over increasing energies from
1.005 eV in figure 1(a) to 1.275eV in figure 1(f), show spa-
tially non-uniform emissions with a cross-hatch pattern
resembling the surface undulation of the underlying InGaAs/
GaAs template. Figure 1(a) shows that at 1eV, the lower
energetic end of the spectra, emissions emerge from bright
patches which look like stripes along the [110] direction. The
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Figure 1. PL of a single InAs QD chain layer on an InGaAs/GaAs cross-hatch pattern. Same-area, 20 x 20 gm? micro-PL maps at increasing
integrated intensity from (a) 1.005 to (b) 1.045, (c) 1.105, (d) 1.195, (e) 1.245 and (f) 1.275 eV. Spectra at pixels 1-4 in (d) are shown in (g):
pixel 1 is taken at an intersection between [110] and [110] dislocation lines, 2 on a[110] dislocation line, 3 on a [110] dislocation line, and 4
on a dislocations-free area. (h) Macro-PL spectra measured at increasing excitation power density from, bottom to top, /=0.11 W cm™ to 2,
4, 10, 20, 30, 40 and 50 times /. The scale bars in (a)—(f) are 4 um. Spectra in (g) are offset for clarity.

stripes become clearer and better resolved as the energy
increases to 1.045 eV in figure 1(b). The dottiness of the lines
making up the stripes is simply a reflection of the variation in
local QD density, in good agreement with the morphology of
uncapped samples (see the supplementary data, available at
stacks.iop.org/SST/30/055005/mmedia). When the energy
increases to 1.105eV in figure 1(c), emissions from the
existing [110] direction begin to fade while those from the
orthogonal, [110] direction emerge. The emissions from the
[110] and [110] stripes overlap and yield the characteristic
CHP luminescence observed in figure 1(c). As the energy
continues to increase to 1.195eV in figure 1(d), the [110]
emission peters out, whereas the [110] emission intensifies.
And as the energy keeps on increasing to 1.245eV in
figure 1(e) and 1.275eV in figure 1(f), the [110] and [110]
emissions are extinguished, replaced by bright patches
emerging in the previously dark areas—i.e., the bright/dark

regions in figures 1(a) and (f) are reversed. (The reversal is
easily recognized in the first video in the supplementary data).
The QDs can be categorized, in evolution sequence [27]
and with corresponding labels shown in figure 1(d), into four
distinct groups: 1. at the intersection of the orthogonal [110]
and [110] dislocations, 2. on the [110] dislocation lines, 3. on
the [110] dislocation lines, and 4. on the remaining areas. The
four QD ensembles emit slightly differently. Figure 1(g)
shows point spectra at pixels 1-4 in figure 1(d), corre-
sponding to the four QD ensembles above. Emissions from
pixels 1-3 comprise two principal peaks: a broad peak cen-
tered at around 1.15eV and a narrow peak at 1.27eV. In
contrast, emission from pixel 4 comprises only one narrow
peak, also centered at 1.27 eV. .
The broad peaks result from QD chains along the [110]
and [110] directions as unequivocally proven by microscopy
and spectroscopy. The micro-PL maps in figures 1(a)—(f)
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provide the microscopic proof, whereas the macro-PL spectra
in figure 1(h) provide the spectroscopic confirmation. It has
long been known that the underlying InGaAs/GaAs CHPs are
asymmetric: the [110] stripes nucleate earlier, have greater
density, and result in surface steps which are taller than the
[110] stripes [28]. The asymmetry is transferred to the over-
grown layers, resulting in QDs along the [110] direction
forming slightly earlier and are thus taller and emit at a lower
energy than those along the orthogonal [110] direction
[22, 27, 29]. The microscopic images in figures 1(c)—(d)
provide a clear visual evidence of QD luminescence dec-
orating the [110] and [110] stripes, at slightly different ener-
gies. This small energy difference however cannot be
resolved in the corresponding point spectra: figure 1(g) shows
that pixel 2, taken along the [110] direction, emits at a slightly
lower peak energy than pixel 3, taken along the orthogonal
[110] direction. Though these two peaks are spatially resolved
in microscopy, they are spectrally unresolved as a result of
micro-PL setup’s fast integration time. The macro-PL setup,
in contrast, has a much longer integration time and can pro-
vide complementary spectra with greater signal-to-noise
ratios. Figure 1(h) shows excitation power-dependent macro-
PL spectra of the same sample (but on a different area) at
20K. The lowest two energetic peaks—1.04eV for the
[110]-aligned QDs and 1.10 eV for the [110]-aligned QDs hi-
lighted by the black arrows—can now be clearly resolved at
high excitation powers.

The narrow 1.27 eV peak is asymmetric: the left and right
sides of the 1.27 eV peak in figure 1(g) tail off slightly dif-
ferently—a characteristic of two unresolved Gaussian peaks
with different FWHM. The closely-spaced emissions arise
from the superposition or spectral overlap of the small free-
standing QDs and the underlying InGaAs CHP template. The
PL map in figure 1(f) shows that the areas that give off this
luminescence are those between the cross hatches which
happen to be the nucleation sites for free-standing QDs, too.

The four small peaks between 1.3 and 1.47 eV (observed
only in the macro-PL setup as indicated by the grey arrows in
figure 1(h)) are most likely associated with multiple wetting
layers, some of which were previously identified [22]. For
conventional InAs/GaAs SK QDs, a single WL exists and
emits at around 1.44 eV. This is true even if bimodal size
distributions are present [21], as long as the growth front is
flat. For InAs QDs on InGaAs CHPs, the growth front is not
flat. In fact, the surface steps in the [110] and [110] directions
are different [28]. The WL underneath the QD chains along
the [110] and [110] directions can thus be expected to be
different—for example, they could form one-dimensional
wetting wires [30]—but similar structures investigated so far
reported just a single WL energy [22].

The multiple WL peaks above are only observed close to
the carbon-impurity, 1.49eV peak and the bulk GaAs,
1.52 eV peak. Measurements taken at different areas where
the 1.49 and 1.52eV peaks are absent do not reveal the
multiple WL peaks. This indicates the possibility that bulk C
centers render ineffectual the carrier capture by QDs from the
GaAs matrix and the WLs, and explain the elusiveness of the
multiple WL luminescence. It is a normal practice for those

carrying out PL measurements to shine the exciting laser on a
spot that yields the best signal and in so doing move away
from areas with large local concentrations of C, and hence
miss the WL peaks.

It is worth pointing out that the multimodal size dis-
tribution of the 1-stack layer which gives rise to multiple
emission peaks has not been optimized for broadband appli-
cations. If desired, one can increase the inhomogeneity of the
spectrum by, for instance, growing the QDs at a higher rate or
subjecting them to rapid thermal annealing [31]. In addition,
one can also increase the luminous efficacy of real devices by
soft-annealing under hydrogen so that most defects are neu-
tralized and do not adversely affect long-term reliability [22].

3.2. Multi-stack QDCs: dominant emission from top-most
layers

In reflection-based PL set-ups, the 1-stack QDC layer enjoys
an unobstructed output window but the 3- and 5-stack QDC
layers may not. This depends on electronic coupling. If the
stacked layers are coupled, they behave as a single ensemble
and should enjoy an unobstructed output window as is the
case for the I-stack sample. But if the stacked layers are
uncoupled, luminescence from all the layers should be
detectable, unless some are obstructed—reabsorbed, scat-
tered, or reflected—in which case the emissions are domi-
nated by the overlying structures due to geometrical
advantage. Such behaviour in stacks of randomly distributed
QDs cannot be proven through spectroscopy alone. But if the
random distribution is reduced, as is the case for QDCs, and
with PL. mapping capability, it is possible to draw such a
conclusion as shown below.

