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Prof. Kwang-Sup Lee (Korean PI) 
 
“Non-Covalent Coupling of Superparamagnetic Nanoparticles to Graphene and Their Applications” 

1. Abstract  
 

In this report we summarize our studies into a group of pyrene-spacer-dopamine (PyDop) ligands 
capable of noncovalently coupling superparamagnetic γ-Fe2O3 magnetic nanoparticles (MNP) to 
graphene-based materials. The distance of the ligands to the graphene derivative surface can be varied by 
changing the spacer length. This project has been successful in the demonstration of high density coupling 
of PyDop functionalized MNPs onto different types of graphene materials like reduced graphene oxide 
(rGO) nanoplatelets, chemically reduced graphene as well as electrochemically exfoliated graphene. 
Some early results demonstrating the applicability of reduced graphene oxide-PyDop-γ-Fe2O3 as a charge 
trapping layer in memory transistors are also presented.  

2. Introduction  
 
2.1. Background 

The discovery of graphene has led to a flurry of activity in the properties of two-dimensional materials 
[1-2]. During the past decade it has led to the discovery of a new generation of materials with remarkable 
physical, electronic and photonic properties. Invariably graphene has led the pack and every year this 
material is understood more, and applied more. It has opened up new challenges to the material scientist 
right from its large scale synthesis to the harnessing of its properties. Graphene in its pure is notoriously 
insoluble and hence hard to combine to other materials to form functional nanocomposites. The cheapest 
method to make a graphenic material is by chemical exfoliation of graphite, but this process yields an 
oxidized version of graphene with properties that are a far cry from the legend of graphene [3]. There are 
other more expensive processes like chemical vapor deposition (CVD) to produce versions of graphene 
with superior properties [4]. The applicability of graphene depends largely on combining it with other 
nanomaterials. A lot of reported works deals with chemical modification residual groups on the surface of 
graphene. This approach has a drawback that direct functionalization of graphene changes its remarkable 
electronic properties. An alternative approach is to use electron rich aromatic ligands that could non-
covalently couple with graphene [5]. In this project we explore this approach by design, synthesis and 
study of ligands capable of non-covalently interacting with graphene while coupling it to nanoparticles. 
Such materials have predicted applications in energy storage and electronics.  

2.2. Motivation  
The motivation behind this project is to understand the non-covalent coupling of nanoparticles to 

graphene by the design of electron rich aromatic ring containing ligands, to achieve good coupling with 
graphene and the designed ligands, to understand the ligand interaction with graphene surface, and the 
applications of the produced nanocomposites. Small molecule ligands as well as polymeric ligands have 
been investigated.  
 
3. Results and Discussion 
 

In this project, we report on the synthesis and characterization of novel graphene-iron oxide hybrid 
systems which was accomplished through the creative anchoring way for the magnetic iron-oxide 
nanoparticles with desired chemistry for the adsorption of pyrene to the graphene nanosheets as shown in 
Scheme 1. The detailed synthetic methods and characterizations are given in this section. 

DISTRIBUTION A: Distribution approved for public release.



4 | P a g e  
 

 
Scheme 1. Synthetic routes of target molecular systems with magnetic functions 

 
 
3.1. Pyrene-Spacer-Dopamine (PyDop) Ligands  

The central theme of research done by the Korean PI revolves around designing of amphiphilic ligand 
systems capable of coupling graphene with magnetic nanoparticles. The nonpolar surface of graphene 
could be addressed by a pyrene anchor while the oxidic surface of magnetic nanoparticles (MNP) can be 
addressed by the catechol moiety in dopamine. Ligands of various spacer lengths were designed in order 
to investigate the effect of spacing between the MNPs and graphene on the magnetic and electronic 
properties of the latter. The pyrene-spacer-dopamine (PyDop) ligands can be described by their spacing 
length defined as the distance between the connection at pyrene and the hydroxyl group on dopamine. 
The ligands investigated during this project along with their spacing lengths can be seen in Figure 1. 
Ligands PyDop1 and PyDop2 are small molecule ligands, while polymeric ligand (PyDop3) constitute a 
dopamine end functionalized block copolymer with multiple pyrene anchoring unit.  

The synthesis of PyDop1 ligand was reported in the first year report. Many difficulties were 
encountered during the scale of the molecule because it involves a total of five steps with two low 
yielding final steps. A new reaction route was developed for synthesizing PyDop1 as seen in Scheme 2.  
Previously reported route 1 involved the five step synthesis of dopamine with protective functionalization 
at the catechnol moiety. The subsequent amidation reaction proceeded at low yields. This affected the 
overall efficiency of the reaction resulting in very low yields of PyDop1. Alternatively we developed 
route 2 constituting 3 steps that follows the formation of a parafluorobenzene active ester perfluorophenyl 
4-(pyren-4-yl)butanoate. A simple room temperature reaction under mild basic conditions yields the 
coupling of dopamine from dopamine hydrochloride with perfluorophenyl-4-(pyren-4-yl)butanoate. 
Active ester reacted with dopamine hydrochloride to yield the final product at a moderate yield of 40% 
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Figure 1. PyDop Ligands designed and investigated during our studies. The spacing between the 

magnetic nanoparticle and the pyrene group ranges from 14.7 Å to 120 Å. The spacing lengths 
of the small molecule ligands PyDop1 and PyDop2 as well as a multianchor block copolymer 
ligand PyDop3 are summarized in the table.  

 
 
which was better than route 1. Ligand PyDop2 and PyDop3 were also synthesized through 
parafluorobenzene active ester chemistry.  The ligand PyDop2 was synthesized as shown in Scheme 3. 
Both PyDop 1 and 2 are small molecule ligands with single tethering group for graphene surface. The 
third ligand PyDop3 (m≈6, n≈18) which is a dopamine end-functionalized styrene-co-(N-(perfluoro-
phenyl)-4-vinylbenzamide) block copolymer was synthesized by reversible addition fragmentation 
transfer (RAFT) polymerization [6]. (coworked with Prof. R. Zentel group at the University of Mainz).  

 
Scheme 2. Two different synthetic routes for PyDop1 

TBTU: O-(Benzotriazol-1-yl)-N,N,N’,N’-tetramethyluronium tetrafluoroborate   
TEA: Triethylamine  
IPA: Isopropyl alcohol  
DMF: N,N-Dimethylformamide   
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Scheme 3. Synthetic route of PyDop2 

 
3.2 Synthesis of Superparamagnetic γ-Fe2O3 Nanoparticles  

Monodisperse superparamagnetic iron oxide (γ-Fe2O3) nanoparticles were synthesized by the thermal 
decomposition of iron-oleate complex followed by the air oxidation by trimethyamine N-oxide to give 
superparamagnetic nanoparticles following reported procedures [7]. The ratio between the iron precursor 
and the ligand oleic acid controls the size of the MNPs during the formation and decomposition of the 
iron-oleate complex. Greater ratio of oleic acid leads to larger nanoparticles. A 1:1 ratio of iron precursor 
to oleic acid yielded monodisperse nanoparticles of 5-7 nm.  
 
3.3 Coupling γ-Fe2O3 Nanoparticles with Ligands  

At the end of the nanoparticle synthesis, oleic acid coupled γ-Fe2O3 nanoparticles dispersions are 
obtained in hexane. The nanoparticles can be precipitated by centrifugation of the hexane dispersion at 
4000 rpm for 6 min, followed by decantation of the supernatant. An alternative method is to use a magnet 
to induced magnetic aggregation of nanoparticles followed by decantation of supernatant hexane. The 
nanoparticle can be dispersed by adding a solvent and sonicating for 10 min. Ligand exchange with 
PyDop1 can be carried out either in hexane or THF.  