Figures 2(a)—(d) show the PL maps of the 3-stack QDC
sample at increasing integrated energy from 1.075eV in
figure 2(a) to 1.235eV in figure 2(d). Similarly, figures 2(e)—
(h) show the PL maps of the 5-stack QDC sample from
1.075 eV in figure 2(e) to 1.235eV in figure 2(h) (see ani-
mated videos in the supplementary data for the complete
ranges). The maps show luminescence which is CHP-like for
the 3-stack sample, but stripes-like for the 5-stack sample.
Since adjacent stacks are separated by a 10 nm GaAs spacer
which is sufficiently thin to allow coupling in conventional
SK QD stacks [11], a question emerges as to why CHP-like
luminescence similar to the 1-stack sample described above is
not observed in the 5-stack case, or is not more clearly
observed in the 3-stack case because the bottom-most QDC
layer for the three samples is identically grown, has the big-
gest dot size and the lowest GS energies, and should thus
provide the same optical features (CHP-like) as observed in
the previous section. The maps shown in figure 2 instead
more closely match the AFM morphologies of the top-most
QDC layer where the number density of QDs along the [110]
direction is significantly reduced (see the supplementary
data), implying that the emission is dominated by the top-
most layer. The bottom-most QDC layer buried along the
[110] direction is almost undetectable; it can be barely dis-
tinguished by the collinearity of bright or dark spots, as
indicated by broken lines in figure 2.
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Figure 2. Same-area, room-temperature, 10 x 10 zm> micro-PL maps of (upper panels) the 3-stack QD chain sample at increasing integrated
intensity from (a) 1.075 to (b) 1.105, (c) 1.155 and (d) 1.235 eV, and (lower panels) the 5-stack QD chain sample from (e) 1.075 to (f) 1.105,
(g) 1.155 and (h) 1.235 eV. The scale bars are 2 ym. The broken lines are guide to the eye and indicate some of the buried [110] dislocation

lines.

One possible explanation for the much reduced [110]
emission is carrier tunnelling from the bottom to the top QDC
layer as has been observed in the QD bi-layer reported by
Heitz et al [11]. However, this mechanism cannot explain the
missing CHP-like emissions because carriers always tunnel
towards the lower energetic state, i.e., the bottom-most QDC
layer (1.1 eV active), not the top-most QDC layer (1.2 eV). If
inter-stack tunnelling were present, the CHP-like emissions
would have been enhanced, not suppressed.

Another possible explanation is that the top QDC layer
has the highest quantum efficiency, thus dominating the
weaker emission from the low quantum efficiency bottom
stacks. The QDC stack is strained throughout as it is sand-
wiched between the top GaAs capping layer and the bottom
partially-relaxed InGaAs CHP layer which in turn rests on a
GaAs buffer. Since the top stack is in contact with the dis-
locations-free GaAs cap layer, whereas the bottom stack is in
close proximity to the dislocations-prone CHP layer, the top
stack would have a greater optical quality. Unless the strain
profile surrounding each QD layer is carefully compensated
[32], increasing the number of QD layers would in general
result in accumulated strain that ultimately degrades the
optical quality of the whole QD stack [33].

3.3. Multi-stack QDCs: excitation transfer

After many trials to uncover the bottom layer emissions—
mostly by varying the optical path from normal to edge—it
was found that the elusive emissions are not entirely missing,
only significantly diminished since they are partially retrieved
simply by increasing the excitation power density. This
approach is however against a normal PL practice of using
minimum excitation to study the true ground-state energies of
QDs [9] and also to avoid sample heating.

Figures 3(a) and (b) show the macro-PL spectra of the 3-
and 5-stack QDC samples, respectively. The spectra are
measured from a low excitation power density [, of
0.11 Wem™ to 50l For the 3-stack sample, increasing
excitation results in intensity saturation of the 1.2eV peak
emissions from the top-most layer. Such saturation in con-
ventional SK QDs would coincide with the appearance of one
or more higher energy peaks as a result of state filling, and
this is true for both single-layered and stacked QDs [12]. The
spectra in figure 3(a) are however the opposite: as the 1.2 eV
peak saturates, a lower energy peak emerges at around 1.1 eV,
and at 401, excitation, another peak at an even lower energy
of around 1.05 eV can be seen to be emerging. The sequential
appearance of the 1.1 and 1.05 eV peaks upon saturation of
the 1.2eV peak is evident in the excitation-dependent PL
intensity plots at the three energies shown in figure 3(c). The
two additional peaks—1.1 and 1.05 eV—coincide with those
of the 1-stack layer described earlier, strongly indicating that
they arise from the bottom-most QDC layer.

The partial recovery of the bottom-most QDC emissions
could be a direct or an indirect result of increased excitation,
or a combination of both. The direct result is simply due to
the greater availability of photons reaching the bottom-most
stack. The indirect result is due to excitation transfer of car-
riers from the top- (high energy) to the bottom (low energy)
layer, which is energetically favorable but ineffective at low-
level excitations. The inefficiency is a result of suppressed
tunnelling. At 10nm (~36 ML), the GaAs spacer is suffi-
ciently thin that tunnelling readily occur among stacks of
conventional SK QDs [11]. But this is not the case for stacks
of QDCs here. The tunnelling between stacks of QDCs must
have been suppressed by the presence of the underlying misfit
dislocations—the sole differentiating factor between the QDC
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Figure 3. Macro-PL spectra of the (a) 3- and (b) 5-stack QDC samples measured at increasing excitation power density from, bottom to top,
71=0.11 W cem™ to 2, 4, 10, 20, 30, 40 and 50 times /. The solid arrows indicate peaks that appear only at high excitation levels. The grey
arrows point to WL-related peaks. The increase in PL intensity as a function of excitation power density (normalized to /) for the (c) 3- and

(d) 5-stack QDC samples at selected energies.

and QD stacks. Often associated with dislocations are strain
fields known to cause local inhomogeneities in various phy-
sical properties [34]. The strain fields can be so strong that
they affect surface atom motion and guide the nucleation of
nanoscale QDs [35, 36] or the running direction of micron
scale droplets [37]. Their effects on coupling are thus not
surprising. External strains applied via piezoelectric crystal,
for example, have been shown to affect fundamental QD
excitonic properties [38], particularly to tune the excitonic
binding energies [39]. Internal strains caused by interfacial
misfit dislocations should likewise affect excitonic GS
wavefunctions as a result of electric field induced by piezo-
electric effects and/or strain gradients. Electric fields, built-in
or externally applied, increase the effective distance between
carriers confined in vertically-stacked quantum structures, and
thus decrease coupling. The decrease is offset at high-level
optical excitation. As the GS becomes saturated from the
increased excitation, the first excited state (ES) would nor-
mally emerge in uncoupled nanostructures. For the multi-
stack QDC structures, however, the ES wavefunctions extend
further in space (are less localized) than those of the GS,
penetrating further into the GaAs spacer and subsequently
falling into the lower GS of the bottom stack. The extra
carriers that would normally give rise to the higher-energy ES
peaks thus avail themselves of the lower-energy GS of
another stack which explains the successive emergence of the
lower-energy PL peaks and the absence of state-filling effects
in figure 3(a). Excitation transfer between an ES of one

nanostructure and a GS of another in resonant has been
reported in many systems [11, 12].