The oleic acid ligand on γ-Fe2O3 can be replaced by PyDop1 by a simple sonication procedure carried 
out in teterahydrofuran (THF). In a typical procedure 40 mg γ-Fe2O3 and 2 mg PyDop1 is taken in 5 ml 
THF and sonicated for 1 hour. The amount of ligand required for coupling with nanoparticles were 
calculated by taking into account the size of MNPs, their surface area as well as the surface area occupied 
by single catechol moiety in dopamine. The coupling of the ligand with MNP can be followed by FT-IR 
spectrum as shown in Figure 2. The resultant nanohybrid PyDop1-γ-Fe2O3 shows characteristic peaks of 
PyDop1 ligand peaks.  The spectra show slight variation depending on the processing conditions. FT-IR 
measurements were carried out by making KBr pellets containing small amounts of material to be 
analyzed.  The ligand PyDop1 exhibits peaks at 3280 (-OH), 3300 (-NH-), 3100 (-NH-) bending overtone, 
2780 (=C-H), 1736 (C=O).  Effective coupling of ligand with nanoparticle should leads to a self-
assembled layer of about a molecule thickness on the surface of γ-Fe2O3. The low concentration ligands 
present on the nanoparticle thus gives spectra far weaker than the ligand only sample seen in Figure 2. 
The spectrum compares the ligand PyDop1 with PyDop1-γ-Fe2O3 prepared in hexane and THF. From the 
comparison the decreased intensity of the –OH, -NH and –C=O is markedly decreased in the PyDop1-γ-
Fe2O3, a close examination reveals small peaks in these regions. The shape of the hydroxyl peak in the 
ligand exchanged nanoparticles is changed as expected due to their interaction with the oxidic surface of 
the MNP.  

 
 
 

TEA, DMF 
RT, 10 h 

TBTU, TEA, IPA 

EtOAc 

TBTU: O-(Benzotriazol-1-yl)-N,N,N’,N’-tetramethyluronium tetrafluoroborate   
TEA: Triethylamine  
IPA: Isopropyl alcohol  
DMF: N,N-Dimethylformamide   
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Figure 2. IR spectra of PyDop1 and coupled compounds of PyDop2 with γ-Fe2O3 in THF and hexane. 

 
 

Alternatively the ligand exchange can be carried out by shaking the ligands and the nanoparticles in a 
solver for two or three days. The shaking-based ligand exchange gave slightly better results, we are in the 
process of evaluating the influence of synthetic method on nanocomposite formation and properties. To 
couple PyDop2 to γ-Fe2O3, 0.087 mg of the ligand was treated with 4 mg of oleic acid functionalized 
nanoparticles. The ligand exchange was carried out by sonicating the ligand and the nanoparticles in THF. 
The ligand exchange can be followed by UV-Vis spectroscopy. Pyrene in PyDop ligands exhibit a 
distinctive UV peak between 300-390 nm. The appearance of this peak in the nanoparticle spectrum 
indicates the successful coupling of the PyDop2 ligand on to γ-Fe2O3. The UV spectra are summarized in 
Figure 3. To make PyDop3 functionalized magnetic nanoparticles, 0.079 mg of the ligand PyDop3 was 
treated with 4 mg of oleic acid functionalized γ-Fe2O3 nanoparticles in THF.  The coupling of the ligand 
onto the nanoparticle can be UV-Vis spectroscopy, Figure 4. In both UV-visible spectra, a distinctive 
absorptions of pyrene can be seen even after coupling of MPs at the dopamine functional groups. In these 
cases, a blue shifted UV absorption of pyrene was observed by the interaction with MPs.  
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Figure 3. UV spectra of PyDop2, PyDop2-γ-Fe2O3 and GNP-PyDop2-γ-Fe2O3. The distinctive pyrene 

peak between 300-390 nm can be seen in both PyDop2-γ-Fe2O3 and GNP-PyDop2-γ-Fe2O3. In 
the graph please read rGO as (GNP). 

 

 
Figure 4. UV spectra of  PyDop3 , PyDop3-γ-Fe2O3 and GNP-PyDop3-γ-Fe2O3. The distinctive pyrene 

peak between 300-390 nm can be seen in both PyDop3-γ-Fe2O3 and GNP-PyDop3-γ-Fe2O3. In 
the graph please read rGO as (GNP). 
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3.4. Coupling PyDop-γ-Fe2O3 Nanoparticles with Graphene Derivatives 
Coupling γ-Fe2O3 nanoparticles functionalized by PyDop ligands to graphene is essentially a process 

of self-assembly. The nanoparticles and graphene are dispersed in same or miscible solvents. The two 
materials are brought gradual mixing taking into consideration the kinetic cohesive aggregation that could 
possible happen when a high local concentration of any particular material is created. An ideal experiment 
involves a dilute dispersion of graphenic material to which the functionalized MNPs are added in small 
quantities over a period of time followed by sonication or shaking. The concentration of the 
functionalized MNPs should also be kept low so as to avoid aggregation between nanoparticles.  

There are many ways to synthesize graphene which includes micromechanical exfoliation of graphite, 
chemical vapour deposition, epitaxial growth on electrically insulating surface, liquid phase and 
electrochemical exfoliation of graphite and graphite intercalation compounds, chemical reduction of 
graphene oxide or graphite oxide, etc [3]. So far we have used graphene sheets obtained from three 
different synthetic methods: (i) electrochemical exfoliation of highly oriented pyrolytic graphite (HOPG) 
[8], (ii) reduction of graphene oxide  by phenyl hydrazine [9],  and  (iii) graphene nanoplatelets stabilized 
by graphene oxide [10]. 
 
3.4.1. PyDop1-γ-Fe2O3-GO/GNP Nanosheets 

Graphene nanoplatelets (GNPs) stabilized by graphene oxide (GO) prepared by following the 
previously reported procedures [10,11] are used to couple PyDop1-ɤ-Fe2O3. GNPs provide the intrinsic 
graphene electrical conductivity to the GNP/GO films. The GNP/GO film is ultrasonicated in n-
methylpyrolidone (NMP) for 1 hour, and centrifuged to obtain a stable dispersion of GNP/GO sheets. 
This GNP/GO dispersion is further ultrasonicated with PyDop1-ɤ-Fe2O3 in THF, in a mass ratio of 1:4 in 
order to couple PyDop1-ɤ-Fe2O3 magnetic nanoparticles into GNP/GO sheets. Figure 5a represents the 
TEM image of GNP/GO-PyDop1-ɤFe2O3 hybrid, which clearly displays uniform arrangement of PyDop1-
ɤ-Fe2O3 magnetic nanoparticles on the surface of GNPs. The characteristic ɤ-Fe2O3 lattice fringes are 
clearly visible in high-resolution transmission electron microscopic (HRTEM) image of GNP/GO -
PyDop1-ɤ-Fe2O3 hybrid (Figure 5b), A live fast fourier transform (FFT) pattern (represented by blue 
dotted circle) is shown in Figure 5c, indicates the crystalline nature of the hybrid. 
 

 
 
Figure 5. TEM images and FFT analysis from PyDop1- γ-Fe2O3. (a) and (b) progressive magnification of 

nanoparticles immobilized on GNP.  (c) FFT on nanoparticle  in the composite showing 
crystalline character .  

 
 
3.4.2. PyDop2-γ-Fe2O3-GO/GNP Nanosheets 

In the case of PyDop2-γ-Fe2O3-GO/GNP nanosheets, the 4 mg of PyDop2 was reacted with 1 mg of 
graphene by sonication.  The product can be seen in Figure 6. The exfoliation of GO/GP nanosheets yield 
smaller sheets of GO and GNPs. The MNPs can be seen attached in high densities on to the GNP sheets. 
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Figures 6a-c show progressively magnified images of nanoparticles assembled on rGO platelets. The FFT 
on top of the nanoparticle outlined blue in Figure 6c is given in Figure 6d. The FFT reveals crystalline 
domains whose lattices spacing values match that of γ-Fe2O3.  

 
 
Figure 6. TEM images and FFT analysis from PyDop1-γ-Fe2O3. (a)-(c) progressive magnification of 

nanoparticles immobilized on rGO platelet  (d) FFT on nanoparticle  in the composite showing 
crystalline character. 

 
 
3.4.3. PyDop3-γ-Fe2O3-GO/GNP Nanosheets 

The polymeric PyDop3 functionalized PyDop2-γ-Fe2O3 presents mutidentate ligands with multiple 
pyrene units per ligand unlike PyDop1 and PyDop2.  To couple the nanoparticles to GNP or GO sheets 4 
mg of the functionalized nanoparticles are sonicated together in NMP. TEM measurements after 
experiments reveal high densitiy of MNPs on GNP surface. Apparently very large sheets of MNP coupled 
with GO was not obtained with this method, which is currently under investigation. So far we believe that 
hydrophilic GO is filtered out during ultrasonication and centrifugation in NMP. The role of the 
multidentate ligands on the nanoparticle will be thoroughly investigated in our ongoing studies. The 
pyrene groups are sticky for each other and for the conjugated pane of GNP. It would be interest to see 
how the association between different materials are evolving with changing concentration of PyDop2-γ-
Fe2O3. The results from TEM images can be seen in Figure 7. The FFT on the nanoparticles immobilized 
on GNP reveals lattice spacing corresponding to γ-Fe2O3. 
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(a)                                          (b)                                         (c) 

 
 
 
 
 
 
 
 
 
 
                                                           (d) 
 
 
 
 
 
 
 
 
 
Figure 7. TEM images and FFT analysis from PyDop3-γ-Fe2O3. (a)-(c) progressive magnification of 

nanoparticles immobilized on GNP, (d) the lattice spacing gives by FFT analysis on the 
nanoparticle in a blue circle in (c)  gives lattice values corresponding to γ-Fe2O3. 

 
 
3.4.4. PyDop1-ɤ-Fe2O3 -Graphene Sheets      

Graphene sheets are obtained from electrochemical exfoliation of highly oriented pyrolytic graphite 
(HOPG) flake. Two electrode system containing platinum as counter electrode and HOPG as working 
electrode is employed with aqueous H2SO4 electrolyte. When a direct current voltage is applied to HOPG 
electrode, the HOPG flakes starts to exfoliate and disperse into electrolyte solution. On completion of 
exfoliation process, the exfoliated graphene sheets are collected by vacuum filtration and repeatedly 
washed away any residual salts. The collected exfoliated graphene are further ultrasonicated in NMP, and 
centrifuged to remove any unexfoliated products. The well dispersed and stable graphene sheets in NMP 
are collected and coupled with PyDop1-ɤ-Fe2O3 nanoparticles with the aid of ultrasonication. 

HRTEM images indicates that the obtained graphene sheets range from single layer to few layers, 
Figure 8a and 8b. The selected area electron diffraction (SAED) pattern in Figure 8b exhibits a typical 6-
fold symmetric diffraction of (110) basal plane of graphene sheet. HRTEM images of PyDop1-ɤ-Fe2O3-
graphene hybrid is presented in Figure 8c-d. As shown, PyDop1-ɤ-Fe2O3 nanoparticles are distributed 
densely in an inhomogenous manner all over the graphene sheet. In Figure 8d, the characteristic lattice 
fringes of ɤ-Fe2O3 nanoparticles in graphene sheet is shown. Typical X-ray diffraction (XRD) patterns of 
the HOPG, exfoliated graphene, PyDop1-ɤ-Fe2O3 and PyDop1-ɤ-Fe2O3-graphene are given in Figure 1e. 
HOPG show a very sharp diffraction peak at 26.5º corresponding to a d-spacing of 0.31 nm (d002), which 
disappeared in the XRD pattern of graphene sheet indicating effective exfoliation. The diffraction peaks 
of PyDop1-ɤ-Fe2O3 and graphene-PyDop1-ɤ-Fe2O3 are coincided well with the standard data of ɤ-Fe2O3 
(JCPDS no. 39-1346) which is also included in Figure 8e. 
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Figure 8. (a) TEM image of exfoliated graphene sheets, (b) HRTEM image of  edge of graphene sheet, 

inset is SAED pattern indicating six spots corresponding to carbon atoms arranged in  
hexagonal pattern in honey comb crystal lattice, (c) TEM (d) HRTEM image of graphene-
PyDop1-MNP hybrid, (e) XRD pattern of of the HOPG, exfoliated graphene, PyDop1-MNP, 
graphene-PyDop1-MNP and standard pattern of ɤ-Fe2O3 from JCPDS No. 39-1346 is also 
given in (e). 

 
3.4.5. PyDop1-ɤ-Fe2O3 -Chemically Converted Graphene 
 

Graphene oxide is chemically reduced into graphene (CCG) with phenyl hydrazine in room 
temperature. The CCG is redispersed in NMP by ultrasonication for 1 hour. HRTEM image of CCG is 
given in Figure 9a, which shows exfoliated graphene sheets with edges inwards. The stable dispersion of 
CCG in NMP is coupled with PyDop1-ɤ-Fe2O3 in THF with the aid of ultrasonication in a weight ratio of 
CCG to PyDop1-ɤ-Fe2O3 as 1:4. Figure 9b-c represents the HRTEM image of PyDop1-ɤ-Fe2O3–CCG 
hybrid. The uniformly sized PyDop1-ɤ-Fe2O3 magnetic nanoparticles are found uniformly distributed on 
the surface of CCG. Inset of Figure 9c is the corresponding SAED pattern and displayed the crystalline 
nature of PyDop1-ɤ-Fe2O3–CCG hybrid. Figure 9d presents the dispersive X-ray analysis (EDS) spectrum. 
As shown, the EDS spectrum shows carbon as major concentration, and iron and oxygen elements in 2: 3 
ratio which indicated that the sample contains almost pure Fe2O3. 
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Figure 9. HRTEM images of (a) CCG, (b-c) graphene-PyDop1-ɤ-Fe2O3 hybrid, Inset in (c) is SAED 

pattern, (d) EDS spectra of PyDop1-ɤFe2O3 –CCG hybrid, atomic percentage of C, O and Fe is 
on the right. 

 
 
3.5 Tunable Memories with PyDop1-ɤ-Fe2O3-Graphene Oxide Charge Trapping Layer  

Organic memory transistors offer a promising alternative to more traditional memory elements such 
as polysilicon and silicon nitride based memory transistors due to their advantages related to rapid 
processing, potential low cost, ability to cater performance and properties through molecular design, and 
compatibility with flexible electronics. A physical memory is created in a transistor when a charge created 
under an applied bias is stored within a device. The charge is stored inside a transistor stack. A memory 
cell is typically comprised of a charge trapping layer sandwiched between a main dielectric and a thin 
barrier dielectric. Under an applied bias, charge can be transferred into the charge trapping layer through 
the thin barrier dielectric. A typical organic memory device can be seen in Figure 10a. The mechanism for 
which charge injection occurs varies based on device architecture, however, examples include Frowler-
Nordheim tunneling and avalanche break down [12]. Progress in organic memory transistors has moved 
rapidly with an emphasis placed on enabling flexible and low-voltage operation [13, 14]. Additionally, 
the exploration of potentially new charge trapping materials and tunable memory effects remains a 
priority. Recent studies have established graphene oxide as a promising charge trap layer [15]. Tunable 
memory devices have been demonstrated by doping utilizing a reduced graphene oxide memory charge 
trapping layer by controlled doping with gold chloride [16]. 

The possibility of creating tunable memories with PyDop1-ɤ-Fe2O3 as a charge trap layer was 
examined in collaboration with Prof. Alex. K.-Y. Jen. Initial experiments were carried out to demonstrate 
the proof of concept. The work would be extended by systematically studying the influence of applied 
external magnetism on tuning the memory storage.  Guo et. al has recently showed that a graphene oxide 
-magnetic iron oxide nanoparticle could vastly increased capacitance under an applied magnetic field [17].  
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Figure 10. (a) Device architecture of organic memory transistor utilizing charge trapping layer 

mechanism for memory effect. Representative transfer curves of organic memory transistors 
with (b) graphene oxide only and (c) blended 1:1 ratio by volume of graphene oxide and 
PyDop1 charge trapping layer (d) shift in threshold voltage based on different blends of 
graphene oxide and PyDop1 iron oxide nanoparticles. 