For the 5-stack sample, increasing excitation also results
in intensity saturation of the 1.19 eV peak of the top-most QD
layer and the appearance of the 1.09 eV peak as shown in the
spectra in figure 3(b) and the excitation-dependent PL
intensity plots of the two peaks in figure 3(d). The saturation
of the 1.19 eV peak and the emergence of the 1.09 eV peak
seen in figure 3(d) are, however, more gradual than those of
their equivalence in the 3-stack sample—the 1.2 and 1.1eV
peaks—in figure 3(c). This possibly results from the greater
saturated intensity due simply to the 5-stack sample’s greater
QD areal density—approximately by 5/3 times. The state-
filling effects are also absent; the high energy peaks between
1.3 and 1.47 eV are WLs as described while discussing the 1-
stack sample earlier. These WL peaks cannot be observed in
figure 3(a) since this is a low C-impurity area evidenced by
the 3-stack sample’s lowest 1.47 eV peak among the three
samples.

4. Conclusion

MBE-grown InAs QD chains on InGaAs/GaAs CHPs are
optically active and rich with luminescent signatures from QD
ensembles, CHP template, and multiple wetting layers. The
latter have so far evaded detection and can only be observed
around areas with relatively high concentrations of C-
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impurity evidenced from their co-occurrence with the 1.49 eV
peak. Based on this observation, we recommend that PL
signals should be optimized around a known impurity peak in
order to obtain a fuller picture of physics—albeit at the
expense of signal strength. When these InAs QD chains are
stacked and separated by GaAs spacers, the top-most QDC
layer dominates the emissions. The bottom-stack emissions
are however missing—an unexpected result from energetic
consideration since the bottom-stack QDs are the biggest and
thus have the lowest energetic states. The missing emissions
are likely due to degraded bottom layer with increasing
number of QDC layers and the non-coupling nature of the
QDC stacks. Only by increasing excitation power density
until the top-most QDC layer is saturated do PL signatures
from the bottom layers appear—without state-filling effects in
the top-most QDC layer. The extended wavefunctions of the
ES are responsible for enhanced carrier tunnelling from the
high-energy top layer to the low-energy bottom layer. This
unique evolution of spectral changes with increased excitation
power can be used to identify carrier transfer among stacks of
dissimilar-sized nanostructures.
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A Self-Aligned High-Mobility Graphene Transistor:
Decoupling the Channel with Fluorographene to Reduce

Scattering

Kuan-1 Ho, Mohamed Boutchich,* Ching-Yuan Su, Rosalia Moreddu,
Eugene Sebastian Raj Marianathan, Laurent Montes, and Chao-Sung Lai*

Graphene is a semi-metal with a small overlap between the
valance and the conduction bands (zero bandgap material).
Despite not having a bandgap, graphene shows potential for
next-generation electronic and optoelectronic devices due to
some of its outstanding properties such as optical transparency,
mechanical flexibility, and high carrier mobility.'! Consid-
ering the fermion nature of the carriers in graphene, the car-
rier mobility in graphene has been reported to be as high as
200 000 cm? V-1 571101 However, these experimental values
for mobilities are orders of magnitude lower than expected.
These discrepancies are usually explained as being due to
interactions with underlying substrates that lead to surface
roughness,l'?l impurities,>* or surface phonon of silicon
dioxide.'®!7] In order to decouple the current carrying chan-
nels of graphene channel from detrimental scattering effects,
there have been reports on the use of suspended graphene that
shows very high mobility.'"81% Nevertheless, from a techno-
logical point of view, this suspended graphene approach has
severe limitations in terms of device architecture and func-
tionality. As a result, researchers still endeavor to overcome
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degradation caused by the interactions between graphene and
substrates by using a passivation layer between the graphene
channel layer and the supporting silicon oxide substrate. In
this approach, the passivation layer must be chosen carefully
in order to provide a viable alternative for reducing charged
impurity scattering. Recently, hexagonal boron-nitride (h-BN), a
bi-dimensional (2D) crystal with a lattice constant very close to
graphene, has proved to be a good match owing to its smooth
morphology, limited density of dangling bonds, and little
charge trapping. These characteristics of h-BN lead to dramatic
improvements in the transport properties of graphene.l?%-23 It
should be noted that these properties are usually measured on
back gate devices. Moreover, it is still difficult to manufacture
large area, high-quality large-size h-BN. By contrast, alternative
choices for passivation layers such as self-assembled mono-
layers (SAMs) offer advantages including the fact that SAMs
are ultrathin organic films that reconstruct at the interface of
the substrate and organosilanes through physical and chemical
reactions?*2% and their deposition is wafer-scale compliant. It
has been demonstrated that SAMs modify the wettability of the
underlying substrates and substantially enhance the transport
properties of graphenel?’-31 even competing with graphene on
high-quality h-BN flakes.?*?”] The major obstacle to overcome
in order to use SAMs functionalized substrates as a passivation
layerl32 is the complexity of the process substrate preparation.
Fluorographene is one of the thinnest insulators known to
date, indeed it consists of only one or few layers of fluorin-
ated graphene (FG) and is therefore regarded as a functional
2D material. Whereas the mechanical properties are similar to
pristine graphene, the electronic properties on the other hand
can be modulated from a semi-metal to insulator by tuning the
stoichiometry (i.e., the carbon-to-fluorine ratio, C/F).1**l Theo-
retical calculations show that the partial fluorination of gra-
phene from Cs,F to C,F allows the modulation of the bandgap
from 0.8 to 2.9 eV, respectively. Several experimental results
have supported these observations.?*3¢ Recently, we have suc-
cessfully developed a unique heterostructure composed of a
semi-metal/semiconductor/insulator, directly formed using a
transferred monolayer of graphene and implementing a selec-
tive fluorination process.’”) We also demonstrated the utiliza-
tion of FG as a gate dielectric.’® This technology has strong
potential for integrated 2D materials based nanoelectronics.
In this work, we present a novel, fast, and efficient method to
passivate silicon dioxide substrates (SiO,) by forming FG on
the substrate surface by CF, plasma treatment. We studied
the FG/CVD-graphene heterostructure using contact angle
measurements, Raman spectroscopy, and X-ray photoemission
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Figure 1.

a) Schematic of the fabrication of the fluorinated graphene substrate. b) Deconvoluted C1s spectra for PG. c) Deconvoluted Cls spectra for

PG after 30 min fluorination. d) C/F and C-C(sp®)/C~C(sp?) ratios as a function of the fluorination time.

spectroscopy (XPS). The fluorination process renders the gra-
phene more hydrophobic and transforms the sp* bonding con-
figuration into sp* configuration. We also measured a three
times gain in the field-effect mobility p by tuning the C/F ratio.
We implemented these observations into the fabrication pro-
cess of a self-aligned transistor where the gate was deposited at
the last step as opposed to standard processes. Our gate-termi-
nated self-aligned transistor further improves the overall perfor-
mance by limiting the series access resistances and achieves a
high carrier mobility 3000 cm? V! s7!, comparable to typical
chemical vapor deposition graphene (CVD -graphene) on high-
quality SAMsP! and on h-BN.*% As a result, we demonstrate
that the FG passivation layer is a versatile and reliable option
to improve the performance of graphene-based electronics.2041]