 
A PyDop1-ɤFe2O3-graphene oxide (GO) composite was used as a charge trapping layer inside a 

memory transistor. The combination PyDop1-ɤFe2O3-GO composite could be used to create a hybrid 
charge trapping layer and the assembled iron oxide nanoparticles can be used to control the overall 
capacitance of this system under an applied magnetic field. Figure 10b-c compares the memory transistor 
effect in a device containing a GO charge trap layer and another that uses PyDop1-ɤ-Fe2O3-GO as a 
charge transfer layer. Preliminary results show replication of a memory transistor with a graphene oxide 
charge trapping layer. A representative transfer curve under different applied gate-source biases can be 
seen in Figure 10b. A clear memory effect is seen with the hysteresis changing under an applied bias. 
Attempts have been made to modify the charge trapping layer by fabricating alternating stacks of GO and 
PyDop1, however, due to surface energy mismatch it is difficult to fabricate a secondary layer of 
graphene oxide on top of the nanoparticles. Additional experiments are needed in order to determine a 
viable way to fabricate alternating stacks of these two materials.  

In order to overcome this issue quickly and determine if there is any influence of the iron oxide 
nanoparticles on the memory characteristics of these transistors, a blended PyDop1-ɤ-Fe2O3 and GO 
charge trapping layer has been fabricated. Different blending ratios of 1:1 and 20:1 of graphene oxide and 
PyDop1 have been tested.  From the transfer curve in Figure 10c, a clear difference in threshold voltage 
can be seen with the turn on voltage shifting significantly towards 0 volt. This shift in threshold voltage 
may be related to iron oxide influencing the work function of graphene oxide. However, further studies 
are necessary in order to elucidate the exact mechanism. Figure 10d shows a clear shift of threshold 
voltage, in addition to a slight change in memory window. The magnitude of change in memory window 
is difficult to determine due to device variation, however after additional statistical studies it should 
become apparent. 
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4. Conclusions 
 
- Pyrene-Spacer-Dopamine (PyDop) ligands with different spacer lengths were synthesized. 
- Monodisperse ɤ-Fe2O3 nanoparticles stabilized with the PyDop ligands using either sonication or 

shaking. 
- Graphene based materials were obtained by exfoliation of graphene nanoplatelet-graphene oxide paper, 

chemically reduced graphene or by electrochemical exfoliation of graphene. 
- The graphene based materials were coupled with the ligands by self-assembly in a mutually soluble 

solvent or solvent mixture 
- The TEM analysis of graphene-MNP nanocomposites revealed highly dense packing of nanoparticles on 

the surface of graphene. 
- MNP spaced with short ligand on top of graphene has been used as a charge trap layer in a memory 

transistor device 
- The control of self-assembly of MNPs on gaphene is being studied in thorough detail.  
- Statistical analysis of memory transistors are being conducted to understand  the memory effect.  
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Prof. Alex K.-Y. Jen (USA PI) 

“Tunable Memory Characteristics of Self-Assembled Monolayer Transistors via Interlayered 
Magnetic Nanoparticle and Graphene Oxide Charge Trapping Layer” 
 
1. Abstract 

Low voltage self-assembled monolayer field-effect transistors (SAMFETs) that operate under an 
applied bias of less than -3 V and a high hole-mobility of 10-2 cm2 V-1 s-1 are reported. A self-assembled 
monolayer (SAM) with a quaterthiophene semiconducting core and a phosphonic acid binding group is 
used to fabricate SAMFETs on both high-voltage (AlOx/300 nm SiO2) and low-voltage (HfO2) dielectric 
platforms.  High performance is achieved through the enhanced SAM packing density via a heated 
assembly process and through the improved electrical contact between SAM semiconductor and metal 
electrodes. Enhanced electrical contact is obtained by utilizing a functional methyl-thio head group 
combined with thermal annealing post gold source/drain electrode deposition to facilitate the interaction 
between SAM and electrode. Furthermore, this SAMFET platform will be utilized as a monolayer 
memory transistor that has a charge trapping layer comprised of an interlayered magnetic nanoparticles 
and graphene oxide. 
 
2. Introduction 
 
2.1. Background 

Organic memory transistors offer a promising alternative to more traditional memory elements such 
as polysilicon and silicon nitride based memory transistors due to their advantages related to rapid 
processing, potential low cost, ability to cater performance and properties through molecular design, and 
compatibility with flexible electronics. For the purpose of this study, organic memory transistors operate 
with a similar mechanism to traditional inorganic nonvolatile memory transistors which achieve a 
memory effect via charge storage that is created under an applied bias [1]. Principally this charge storage 
mechanism is enabled through the use of a memory cell which is integrated within the transistor stack. A 
memory cell is typically comprised of a charge trapping layer sandwiched between a main dielectric and a 
thin barrier dielectric. Under an applied bias, charge can be transferred into the charge trapping layer 
through the thin barrier dielectric. The mechanism for which charge injection occurs varies based on 
device architecture, however, examples include Frowler-Nordheim tunneling and avalanche break down 
[2]. 

Progress in organic memory transistors has moved rapidly with an emphasis placed on enabling 
flexible and low-voltage operation. For example, Lee et. al  has developed a process to achieve all 
solution processed memory transistors utilizing reduced graphene oxide as a charge trapping material on a 
flexible substrate with solution processed dielectric, electrodes, and semiconductor [3]. While Someya et. 
al has fabricated a floating gate memory transistor that uses a metal oxide and self-assembled monolayer 
hybrid dielectric stack to achieve flexible low voltage operation for use as a pressure sensor [4]. 

Additionally, the exploration of potentially new charge trapping materials and tunable memory effects 
remains a priority. Kim et. al has shown that graphene oxide is a promising material to act as a charge trap 
layer in memory transistors [5]. Which has been followed further by others and shown that reduced 
graphene oxide is also a viable charge trapping element [6]. Tuning the memory characteristics of these 
devices also remains critical in order enable the use of memory transistors in multioperational mode 
circuits. It has been shown that it is possible to tune memory characteristics of transistors utilizing a 
reduced graphene oxide memory charge trapping layer by controlled doping with gold chloride [7]. 

However, to date few studies have been completed examining the impact of a monolayer 
semiconductor in memory transistors. Promising results have been found with the metal dichalcogenide 
MoS2 which has been found to exhibit a significantly increased memory window as the number of MoS2 
layers decreases [8]. Yet, quality MoS2 is acquired using exfoliation, a technique that has limited 
commercial viability.  
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Rather than using a difficult to obtain material such as MoS2, an alternative organic self-assembled 
monolayer semiconductor has been developed. A transist with a semiconducting SAM is known as a self-
assembled monolayer field-effect transistors (SAMFETs) which are a promising concept that uses 
rationally designed π-conjugated SAMs as the semiconductor of a transistor [9-13]. This concept works in 
principle because charge transport in an organic semiconductor based FET occurs in the first few 
monolayers closest to the dielectric [14-15]. SAMFETs are believed to have a broad appeal for organic 
semiconductor device applications due to their low-cost processing, reduced material quantity needed 
compared to tradition organic thin film transistors and ability to be used toward flexible electronics and 
sensing applications. 

 
2.2. Motivation 

One potential mechanism to enable the ability to tune the memory characteristics of SAMFETs is to 
use a hybrid nanocomposite charge storage layer. This charge storage layer would consist of a graphene 
based charge trapping element such as reduced graphene oxide or graphene oxide and a magnetic iron 
oxide nanoparticle. Guo et. al has recently showed that such a nanocomposite can have vastly increased 
capacitance under an applied magnetic field [16]. If such a system were applied to the charge storage 
layer of a self-assembled monolayer memory transistor, it would enable tuning of the memory 
characteristics with an applied magnetic field as capacitance is directly related to the amount of charge 
able to be stored.  