Figure 1a illustrates the fabrication and the fluorination pro-
cesses of the test structures investigated. First, monolayer CVD
graphene was transferred onto a silicon substrate oxidized with
300 nm SiO,. The graphene was subsequently exposed to a
low-damage CF, plasma for various durations.l”! Figure S1 in
the Supporting Information illustrates the CVD and fluorina-
tion process. Note that this methodology can easily be repro-
duced, as it requires only mainstream equipment and one
graphene source. Following the fluorination, we carried out
XPS measurements. Figure 1b,c shows the deconvoluted XPS
analysis for the pristine graphene (PG) and 30 min FG, respec-
tively. The C—O bonds observed on the PG are due to oxygen
contamination. The remaining data including F1s spectra are
shown in Figure S2 in the Supporting Information. The Cls
spectra can be fitted with various bonding configurations
assigned to the C-C (sp?) bond and C-C (sp?) bond located at
284.4 and 284.8 eV, respectively, along with C-CF (286.3 eV),

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

CF (289.4 eV), CF2 (292.2 €V), and CF3 (293.1 V) labeled in
the Cls spectra. We note that the sp* content increases with
fluorination time along with more creation of defects; this is
confirmed with Raman spectroscopy in the next paragraph. In
addition, the C/F ratios correspond to 18.4, 3.4, and 1.1 for 10,
20, and 30 min, respectively, Figure 1c. The highly fluorinated
sample, i.e., C/F ratio of 1.1, indicates the formation of double-
side fluorinated graphene, suggesting the diffusion of the F
atom from the surface toward the interface of graphene/SiO,
through the graphene boundary.3®!

Following the fluorination process and XPS analysis, we
carried out contact angle measurements in order to estimate
the surface modification and the fluorine coverage onto the
graphene.?!l Figure 2a-d depicts the contact angles of SiO,,
Cig4F1, C34F;, and Ci F; FG substrates. The contact angle
increases from 55° to 94°. This indicates that the surface of
substrates shifts from hydrophilic to hydrophobic as evidenced
by the larger contact angle. Note that the contact angles of
C;4F; FG and C, 1F; FG are both close to 90°. Therefore, C; 4F;
FG represents the surface of a graphene film saturated with
fluorine®}] and leads to a similar wettability as for C;;F; FG.
Lee et al. estimated the packing densities of different SAMs and
observed a similar trend in contact angle when the surface cov-
erage increased.’”) Meanwhile, Li et al. also observed a similar
saturated phenomenon with C/F ratio saturation in surface fric-
tion properties of FG.[*2

Figure 2e displays the typical spectra over the 1200-3000 cm™
range for the PG and FG. Graphene contributes to Raman
spectra with three main peaks: i) D band at =1350 cm™
(defect induced mode), i) G band at =1590 cm™ (in-plane
vibrational mode), and iii) the 2D band (two-phonon mode) at
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Figure 2. Contact angles measured on a) SiO,, b) Cyg4F; FG, c) C3 4F; FG,
and d) C; ;F, FG. e) Raman spectra of pristine and FG on SiO, substrate.
f) Raman spectra of pristine monolayer graphene (PG) on FG with dif-
ferent C/F ratios.

=2700 cm™.37] The pristine sample does not present any notice-
able D band indicating a low density of defects and a highly
crystalline phase. Moreover, the intensity ratio of the 2D over the
G peak (I,p/Ig) is about 2.4, evidence of monolayer graphene.
While increasing the fluorination time, the D band increases,
whereas the 2D band intensity reduces accordingly. The G band
is broadened and its shoulder D" peak =1623 cm™ that origi-
nates from the intravalley resonance is more pronounced. The
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disorder-induced feature in sp? carbon associated with defects,
i.e., the (G+D) band appears at =2950 cm~!. Compared to the
pristine sample, both G and 2D bands upshift from 1591 to
1596 cm™ and from 2712 to 2714 cm™}, respectively, whereas the
Lp/I ratio decreases with the fluorination time. This indicates
a p-type doping. For 30 min fluorination time, all the graphene
features disappeared.33#3 This latter observation is consistent
with the increase in sp® content observed by XPS, Figure 1c.

Figure 2f displays the Raman spectra of a PG monolayer trans-
ferred onto FG. The spectrum on the C, ;F; FG exhibits a similar
feature as graphene on SiO, substrate. The intensity ratio of Ip/I¢
reduces a little but remains close to 2.2 as for the monolayer gra-
phene on SiO,. This reduction maybe due to a charge transfer*4
from or to the C;;F; FG, implying a residual doping,?** but
could also originate from strain. Note that when graphene is
transferred onto Cig4F; FG and C; 4F; FG, the D band is strongly
enhanced and the Ip/I; ratio reduces below 1. For these latest,
as the sp? structure is to a certain extent maintained (Figure S2a,
Supporting Information), we may have in addition a resonant
effect due to a twisted bilayer graphene structure.*¢!

In order to investigate the electrical performance of the FG
passivation layer, we fabricated a top-gated field-effect transistor
(FET) structure and measured the electrical characteristics.[*”]
After FG deposition, a second graphene monolayer was
transferred onto it. Ni source and drain contacts were then
deposited and the channel patterned. 20 nm of aluminum
oxide (AlO) was utilized as a gate dielectric followed by an
aluminum (Al) gate deposition. The channel length (20 pm)
and width (50 pm) were patterned using optical lithography.
Figure 3a shows the Ipg—V(g characteristic of the graphene-
FET for the various FG passivation layers benchmarked with
silicon oxide. A photograph of the device is displayed in the
inset. The graphene directly on SiO, is affected by the charged
impurities in the oxide and therefore the transport in the gra-
phene suffers from scattering mechanisms.?>*8! The Ips—Vig
characteristics of graphene on SiO, exhibits an asymmetry
and p-type doping feature, Figure 3a. Several devices have
been tested to extract statistics. Vpipe errors bars on the dif-
ferent substrates are shown in Figure 3D, left axis. The Vp;y,.
of graphene on SiO,, Cig4F; FG, C3,4F; FG, and C,; F; FG
are, respectively, 1.5, 2.5, 2.5, and 1.6 V. This trend indicates
a p-type doping as observed on Raman shifts. In addition, we
have benchmarked the leakage current of the devices with FG
passivation to SiO,, Figure S3 in the Supporting Information.
We observe that the leakage current is stable whatever the pas-
sivation and fivefold lower than the drain current indicating
that the FGs do not present any leakage path. In a previous
work, we demonstrated the integration of FG as a gate insu-
lator as well and achieved a gate leakage of 500 pA much less
than the drain current.®8! This is evidence of the insulating
property of the FG layer as well as its simplicity. From the
Ips—Ves characteristic, we evaluate the carrier mobility of the
devices using Equation (1):

1= (L/W Cox Vis)(dI/dV) 1)

where L is channel length and W is channel width as well as
Vbs = 0.5V, Cox = 100 nF cm™2, and dI/dV is the slope of the
linear regions of the Ips—Vgg characteristics. The measured
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Figure 3. a) Ips—Vqs characteristics of the top gate graphene-FET fabricated on FG substrate. The inset shows a photograph of the device under test.
The scale bar in the inset is 50 pm. b) Comparative plot of the Vp;,. voltages and hole field-effect mobility as a function of the fluorination. c) lllustra-
tion of the dipole formation for Cyg4F; FG and C34F; FG. d) Dipole formation for C; 1F; FG. The black arrow indicates the orientation of the dipole
moment y. The Dirac cones depicted show the variation of the Fermi level induced by the charge transfer.

capacitance density is displayed in Figure S4 (Supporting
Information). Surprisingly, the mobility improves as the Vpi,c
increases with the fluorination, as opposed to usual trend
observed elsewhere, 2731394 hut in this work the FG acts as a
passivation and not the channel and therefore one should con-
sider the total electrostatic picture of the graphene/FG/SiO,
system, i.e., graphene/dipole/Si0,.’" In our study, both SiO, and
the graphene channel are identical for all samples and therefore
should present the same charge impurities in SiO,, and charged
or dipolar functional groups on graphene because of uninten-
tional atmospheric contamination (see Figure 1b). These C-O
based functional groups are known to be holes donors; they alter
the local electric field on the graphene channel and therefore its
conductivity. The graphene sheet exhibits a given electrostatic
potential. This picture is the same for all our samples. However,
once the FG passivation is introduced the electrostatic potential
is perturbed and the presence or absence of a dipole moment at
the FG/graphene interface will affect the charge transfer occur-
ring through the FG/graphene/adsorbates system.

In that regard, it has been demonstrated that the fluorina-
tion coverage translates into different F bonding configura-
tion with C and therefore different dipole moment, p.[>3051]
For low F content, e.g., C4F, F bonds onto C preferably on one
side, whereas for CF coverage, F covers all C atoms but on both
side of the graphene sheet.’?! For the later configuration that is

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

close to our C;;F; FG, the opposite dipole moments cancel out.
Experimentally, we observe a =1 V increase in the Vp;,  voltage
for both Ci34F; FG, C;54F; FG. These two FGs as opposed to
C;,F; FG present a dipole moment that facilitates the transfer
of holes from the adsorbed contamination to the graphene
sheet. This translates into a drop of the Fermi level (Eg) in the
graphene and as a result in an increase of Vp;,. as observed
experimentally. Figure 3c,d illustrates the mechanism involved
for the different dipole formation. On the other hand, the C; ;F;
FG passivation that does not exhibit a net dipole, then the Vp;,,
is lower. Here, we believe that the absence of net dipole reduces
the charge transfer from residual adsorbates and therefore little
shift in the Ef is expected as compared to SiO,. Indeed, no sub-
stantial variation of the Vp;, is visible. The graphene (channel)
is seen as decoupled from the SiO, substrate through the C; ;F;
FG passivation hence the better mobility. Note that the devices
with FG passivation exhibit a higher slope, narrower minimum
conductivity plateaus, and higher value of the minimum con-
ductivity. This trend relates to a reduction of the scattering
mechanisms and clearly indicates that the samples with FG
passivation exhibit a lower charged impurity density.3%4%>3]

As shown in Figure 3b, right axis, the hole mobility of
devices on FG is as high as three times enhanced for the lowest
C/F ratio from 300 cm? V! s on SiO, to 1000 cm? V-1 s7!
on C;;F; FG. The peculiarity of the C;;F; FG, i.e,, C/F = 1 is
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that all the fluorine atoms covalently bond to carbon atoms.
The theoretical work of ahin et al. demonstrated that FG with
C/F = 1 is an ideal configuration in terms of C to F coverage.l*?
Therefore, we believe that most of scattering centers within the
FG are passivated yielding to a better conductivity and a higher
mobility.’”) The improvement compared to an oxide is obvious
and scattering mechanisms have definitely been reduced. For
this C/F = 1, the C-F bonds after the fluorination process stand
perpendicular to the graphene plane and therefore thicken the
graphene monolayer up to 1-1.5 nm.¥ This distance may be
large enough to screen the influence of the charge impurities in
the oxide interface on the electrostatic potential at the graphene
channel.’¥ On the other hand, for C/F ratios <1, although we
could not experimentally achieve this condition, we speculate
that the larger amount of F atoms not bonded to C atoms may
behave as dangling bonds and would therefore be detrimental
to the conductivity and as a result to the mobility.

Finally, we fabricated a gate-terminated self-aligned field-
effect transistor in order to reduce the access series resistances,
Figure 4a. The details of the device fabrication are described in
Figure S5 (Supporting Information). Although the self-aligned
technology for graphene-FET is not introduced first,>% the
advantage of this design relies on the protection by Ni of the
channel from photoresist exposure and therefore contamina-
tion and doping.>”!

We carried out Raman spectroscopy measurements to mon-
itor the quality of graphene in the channel regions, Figure 4b.
Almost no D-peak is visible after the Ni etching and the AlO
gate dielectric deposition, indicating the low defects density
introduced during this fabrication process. Figure 4c shows the
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electrical characteristics of the self-aligned graphene-FET with
the C;,F; FG passivation.

The self-aligned process enhances the carrier mobility
more than six folds from =300 cm? V™' s! on SiO, to
1800 cm? V~! 57! on SiO, with self-aligned process. The intro-
duction of the FG passivation further improves the mobility
up to =3000 cm? V! s71. The FG passivation layer also induces
a 50% enhancement in the drain current and an on/off ratio
increasing from =2.4 (SiO,) to =3 (Cy,F; FG).

A comparison of the mobility enhancement on various
substrates and graphene synthesized methods is shown in
Table S1 (Supporting Information). Exfoliated graphene pre-
sents mobility superior to 40 000 cm? V7! s7! on exfoliated
h-BN, whereas it can reach =40 000 to 60 000 cm? V! g!
with SAMs functionalized substrates, e.g., octadecyltrimeth-
oxysilane (OTMS).*”] However, the exhausting exfoliation pro-
cess compromises the scalability of this route. On the other
hand, the time-consuming fabrication process for completing
octadecyltrichlorosilane(OTS),B)  OTMS,?”l or phenyl-alkyl-
terminated(phenyl-SAM)??% is a major drawback. Recently, sig-
nificant efforts have been devoted to synthesize CVD h-BN to
become comparable with exfoliated h-BN.P3 Therefore, CVD
h-BN can be regarded as a potential candidate for the substrate
passivation. However, in this case, the ability to process CVD
h-BN remains challenging, as it requires the growth of two dif-
ferent materials to fabricate a device (h-BN and graphene).>®!
By contrast, FG is readily prepared after a unique growth of
graphene and exposure to appropriate CF, plasma, which is
mainstream CMOS technology.”*! This latest procedure
could easily be introduced in a large-area roll-to-roll fabrication

1.0 ey -
) T F o856 e | —— with self-aligned, on C, F. FG
: ~+++ - with self-aligned, on SiO,
08 —— without self-aligned, on Si0, 4
06k _ G I--,___},,. .
o e S0,
g A
04l 1875 cm?/Vs i’ ]
. c I !
‘ <-> EESION
02fF 4
[ 297 cm?/Vs
. Yaid sio.
0‘0 i ' 4 I I g ' ' ' ' ' 4
-1.5-1.0-0.5 0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5

Vg(V)

Figure 4. a) lllustration of the fabrication steps of a gate-terminated self-aligned FET. b) Raman spectra on the channel region after each processing
steps. The inset is the optical photograph of the gate-terminated self-aligned FET. c) Ips—Vs characteristic of the devices fabricated with and/or without

self-aligned design and FG passivation layer.