The purpose of this research will be to examine the influence of a nanocomposite charge trapping 
layer in a self-assembled monolayer memory transistor that is comprised of graphene and iron oxide 
nanoparticles. This will be realizable through the following experimental studies: 

(1) Develop a high performance SAMFET platform that is able to achieve state of the art 
performance. 

(2) Determine the best architecture necessary to achieve high performance memory transistors 
based on a nanocomposite charge trapping layer. 

(3) Determine the influence of blend ratio between graphene and nanoparticle, whether 
performance is effected by blending or layered type architecture. 

(4) Once optimized conditions are found, explore the influence of a magnetic field on the 
memory characteristics of these memory devices. 

If these experimental results can be achieved, this will allow for a way to tune the memory 
characteristics of an organic monolayer memory transistor with a simple magnetic field. Memory 
characteristics of already fabricated devices would be able to be adjusted without the need to physically 
make a new device with modified processing or architecture differences.  

However, first the fundamental issue of achieve a high performance SAMFET platform must be 
address. In order to achieve further performance enhancement, it is critical to overcome a fundamental 
challenge of efficient contact between the metal source/drain electrodes and SAM semiconductor in 
SAMFET devices. Efficient contacts between SAM semiconductor and electrodes may have been enabled 
by Smits et al. through under-etching the electrodes allowing the SAM to form underneath or, as shown 
by Schmaltz et al., through utilizing a secondary SAM to elevate the electrodes to allow edge-on contact 
with the SAM semiconductor core [10-11]. However, these reports utilize cumbersome and complicated 
device architectures that may make SAMFETs less appealing towards commercialization. Furthermore, 
little work has been done to examine the impact of SAM processing on molecular packing density.  

Herein we demonstrate top-contact bottom-gate low voltage p-type SAMFETs with a hybrid HfO2 
dielectric that operates under a bias of -3 V and has a charge carrier mobility of 10-2 cm2 V-1 s-1. Charge 
carrier mobility of the SAMFET is increased by over two orders of magnitude through the designed 
functional SAM terminal group that enables efficient charge injection between metal electrode and SAM 
semiconductor in conjunction with optimized processing conditions to enhance SAM packing density. 
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3. Results and Discussion 
 

The SAM molecules, (11-(5'''-(4-(methylthio)butyl)-[2,2':5',2'':5'',2'''-quaterthiophen]-5-yl)undecyl)-
phosphonic acid (MTB4TC11) and (12-(5'''-(4-(methylthio)butyl)-[2,2':5',2'':5'',2'''-quaterthiophen]-5-
yl)dodecyl)phosphonic acid (MTB4TC12), used in this study are designed in such a manner to promote 
efficient charge injection between the semiconducting core and chosen electrode. As shown in Figure 11a 
the molecule is comprised of a phosphonic acid binding group which allows for the covalent attachment 
to a variety of metal oxides [17]. A flexible undecyl or dodecyl spacer unit is chosen to promote self-
assembly and optimal π-π overlap due to its conformational freedom [18]. A quaterthiophene unit is 
chosen as the semiconducting core due to its proven ability to work as a semiconductor in both thin film 
and monolayer transistors [18-19]. Finally, to achieve efficient charge injection into the SAM a functional 
terminal group composed of methylthiobutyl is chosen. In order to enhance charge injection and minimize 
contact resistance, the terminal group is designed to take advantage of the well-known gold-sulfide 
coordinate bond that occurs between the two species [20]. In particular, methylsulfide has been used in 
the past as an anchoring group for molecular junctions due to its ability to electronically couple with gold 
[21]. To take advantage of this intimate contact, a simple top-contact bottom-gate transistor architecture is 
used, Figure 11b. This will simplify the device architecture compared to those reported for previous high 
performance SAMFETs [10-11].  

 
Figure 11. (a) Molecular structures of SAM semiconductors used in this study, 1 MTB4TC11 and 2 

MTB4TC12; b) schematic of high-voltage SAMFETs fabricated. 
 
In order to better understand the dynamics of the coordinate bond between the SAM molecules and 

gold electrodes high-voltage SAMFETs are first fabricated and the impact of thermal annealing on device 
performance is also examined. SAMs are assembled via immersion at room temperature on a traditional 
dielectric platform (Figure 11b) previously used by our group for both thin film transistors [22] and 
SAMFETs [23]. After SAM assembly and cleaning to remove aggregates, substrates are annealed either 
before or after gold electrode deposition at 120 °C for 10 hour as seen in Figure 12a. Remarkably, Figure 
12b shows a considerable shift in performance comparing devices that are not annealed, annealed before 
electrode deposition, and annealed after electrode deposition. Devices not annealed show no performance 
with the inability to act as a switch. Figure 12c shows that devices annealed before electrode deposition 
have some limited charge mobility of around 10-5 cm2 V-1 s-1 while devices annealed after electrode 
deposition show two orders of magnitude increase in charge mobility to 10-3 cm2 V-1 s-1.  
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In terms of yield, roughly half of all devices annealed before electrode deposition function properly, 
while the yield for devices annealed after electrode deposition is near unity. Interestingly, this 
enhancement is accompanied by a shift in apparent threshold voltage (Vt) as can be seen in Figure 12d. 
Devices annealed before or after electrode deposition exhibited an apparent threshold voltage of around -
80 V and -65 V respectively. While Vt remains constant across tested channel lengths regardless of odd or 
even alkyl chain of SAMFET molecules, the impact of annealing before or after electrode deposition 
plays a clear role and elucidates a potential mechanism for the shown performance enhancement.   

 

 
Figure 12. Anneal before indicates SAM annealing at 120 °C for 10 hours before electrode deposition 

and anneal after, indicates SAM annealing at 120 °C for 10 hours after electrode deposition; a) 
Characteristic transfer curve for high-voltage SAMFETs with MTB4TC12 semiconductor 
SAM with different annealing routes; Transistor performance parameters for b) hole mobility 
and c) threshold voltage based on SAM semiconductor and annealing route. Data are averaged 
of approximately 7 devices per channel length and are for transistors with a channel width of 
1000 µm 

 
Vt is generally thought to be related to the surface density of deeply trapped charges in the channel 

and contact region of a transistor [24].  Deep traps, which are considered to be a few kT above the highest 
occupied molecular orbital, may occur due to structural defects and impurities [25]. It is likely that the 
deposition of gold on top of the SAM semiconductor resulted in the formation of such trap states through 
the creation of local structural disorder. The morphology of unannealed gold on top of the SAM (Figure 
13a) shows morphology consistent with having a high density of trap sites due to the numerous small 
grains and subsequent grain boundaries. However, upon annealing at 120 °C (Figure 13b), these grains 
coarsen to form large interconnected grains. Evidence of this morphology change indicates that the gold 
atoms are able to reorganize to a more energetically favorable morphology to allow for better contact 
between electrode and SAM semiconductor resulting in reduced trap sites. This reduction in trap site 
density due to grain coarsening may also be a contributing factor for the mobility enhancement that 
occurs upon annealing post electrode deposition. 

Another mechanism for enhanced mobility is most likely related to a reduced charge injection barrier 
at the Au-SAM interface. A threshold voltage shift accompanied by improved mobility due to changes 
between metal electrodes and semiconductor has been found earlier for both thin film organic transistors 
with SAM modified gold electrodes and monolayer MoS2 transistors with different metal electrodes [26-
27]. The reduced charge injection barrier for devices fabricated in this manuscript is thought to be enabled 
by the intimate contact formed between the sulfur of the SAM semiconductor and the gold atoms.  
Thermal annealing after gold electrode deposition is needed to further strengthen the coordinate bond 
between SAM and electrode which requires a separation distance of less than 0.5 nm [28]. It is 
hypothesized that annealing post-electrode deposition provides enough thermal energy for reorganizing 
SAM molecules, gold atoms, or both to improve contact.  
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Figure 13. Representative morphology of Au on top of MTB4TC11 SAM assembled on AlOx measured 

by tapping mode atomic force microscopy for a) no anneal, b) anneal after, and c) over 
annealed substrates. 