Adv. Mater. 2015,
DOI: 10.1002/adma.201502544

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

wileyonlinelibrary.com

5

0
]
=
=
G
2
0
5
)
z




z
o
<
=
=
5
=
=
(°]
v

6 wileyonlinelibrary.com

ADVANCED
MATERIALS

www.advmat.de

process.ll Note that the best performances in Table S1 (Sup-
porting Information) are achieved on back gate devices with
large grain and often exfoliated materials, i.e., perfect lattice. It
is important to point out that the grain size of the CVD gra-
phene channel as well as the size and configuration of the test
structure play an important role to achieve large mobility.1?>>3l
Our CVD graphene presents grains of 1-3 pm in size and our
devices are typically =10 pm x 4 pm. This implies that the gra-
phene channel is composed of a few grain boundaries that
inherently affect the mobility. Nevertheless, the design of a gate-
terminated self-aligned FET allows to attain mobility competi-
tive with bottom-gate CVD-graphene FET on exfoliated h-BN[23]
and on SAMs?%3% using standard CMOS technology and IC
architectures. Therefore, we believe that there is room for a sig-
nificant improvement in the carrier mobility implementing the
same methodology but using larger grain CVD graphene. This
technology offers a viable and cost effective route for the large-
area graphene-based device integration.

In summary, we investigated the passivation strength of
fluorinated CVD graphene monolayer on a gate-terminated
self-aligned transistor. The electrical properties of the FG pas-
sivation layer were assessed on top gate devices and pristine
graphene on the saturated C;;F; FG passivation exhibited the
largest mobility due to reduction of scattering mechanisms.
We also fabricated a gate-terminated self-aligned FET with the
C;1F; FG as a passivation layer. As a result, this device exhibits
a tenfold mobility enhancement 3000 cm? V! s7! compared
to nonself-aligned devices on SiO, as well as a 50% current
enhancement. We demonstrated that fluorographene to be
an effective passivation layer implemented with self-aligned
technology and a competitive route compared to current CVD
graphene on h-BN or SAMs. This process is fast, scalable, and
easily applicable for the study of the electronic properties of bi-
dimensional heterostructures.[*8!
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Abstract

Chemical doping of graphene is a key process for the modulation of its electronic properties and
the design and fabrication of graphene-based nanoelectronic devices. Here, we study the
adsorption of diluted concentrations of nitric acid (HNOs;) onto monolayer graphene /4H-SiC
(0001) to induce a variation of the graphene work function (WF). Raman spectroscopy indicates
an increase in the defect density subsequent to the doping. Moreover, ultraviolet photoemission
spectroscopy (UPS) was utilized to quantify the WF shift. UPS data show that the WF of the
graphene layer decreased from 4.3 eV (pristine) down to 3.8 eV (30% HNO5) and then increased

to 4.4 eV at 100% HNO;5 concentration. These observations were confirmed using density
functional theory (DFT) calculations. This straightforward process allows a large WF
modulation, rendering the molecularly modified graphene/4H-SiC(0001) a highly suitable

electron or hole injection electrode.

Online supplementary data available from stacks.iop.org/NANO/26/445702 /mmedia

Keywords: graphene, work function, doping, Raman spectroscopy, UPS spectroscopy, DFT

calculations

Introduction

Graphene is a 2D-material combining various outstanding
properties in a single material, such as the quantum Hall effect
or massless Fermions, among others [1, 2]. Its high mobility,
optical transparency, along with its flexibility, high mechan-
ical strength and environmental stability make it a very
attractive material for a broad range of applications [3, 4].
Graphene can also be exploited for precise metrological
applications, as it has been demonstrated recently with
exceptionally accurate measurements of the quantum Hall
resistance quantization [5, 6]. In order to implement the
potential of such a material into viable applications, large-

0957-4484/15/445702+-07$33.00

scale wafers of high quality graphene grown on insulating
substrates are required for device integration [7, 8]. Moreover,
to achieve performant devices, the electronic properties of the
material must be modulated [9—11]. In that respect, the work
function (WF) is a remarkable property that can be tuned for
various optoelectronic applications, like transparent electro-
des for optoelectronic devices, or multiple tunnel hetero-
structures matching the energy offsets of common transport
materials, to achieve low and/or large charge injection bar-
riers [12]. To reach this goal, the modification of the work
function of graphene has to be obtained without damaging the
overall characteristics of the material. A possible approach to
vary the WF is to modify the surface by depositing a

© 2015 IOP Publishing Ltd  Printed in the UK
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monolayer of a molecular donor or acceptor. Recent studies
have demonstrated possible WF variations using tetrafluoro-
tetracyanoquinodimethane (F4-TCNQ), gold colloids or
metals as acceptor materials [13—15] for example. Although
these methods have demonstrated WF modulation, they pre-
sent major drawbacks. For example, the transparency of
graphene is reduced, which represents a strong limitation for
optoelectronic applications where graphene could play a role.
In addition, these adsorbed elements create scattering inter-
faces that may severely affect the transport properties of
graphene. Finally, deposition and temperature dependence are
potential limitations for the device fabrication process.
Among the dominant graphene synthesis methods, chemical
vapor deposition (CVD) and epitaxy on SiC substrate are the
leading technologies in terms of scale and properties. For
electronic applications, the growth of graphene by CVD on
metals requires transferring the graphene onto an insulating
substrate. This last operation involves chemicals such as
PMMA and copper etchant known to induce a p-type doping
of the material [16]. Although this approach allows the
transfer of graphene on any functional substrate, the electro-
nic properties of the graphene sheet are altered by these
manipulations. Furthermore, epitaxial graphene on hexagonal
silicon carbide (SiC) wafers presents homogeneous films with
large areas and high electron mobility [17]. The SiC substrate
is suitable for optoelectronic applications since it is trans-
parent over a very broad frequency spectrum. It has a large
thermal conductivity, and is compatible with high-frequency
devices where losses due to residual conductivity of the
substrate have to be minimized by using insulating materials.
We have recently demonstrated the WF modulation on tri-
layer graphene on SiC (0001) using in situ nitrogen flux [18].
Furthermore, Das et al have demonstrated that nitric acid
(HNO3/NA) on CVD graphene is an efficient doping agent
inducing p-type variation of the WF [19, 20].

In this work, we have monitored the structural and elec-
tronic modifications of epitaxial graphene for different con-
centrations of diluted nitric acid (NA) 15vol% (NAL1S),
30vol% (NA30), 70vol% (NA70) and 100% (NA100) of
nitric acid (NA) solutions in deionized water (DI water) for
2 min. The electronic properties of the doped graphene samples
were characterized by Raman spectroscopy. The changes in
work function after NA doping were measured using ultra-
violet photoemission spectroscopy (UPS). Based on these
observations, the influence of NA doping on graphene’s work
function is discussed. To highlight the effect of nitric acid
doping, these measurements were compared with the obtained
values for pristine graphene. We demonstrate in the present
work that the NA doping permits the WF modulation with
respect to the dilution. Indeed, the WF first increases the
electronic doping between 15 and 30 vol% (NA15, NA30) and
then decreases the electronic doping between 70 and 100 vol%
(NA70, NA100). This study on epitaxial graphene presents
striking differences compared to the work of Das ef al on CVD
graphene where only p-type work function shifts are observed.
We clearly demonstrate that both systems react differently to
an identical chemical functionalization. These observations are
supported by density functional theory calculations (DFT).

Experimental section

The graphene was grown on semi-insulating SiC(0001) sub-
strates [17, 21]. The SiC sample was then heated to 1000 °C
in a UHV chamber and further heated to 1525 °C in an Ar
atmosphere to favor the formation of a large and homo-
geneous graphene layer. The substrate was then cooled down
from 1525 °C to room temperature [18, 22]. The samples
were subsequently transferred ex situ from the growth
chamber to the AFM microscopy, Raman spectroscopy and
UPS measurement systems.

The morphology of the nitrogen-doped epitaxial gra-
phene was studied after growth by atomic force microscopy
(AFM). The Raman measurements were carried out with a
frequency-doubled NdYag laser operating at 532 nm as an
excitation source with up to 20 mW continuous wave output
power. The spectra were recorded through a 300 mm imaging
spectrometer equipped with both a 600 lines/mm and 1800
lines/mm grating, and a back-illuminated CCD. A 100x
objective with respective numerical apertures of 0.9 and 1.4,
and a 50 um core diameter multimode fiber acting as a pin-
hole, were used to collect the signal. The expected lateral
spatial resolution in the x—y plane can reach 150 nm (num
app = 1.4) and 250 nm (num app = 0.9). Particular attention
was paid to the incident laser power density to prevent local
heating effects that may induce a shift of the Raman peaks.
UPS measurements for the study of the work function have
been performed using a PHI 5000 Versaprobe spectrometer
(Physical Electronics) operating at a base pressure of
10~° mbar, using a He I discharge lamp (hv = 21.2eV).

Results and discussion

The typical morphology of the graphene sample is displayed
in the AFM images of figure 1. The step direction and terrace
width were determined by the incidental misorientation of the
substrate surface with respect to the crystallographic (0001)
plane. The surface is highly uniform over a large scale with
atomically flat, 3 yum large terraces and 1.8 nm high steps. On
defect-free areas of the sample, the terraces typically extend
undisturbed over 50 yum in length. In AFM phase mode
(figure 1(b)), the homogeneous contrast indicates the thick-
ness homogeneity that corresponds to a graphene monolayer.

Figure 2 displays the typical spectra over the range
1200-3000 cm™ ' of the pristine graphene and NA doped
graphene samples [23]. For each sample, to reduce the pos-
sible errors affecting the peaks’ positions and the intensity
due to local inhomogeneity, we collected the average Raman
spectra over an area of 1 um? before (pristine) and after the
doping. We observed the main features of graphene as well as
the second-order Raman signal that originates from the SiC
substrate visible between 1200 and 3000 cm '. Graphene
contributes to Raman spectra with three main peaks: (i) a D
band at ~1350 cm ! (defect-induced mode), (ii) a G band at
~1590cm™" (in-plane vibrational mode) and (iii) the 2D
band (two-phonon mode) at ~2700 cm ! [24, 25]. The
pristine sample does not present any noticeable D band
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Figure 2. Raman spectra of pristine, NA15, NA30, NA70 and NA100 samples. A D peak magnitude appears with NA concentration
indicating the creation of defects due to nitrogen incorporation. (G + D) band indicate a similar effect. Raman shifts indicated by arrows
evidence the doping trends. The presence of the G and 2D bands across the overall area indicates homogeneous growth of graphene.

indicating a low density of defects and a high crystalline
phase i.e. Ip/Ig ratio ~0.13. On the other hand, all NA doped
samples exhibit a higher intensity D band. The Ip/Ig ratio
increases from ~0.13 for the pristine sample to an average of
2.5 for doped samples confirming the alteration of the struc-
ture after NA dip. In addition, we note the appearance of a
(G + D) band ~2950 cm ™! caused by the disorder-induced
feature in sp> carbon associated with defects. The 2D band
full width at half-maximum (FWHM) increases from 35 cm ™"

for the pristine sample to an average of 42cm ™' for NA15,
NA30 and NA70, and raised to 50 cm~! for the maximum
doping for NA100. These Raman shifts clearly indicate a
doping effect induced by the NA dip at various concentra-
tions. The bending of the graphene sheet at the kinks of the
terraces induces local physical stress on the carbon atoms of
the graphene layer that results in an increase in the chemical
reactivity of these atoms, and then we can suppose that the
incorporation of dopants occurs at the edge states of the
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epitaxial graphene [26, 27]. Moreover, it has been demon-
strated that in addition to doping, step bunching at the step
edges causes conductance anisotropy. We have confirmed
that on a pristine sample using conductive-probe atomic force
microscope (CP-AFM, figure SI-1), we observe an increase in
the contact resistance consistent with previous studies [28—
31], however we could not resolve a significant change after
doping.

In order to discriminate the competition between step
edges and terraces in the process in the HNOj adsorption, we
have carried out resolved Raman mapping on pristine and
NA15-doped samples (figure SI-2). The Raman mapping of
the D peak indicates an enhanced intensity at the step edges as
opposed to the terraces. The Raman spectra extracted for both
the step edge and the terrace indicate a larger D peak at the
step edge and a shoulder ~1620cm ™" assigned to the D’
peak. In addition, the D + G peak ~2925cm ™' is prominent
for the step edge signature. These features are clear evidence
of increased disorder and support our hypothesis that the step
edges are preferential sites (but not exclusive) for the incor-
poration of N atoms. We have previously evidenced that the
N incorporates into graphitic, pyridinic and pyrolic config-
urations [18, 22]. Note that in this study, our XPS experi-
ments (figure SI-3) show that the N does not intercalate at the
interface and is effectively bonded to the carbon lattice [32].

We observe that, for the NA15 sample, the position of
the G band before and after doping is within the resolution of
the Raman system i.e. ~1 cm ™!, However, there is a red shift
of 14cm ™! in the position of the 2D band assigned to an n-
type doping. The defect-induced D band also increases with
respect to the pristine sample as expected for doped samples.
In the case of the NA30 sample, we note a significant red shift
for both the G band and the 2D band positions, of 8 and
19cm ™! respectively, showing a strong n-type doping beha-
vior [33]. The D band also shows a prominent intensity
increment after doping with NA30, which is due to the sp’-
activation by nitrogen intercalation in the conjugated sp*
network of graphene. Note that the epitaxial graphene is
intrinsically n-doped due to the charge transfer occurring from
the SiC substrate through the interface layer [34]. This point
will be further discussed in the UPS section. NA70 sample
does not present a relevant shift in the G band position.
However, the red shift of the 2D band is reduced to 6 cm™ !,
denoting a reduced n-type doping effect as opposed to NA15
and NA30. NA100 shows a different behavior as the G band
position remains stable but the 2D band exhibits a blue shift
of 11 ecm ™' indicating p-type like doping [35]. We believe
that this effect at high NA concentrations results from a
balance between two different simultaneous effects, i.e. p-
and n-type doping from physisorption of the molecules and
nitrogenation reactions near the terraces, respectively.