 
However, it is known that if temperatures are elevated to around 300 °C, the mobile gold atoms will 

cause the sulfide to desorb from the surface [29]. It was found that over annealing to above 150 °C will 
result in gold dewetting from the SAM surface and forming isolated islands of gold (Figure 13c). Such a 
phenomenon is accompanied by a significant reduction in device performance. 

In order to further enhance SAMFET performance, SAM immersion assembly temperature is 
optimized. Traditionally, for the assembly of SAMs, solvents with a dielectric constant (εr) between 3 and 
5 are found to be optimal. It is believed that if the solvent εr is below 3, SAMs tend to form micelles. If 
greater than 5, solvent will interact too strongly with the SAM to disrupt assembly at the substrate-
solution interface [30-31] In our study, dimethyl sulfoxide (DMSO) was found to provide the greatest 
solubility allowing for higher SAM solution concentration without forming aggregate. However, DMSO 
has a relatively high dielectric constant (~ 46), which may limit the dense assembly of SAM.  

High-voltage SAMFET devices using the same device architecture shown in Figure 11b with varying 
SAM immersion assembly temperatures were fabricated and characterized. Morphology of SAMs 
assembled at room temperature and 120°C were found to be similar for both MTB4TC11 and 
MTB4TC12. SAMs assembled at room temperature had rms roughness values of 0.26 nm and 0.46 nm 
for MTB4TC11 and MTB4TC12, respectively while SAMs assembled at 120°C had rms roughness 
values of 0.33 nm and 0.43 nm, respectively. Representative morphologies characterized by tapping mode 
atomic force microscopy are shown in Figure 14a.  

The static water contact angle for MTB4TC12 SAMFETs was found to increase slightly from 71.4° ± 
0.8° to 76.2° ± 0.9°, respectively, when comparing assembled at room temperature versus 120 °C. This 
slightly increased contact angle may be indicative of increased SAM density. The relationship between 
SAM assembly temperature and density is further corroborated from X-ray photoelectron spectroscopy 
data which suggests an approximately 30% increase in SAM density between room temperature and 
120°C assembly conditions. This improved SAM density results in an order of magnitude higher hole-
mobility as shown in Figure 14b. This follows an expected trend of increasing mobility with respect to 
assembly temperature from room temperature to 120 °C while other parameters such as on/off current 
ratio, threshold voltage, and subthreshold swing remain relatively constant regardless of assembly 
temperature. Representative transfer and output curves of high voltage SAMFETs with MTB4TC11 are 
shown in Figure 14c and 14d.  
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Figure 14. a) Representative morphology measured via AFM of MTB4TC11 SAM on AlOx assembled at 

25 °C (left) and 120 °C (right) with a 5 nm height scale. b) Hole mobility of high-voltage 
SAMFETs with either MTB4TC11 or MTB4TC12 SAM semiconductor assembled at 25 °C or 
120 °C. The first two left most data points indicate performance for devices annealed before 
electrode deposition while last four data points indicate performance for devices annealed after 
electrode deposition. Data is for transistors with channel width and length of 1000 µm and 100 
µm respectively and is an average of at least 5 devices. c) Representative transfer and d) 
output characteristic transistor curves for a MTB4TC11 SAM assembled at 120 °C SAMFET 
and annealed after electrode deposition at 120 °C for 10 h with a channel width and length of 
1000 µm and 100 µm respectively. 

 
To obtain a better insight of the overall quality of SAMs assembled at 120 °C, the SAM/electrode 

interface, and the impact of annealing, SAMs of MTB4TC11 were characterized with near edge X-ray 
absorption fine structure (NEXAFS) spectroscopy. NEXAFS can provide chemical identification of 
specific bonds within SAMs and detailed information about molecular alignment [32]. Substrates with 
MTB4TC11 SAM were half covered with a 3 nm thick gold layer to allow for the characterization via 
NEXAFS of MTB4TC11 SAM with or without gold. After gold deposition, a subset of substrates were 
then annealed at 120 °C for 2 hour to allow the determination of the influence of both gold and annealing 
post gold deposition.  

Carbon K-edge spectra, collected at an x-ray incident angle of 55°, from annealed/unannealed 
versions of MTB4TC11 and Au coated MTB4TC11 are presented in Figure 15a and 15b.  The absorption 
near 285 eV, related to π* C=C orbitals within the quaterthiophene groups, is present in all spectra taken 
from all variants of the MTB4TC11 SAM [33]. Moving to higher x-ray energies we observe a peak at 287 
eV related to R*/C-H σ* molecular orbitals [34]. The orientation and ordering of molecular bonds can be 
assessed by changes in the x-ray absorption as the sample is rotated relative to the incident x-ray beam by 
θ. Difference spectra (90°-20°), from annealed/unannealed versions of MTB4TC11 and Au coated 
MTB4TC11 are also shown in Figure 15a and 15b.   
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Figure 15. NEXAFS C K-edge spectra from unannealed and annealed samples of a) MTB4TC11 on AlOx 

and b) Au coated MTB4TC11 on AlOx. Each figure contains spectra collected at X-ray 
incidence angles of 55° (top traces) along with differences of spectra recorded at 90° and 20° 
(bottom traces). 

 
In all cases, the NEXAFS spectra show a high degree of ordering (positive dichroism) of π* C=C 

molecular orbitals. We have modeled the angle dependence of the π* resonance to calculate the 
orientation of the thiophene units before and after gold deposition using standard procedures. Relative to 
the surface normal, the thiophene tilt angles for unannealed and annealed MTB4TC11 are 29.5° and 30.5° 
respectively. This apparent lack in change of tilt angle seems to indicate that annealing by itself may not 
result in significant molecular reorientation. However, upon depositing gold on top of the MTB4TC11 
SAM the thiophene units became more upright. For the unannealed sample set, the thiophene tilt angle is 
determined to be 26.3°. For the sample set where gold was annealed after deposition on MTB4TC11 
SAM, the thiophene tilt angle is determined to be 24.4°. The SAMs may become more upright when 
covered with gold due to the proposed coordinate bond between sulfur and gold. Additionally, the greater 
change in thiophene tilt angle between pristine SAM and SAM covered with gold (6° and 3° for annealed 
and unannealed respectively) indicates annealing with gold facilitates an interaction between SAM and 
gold. A similar trend with the comparison molecule B4TC11 is also found which may indicate that the 
gold is not limited to interact with just the methyl sulfide functional group but may also interact with the 
sulfur present in the quaterthiophene semiconducting core. The molecular architecture can introduce some 
uncertainty in the angle determination (twist, torsion angles etc). These errors do not apply for systems 
which use the same molecules: MTB4TC11 or B4TC11 (before and after anneal, or before and after gold 
deposition). The error margin comparing within a given molecule set is less than 1 degree.  Comparing 
between datasets we can assume a margin of 2.5 degree. We have some statistics because we use three 
different ratios within the dataset to calculate and we get standard deviations of about 0.2 degrees. The 
rest of the error includes experimental inaccuracies. Errors introduced by data analysis are largely 
eliminated because we use intensity ratios and not absolute values. So small inaccuracies induced by 
normalization cancel out. Overall, this NEXAFS dataset provides enough information to show that 
depositing gold on top of these SAMs results in the thiophenes orienting more upright which is then 
slightly increased with the addition of an annealing step. 

In order to understand the influence of the methylthio functional group a comparison molecule ((11-
(5'''-butyl-[2,2':5',2'':5'',2'''-quaterthiophen]-5-yl)undecyl)phosphonic acid, B4TC11) was used. Comparing 
performance data of B4TC11 to MTB4TC11 allows us to further clarify the advantages and disadvantages 
of the two functional groups. SAMs of B4TC11, MTB4TC11, and MTB4TC12 were assembled on HfO2 
via the heated assembly procedure at 120 °C as described earlier for AlOx. In order to verify the quality of 
SAM, static water contact angle for MTB4TC12 was determined at 77.1° ± 0.3° which is comparable to 
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the data previously reported on AlOx. Additionally, the contact angle of B4TC11 was found to be at 87.3° 
± 0.4° which is comparable to literature data [35]. Furthermore, the rms roughness determined by AFM of 
MTB4TC12 was found to be 0.32 nm further indicating the presence of a quality monolayer on the HfO2 
dielectric platform that is comparable to that of our AlOx platform. 

 
Figure 16. a) Hole mobility with respect to channel length for high voltage SAMFETs with a 

HfO2/300nm SiO2/Si dielectric/gate stack and SAM semiconductors B4TC11, MTB4TC11, 
and MTB4TC12. Performance is indicated if devices are not annealed or are annealed at 
120 °C for 10 h after 50 nm Au electrode deposition.  b) Contact resistance with respect to 
gate-source voltage of high-voltage SAMFETs with HfO2 dielectric stack. 

 
Performance data for the series of fabricated devices can be seen in Figure 16a. Surprisingly, it was 

found that our control molecule B4TC11 yielded a hole mobility of 0.00213 cm2 V-1 s-1 for pristine 
unannealed devices. However, upon annealing the devices at 120 °C for 10 hour after electrode deposition 
the hole mobility was reduced by nearly an order of magnitude. A similar trend was also seen for an even 
lower temperature anneal of 80°C. This reduction in hole mobility seems to indicate that devices with 
only a butyl functional head group have limited thermal stability and that annealing results in damage at 
the SAM/electrode interface. This damage may be caused by diffusion of gold atoms into the SAM 
semiconductor core resulting in disruption of local SAM molecular order that is integral for charge carrier 
transport. Comparatively, our MTB4TC11 and MTB4TC12 devices initially exhibit little to no 
performance without annealing. However, upon annealing after electrode deposition the hole mobility for 
MTB4TC11 and MTB4TC12 increases to 0.00356 cm2 V-1 s-1

 and 0.00737 cm2 V-1 s-1
 respectively. 

Additionally, since MTB4TC11 has better mobility compared to unannealed B4TC11 and about one order 
of magnitude higher hole mobility compared to annealed B4TC11 devices, the influence of the methylthio 
functional group seems to help enhance device mobility as well as increase thermal stability by protecting 
the semiconducting core from being disrupted by the gold electrodes. 

In order to further understand the influence of the SAM functional head group, contact resistance was 
determined using a modified transmission line method [36]. Contact resistance with respect to gate-source 
voltage is shown in Figure 6b. It was found that even though MTB4TC12 exhibited the best device 
performance, the unannealed B4TC11 devices had the low contact resistance. This is reasonable given 
that it has the shortest functional head group of the systems tested. However, as expected, upon annealing 
after electrode deposition the contact resistance of B4TC11 becomes the highest among tested 
architectures. This further verifies that the effect of the methylthio functional group seems to help 
increase thermal stability by protecting the semiconducting core from being disrupted by the gold 
electrodes upon heating.  
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While high-voltage devices in this paper serve to elucidate the importance of device processing and 
design for SAMFETs, real-world applications rely on having low operating voltage devices. Optimized 
processing conditions have been used to fabricate low-voltage MTB4TC12 SAMFETs on a thin HfO2 
dielectric as seen in the insert of Figure 17a. HfO2 is a proven high-k dielectric that has previously been 
used for low-voltage thin film organic transistors [37]. Fabricated metal-insulator-metal junctions of HfO2 
show a low current density of 2.1*10-8 A cm-2 at -3 V and capacitance of 565 nF cm-2 at a frequency of 1 
kHz. However, it is important to take into account the additional capacitance provided by the dodecyl 
alkyl chain of the MTB4TC12 SAM used which is estimated to lower the total capacitance to 408 nF cm-2. 
Low voltage SAMFETs exhibited excellent charge carrier mobility with the best hole-mobility reaching 
0.015 cm2 V-1 s-1 for devices with a channel width and length of 200 µm and 100 µm respectively.  

Figure 17a shows that mobility increases with decreasing channel width/length ratio indicating that 
total contact area is critical to device performance. A similar trend is also seen for high-voltage devices 
and is indicative of performance being limited by resistance within the transistor circuit. As shown in 
Figure 17b and comparable to high voltage SAMFETs, on/off current ratios of 103 are found which stems 
from the reduced off current present in low voltage devices. Additionally, devices are found to have an 
excellent differential between drain-source current and gate-source leakage current at around 102. This 
exemplifies the high quality nature of our sol-gel HfO2 hybrid dielectric as it is currently the highest 
reported value for low voltage SAMFET devices. Representative transfer and output characteristics for a 
device with channel width and length of 200 um and 100 um respectively is shown in Figure 17c and 17d. 

 

Figure 17. a) Hole mobility with respect to ratio of channel width/length for low voltage SAMFET with 
MTB4TC12 SAM semiconductor with insert showing device architecture; Device assembled 
under best conditions with SAM assembly at 120 °C and device annealed at 120 °C for 10 
hours after gold electrode deposition; b) Transistor performance parameters indicating on/off 
current ratio, and difference between drain-source current and gate-source leakage current at -
3 V; Representative transfer (c) and output (d) characteristic transistor curves for a device with 
a channel width and length of 200 µm and 100 µm operated at Vds of -1.5 V. 
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4. Conclusion 
 
In summary, high performance low operating voltage SAMFETs have been fabricated through the 

rational design of a functional SAM head group and processing optimization. The methylthiobutyl 
terminal group of the quaterthiophene based SAM semiconductors has enabled efficient electrical contact 
to Au electrodes while maintaining SAMFET thermal stability. Annealing has been shown to further 
enhance the coordinate bond between SAM and electrode to enable over two orders of magnitude 
increase in charge carrier mobility. Additionally, through the use of heated immersion assembly, SAM 
density has been increased by approximately 30% resulting in another order of magnitude higher charge 
carrier mobility. Low voltage SAMFETs utilizing hybrid HfO2 sol-gel dielectric were then assembled 
under optimized processing conditions to achieve a peak hole-mobility of 0.015 cm2 V-1 s-1. These results 
show the importance of terminal group and processing for SAMFETs and should be generally applicable 
to other SAM semiconductor systems.  
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Prof. Andre-Jean Attias (France PI) 
 
1. Introduction 
 

The desirable properties and increased availability of single- and few-layer graphene have motivated 
interest in interfacing functional molecules and materials to its high surface area basal plane. The surface 
of pristine graphene lacks chemical functionality to allow for covalent modification without interrupting 
its continuous π-orbital system. In contrast, noncovalent functionalization does not suffer from these 
drawbacks and offers a means to tune graphene properties and incorporate molecular recognition or other 
active elements [1,2]. For example, an adsorbed molecular lattice is able to impose a super-period to 
graphene atomic lattice which is considered as a new mean to finely tune its band and sub-band structure 
in view of innovative 2D semiconductor junctions [3]. On the other hand, the principles of 
supramolecular chemistry offer promising routes to design specific molecular assemblies fulfilling the 
needs of functional surfaces by noncovalent functionalization [4-5]. A series of synthesis protocols have 
already been tested employing, e.g. van der Waals force [6]. Recently, we proposed a strategy to form 
“on-demand” noncovalent self-assemblies with predetermined 2D topologies on highly oriented pyrolitic 
graphite (HOPG) at the liquid/solid interface at room temperature [7-8]. This approach is  based on a new 
functional group for surface specific self-assembly at surfaces (‘molecular clip’)[7]. Then, we are able to 
pattern the surface with either flat or functionalized 3D molecules (Janus tectons) leading to nanoporous 
networks [7-8]. In the present project, we proposed to exploit this approach to achieve 'host-guest' 
systems based on (i) a 2D nanoporous organic matrix capable of capturing the inorganic magnetic 
nanocrystals or (ii) the Janus tecton concept as ligands.   