To evaluate the electronic quality of our graphene layers,
we determined the carrier mobility of the pristine and
NA100% doped graphene using van der Pauw measurements
at room temperature. Table 1 shows the electrical data mea-
sured for the pristine sample and NA100 extracted from Hall
measurements. We have measured in previous works the
electronic properties on such a monolayer graphene using the

Table 1. Electrical data extracted from Hall effect measurements on
pristine and NA100% sample.

Sheet resis- Carrier den- Mobility (cm?
tance (2 cm ™ ?) sity (em™2) vigh
Pristine 800 9 x 10" 2500
NA100 500 6 x 10" 1700

same growth mechanism with hydrogen, nitrogen introduced
in situ and ammonia (liquid or vapor) as doping media
[18, 22]. The measurements showed outstanding properties
including the quantum Hall effect and a high mobility that
reached up to 11 000 cm® V' s™" at 1.7 K for carrier density
~10"cm 2. The lowest mobility achieved was 1400 cm?
V~'s7"at 300K [17]. Note that Giines et al [14] achieved a
sheet resistance of 100€2/0] using HNO5 doping on CVD
graphene. These data clearly indicate that although doping
alters the lattice of graphene to some extent, it does not render
the material electronically poor. The orders of magnitude are
sufficient for many mainstream applications where contacts
are required [36, 37].

For that purpose, and to complete the picture of the
electronic properties of doped monolayer epitaxial graphene,
we performed UPS measurements in order to monitor the WF
as a function of the NA concentration. The UPS spectra
around the secondary electron threshold region of the gra-
phene layer treated by NA solutions are shown in figure 3(a).
The secondary electron threshold was determined by extra-
polation between the background and straight solid lines in
the secondary electron threshold region of the UPS spectra.
The work function was determined from the secondary elec-
tron threshold using the equation ® = hv — Ey,, where hv
and Ey, are the photon energy of excitation light (He I dis-
charge lamp, 21.2eV) and the secondary electron threshold
energy, respectively. The plot in the upper-right panel of
figure 3(a) is a close up of the UPS spectra of the graphene
layer treated by NA solutions around the Fermi level. The
zero binding energy (BE) (i.e. the Fermi Level) is taken at the
leading edge of a sputter cleaned gold sample [38].
Figure 3(b) shows the work function of pristine graphene and
HNO;-doped graphene. Decomposition of HNO; molecules
takes place upon the interaction with the graphene layer
where the active edge-state electrons play a catalytic role.
While the HNO; concentration increases, the number of
species physisorbed onto the graphene layer increases. The
work function of the pristine graphene layer is 4.3eV as
reported by different groups [39, 40]. Subsequently, the work
function decreases from 4.3 eV to 4.1eV after doping with
15% NA. The WF further decreases to 3.8 eV with 30% NA.
Note that this reduction implies an n-type doping that is
consistent with the variation observed in the Raman spectra
on figure 2, suggesting an increase of the nitrogen content
between pristine and 30% NA. Beyond 30% NA, the WF
increases first to 4.05 eV at 70% NA and reaches 4.41 eV for
pure NA. For the latter we also observed a blue shift in the
Raman spectrum of NA100 confirming a p-type doping that
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Figure 3. (a) UPS data for pristine, NA30, NA70 and NA100 samples indicating the WF shift as a function of nitric acid concentration. (b)

Ilustration of the Fermi level shift in the graphene Dirac cones.

compensates the initial n-type nature of the sample. The
changes of the Fermi level position with the NA concentration
are illustrated in figure 3(b). Our results clearly indicate that
for low NA concentration, the nitrogenation reduces the WF
towards n-type doping as the nitrogen content (donor)
increases in the sample [41]. This is in contrast to the
observation of Das e al where the WF presents a monotonic
increase as a function of NA%. Note that the graphene uti-
lized here is initially n-type due to a residual doping from the
SiC substrate. We believe that the first HNO5; molecules
dissociate and saturate all available defect sites or step edges.
This induces a nitrogen-doped graphene layer (NA15% and
NA30%) and therefore decreases the WF [41]. On the other
hand, beyond NA30%, the HNO3 can physisorb on the sur-
face inducing a p-type doping, lowering the Fermi level and

as a result increasing the WF. This was confirmed by ab initio
calculations describing the electronic structure of graphene on
SiC as well as the interaction with the HNOz molecules were
performed using a very efficient DFT localized orbital
molecular dynamic technique (FIREBALL) [42]. Numerical
localized orbital basis sets of sp3 for C, N, O and Si, and s for
H were used with spatial cutoff radii (in atomic units)
s=45,p=45(C),s=42,p=42N),s =3.3,p =38
(0), s = 4.8, p = 5.4 (Si) and s = 4.1 (H) [43]. In this study
we have considered supercells of 5 ML SiC(0001), with zero-
layer graphene and an AB stacked graphene plane on top. The
lateral size roughly corresponds to a 4 x 4 unit cell of gra-
phene. The bottom layer is saturated with hydrogen atoms.
On top of the supercell, we have set from 1 to 4 HNO;
molecules per unit cell to observe the graphene doping
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(@)
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Figure 4. (a), (b), and (c) Atomic structures used for the calculations, considering one graphene layer on top of a SiC(0001) surface with a
graphene buffer layer, and one, two and four HNO3; molecules respectively. (d), (e) and (f) Corresponding band structures showing the
evolution of the graphene doping from n- to p-type. The graphene Dirac cone is highlighted in red for the three configurations.

evolution with the molecular concentration, as represented in
figures 4(a)—(c). The geometry of these systems was then
relaxed at 0 K, using a sample of 32 k-points in the surface
Brillouin zone, as previously used in similar calculations [44],
maintaining the last three bottom layers in bulk positions. The
equilibrium configuration is obtained when forces are less
than 0.01 eV A~'. The final distances between the molecules
and the graphene plane have been determined using the well-
known LCAO-S? + vdW formalism [45-47] which specifi-
cally takes into account the van der Waals interaction in the
frame of DFT. Finally, a set of 300 special k-points along the
I'-K-M path has been used for the band structure calculations

on the optimized geometries. These calculations aim at
reproducing the physisorbed process leading to p-doping, as
we did not model the graphene terraces. Results of the band
structure calculations are represented in figures 4(d)—(f),
corresponding to one, two or four deposited HNO3; molecules.
We can observe a variation of the graphene doping from
—350meV for one molecule (which already represents a p-
type doping with respect to the pristine situation at
—400 meV), to —180 meV for two and up to +190 meV for
four molecules. Consequently, the calculations also confirm a
p-type doping for the physisorption process in good agree-
ment with the WF variation recorded experimentally.
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Conclusions

We have investigated the doping strength of nitric acid on
monolayer graphene grown on SiC (0001). The Raman
measurements confirm the doping induced by various con-
centrations of nitric acid and indicate the incorporation of
atoms into the graphene lattice. The UPS measurements
showed that n-type and p-type doping are competitive pro-
cesses and the work function of graphene layer can be con-
tinuously tuned from 4.3eV to 4.4eV with a minimum of
3.8 eV upon depositing the molecular acceptor HNOj3. This
observation is supported by DFT calculations considering the
physisorption of HNOj; molecules. This simple approach
allows the modulation of WF and could permit the design of
tuneable electrodes to improve the carrier injection as well as
band gap-engineered heterostructures.
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