Here we demonstrated that it is possible (1) to extend to graphene the approaches we developed for 
the steered supramolecular self-assembly, and (2) to synthesize building-blocks bearing ligands in view of 
catching nanoparticles. 
 
2. Results and Discussion 
 
2.1.  Supramolecular Self-assembly on Graphene 

(1) First, we confirmed that the concept we developed for steered self-assembly on HOPG works on 
graphene. In Figure 18 bellows are reported, for comparison, the STM images on HOPG and a CVD 
monolayer graphene on polycrystalline Cu of self-assembled honeycomb nanoporous structure. The 
structure is clearly preserved upon changing HOPG for graphene. This very preliminary result indicates 
that our strategy works on graphene leading to similar self-assembly. 
  

 
Figure 18. STM images on HOPG and and a CVD monolayer graphene on polycrystalline Cu of  

self-assembled honeycomb nanoporous structure. 
. 

(2) A general strategy for simultaneously generating surface-based supramolecular architectures on 
flat sp2-hybridized carbon supports and independently exposing on demand off-plane functionality with 

DISTRIBUTION A: Distribution approved for public release.



28 | P a g e  
 

controlled lateral order is highly desirable in view of the noncovalent functionalization of graphene. Here, 
for the first time, we address this issue by providing a versatile molecular platform based on a library of 
new 3D Janus tectons able to form surface-confined supramolecular adlayers in which it is possible to 
simultaneously (i) steer the 2D self-assembly on flat sp2-carbon based substrates with controlled lateral 
order to form periodic patterns and (ii) tailor the external interface above the substrate by exposing a wide 
variety of small terminal chemical groups and functional moieties [10]. The results are reported in Figure 
19.  
 

 
Figure 19. Self-assembly on graphene. Drift-corrected STM images obtained: (a) in air on a monolayer 

graphene substrate grown by chemical vapor deposition on a polycrystalline copper foil 
showing the alveolar graphene atomic structure (2.2x2.2 nm, setpoint lT=110pA, sample bias 
VB= -350 mV), and (b,c) at the interface between this substrate and a 10-4M solution of Janus 
tectons in phenyloctane (b: 58x58 nm, set point lT =20 pA, sample bias VB=-950 mV; c: 
34x34 nm, lT =13 pA, VB=-950 mV). Images (a) and (b) were acquired in the current (i.e. so-
called constant height) mode, whereas image (c) was acquired in the height (i.e. constant 
current) mode to show the substrate roughness. A unit cell corresponding to the lattice formed 
on HOPG (a=3.84 nm, b=2.08 nm, and a=648) is highlighted in c) (green arrows). 

 
First, the atomically resolved alveolar structure of graphene was observed by STM, without 

application of the Janus tecton solution Figure 19a. Then, images were acquired, at the interface between 
the graphene and the Janus tecton solution, Figure 19b,c. Although the imaging conditions are less stable 
than for HOPG, the molecular network is clearly observed through the conjugated function of the Janus 
tectons, with lattice parameters compatible with those obtained on graphite. Strikingly, the monolayer 
domains extend over rough areas and protrusions on the substrate imposed by the polycrystalline copper 
carrier material (as shown by Figure 19b, which was acquired over a particularly rough surface area). This 
shows, first, that the top-most atomic layer is able to efficiently drive the self-assembly and, second, that 
the graphene foil provides a long-range crystalline structural coherence that extends far beyond the carrier 
material defects, thus permitting well-orderd self-assembly into rather large single domains. The stability 
of the monolayer under ambient conditions was assessed to be similar to as on HOPG. 

The reported strategy is expected to be applicable generally for generating self-assembled Janus 
tectons  exhibiting on demand functionalization applications in various fields such as catalysis, electronics, 
photonics, biology etc. 
    To conclude, the successful self-assembly on graphene of periodic structures is expected to strongly 
influence the resulting band structure and to allow the control of the electronic properties of graphene. 
These results are important in view of fabrication of graphene based transistors. Moreover, the long range 
lateral order achieved by self-assembly on graphene provides a rational and reproducible surface 
functionalization, a necessary requirement. Finally, he possibility to transfer the graphene monolayer onto 
various substrates, considerably expends the domains of application of our noncovalent functionalization 
strategy. 
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2.2.  Synthesis of Building Blocks bearing Ligands 
(a)  In order to functionalize the cavities of the nanoporous networks, first the following building-

block bearing a ligand with a terminal acid group was synthesized. The self-assembly of the tectons 2CA 
was investigated by STM at the interface between HOPG and a phenyloctane solution, at room 
temperature. The typical STM images are reported in Figure 20. 
 

 
 

 
 

2CA 
 

 
 
Figure 20. STM images of the tecton 2CA self-assembled on HOPG. a) (VB = -965 mV, lT = 17 pA, 

90x90 nm²), b) (VB = -877 mV, lT = 17 pA, 30x30 nm²). 
 
 

(b) In order to extend the concept of Janus tecton to catch magnetic nanoparticles, here we synthesize 
and adsorb on HOPG and graphene building blocks bearing a ligand to the upper deck of the pillar in 
order to promote ligand exchange. 

OC10H21OC10H21

OC10H21 OC10H21

O

O
HO2C

CO2H
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Janus 3D tecton exhibiting magnetic properties 
 
To achieve this objective, the following Janus tecton bearing a ligand with a terminal acid group was 
synthesized. 
 

C10H21O

C10H21O

OC10H21

OC10H21

S
S

O

TJ3

HO2C

 
 
 

The self-assembly of this tectons was investigated by STM at the interface between HOPG and a 
phenyloctane solution, at room temperature. Figure u shows a typical STM image deposited on graphite 
and reveals that this 3D tecton forms a well-ordered adlayer on HOPG surface. The estimated unit cell 
dimensions are a=2.1nm, b=3.9nm and α=70°. These values are in accordance, within experimental errors, 
with those obtained previously for other Janus tectons. 
 

 
 
 Figure 21. (a) STM image of Janus tecton TJ3, c = 5.10-5 M (VB = -688 mV, lT = 20 pA, 28x28 nm²), a = 

3,9 nm, b = 2,1 nm et α = 70°. 
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2.3. Adsorption of Nanoparticles  
As models we used platinum (Pt) nanoparticles capped with octylamine (C8NH2), synthesized in the 

Christophe Petit’s group at UPMC. They are mostly spherical and characterized by a mean diameter of 
around 2 nm. The attempts of characterization of the adsorbed nanoparticles by STM were unsuccessful. 
To avoid this drawback, current works deals with the characterization by scanning electron microscopy. 
Preliminary results (Figure 22) indicate that it’s possible to catch the nanoparticles in the nanoporous 
network resulting of the self-assembly of molecule 2CA. Further investigations are in progress. 
 
 

 
 

Figure 22: Scanning electron microscopy. Image of nanoparticles trapped in the nanoporous network  
resulting of the self-assembly of molecule 2CA 

 
4. Conclusions 
 

First, we demonstrated that we are able to self-assemble tectons able to form nanoporous networks on 
graphene. Moreover, the successful self-assembly on graphene of periodic structures is expected to 
strongly influence the resulting band structure and to allow the control of the electronic properties of 
graphene. These results are important in view of fabrication of graphene based transistors. 
Second, we are able to synthesize tectons (planar or 3D) bearing ligands in view of catching nanoparticles 
in the cavities of the nanoporous networks. Finally, if STM is not an adequate technique for the 
observation of the nanoparticles, preliminary results have been obtained by scanning electron microscopy 
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