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An unprecedented air-stable, n-doped graphene field-effect transis-
tor (GFET) with exceptionally enhanced mobility (500%), and con-
comitantly increased current density (~10° A cm ™), using lanthanide
macrocyclic complexes [Ln(L;)(NOs)s] (where Ln = La (1) or Ce (2)) is
demonstrated. Such n-doped GFETs (n-GFETSs) exhibit ambient stabi-
lity for up to 7200 h, attributed to the inherent robustness of 1 and 2.
Achieving stable and symmetric n-GFETs is mutually exclusive and
elusive, underlining the significance of both high stability and sym-
metric electron- and hole-currents illustrated here. Interestingly,
the influence of C—H---r interaction for the non-covalent charge-
transfer between the dopant and GFET is established experimentally
for the first time and strongly corroborated through computational
investigations. Besides stabilizing n-doped GFETs, the C—H. - -r inter-
action unravels a previously unknown direction for electronic tuning
of graphene. Importantly, spatial selectivity is achieved through sub-
monolayer coverage (0.5-3.0 molecules per pm?) of the dopants
using the femtojet dispensing route. This approach is synergistically
combined with the air-stability of n-GFETs to realise complementary,
bottom-gated logic inverters exhibiting the highest gain of 0.275
(at 2 V) and lowest power dissipation (~30 pW), to realise next-
generation molecular electronic devices.

Introduction

Engineering electrical transport through monolayered graphene
has been a persistent challenge, limiting its application for
developing molecular electronic devices.' This demands tailoring

Ashwini S. Gajarushi,* Mohd Wasim,:® Rizwan Nabi,® Srinivasu Kancharlapalli,”
V. Ramgopal Rao,® Gopalan Rajaraman,

*© Chandramouli Subramaniam @2 *® and

*D

Conceptual insights

We demonstrate an unprecedented route to n-doped graphene through
discrete inorganic lanthanide macrocylic complexes for achieving air-
stable (>7200 h) graphene field-effect-transistors (GFETs) with sym-
metric transconductance (8 pS) and high operational current densities
(10> A cm™?). In contrast to the conventional ©- - -x mechanism of charge-
transfer, the lanthanide-macrocyclic complexes exhibit strong C-H-- -1
interactions with graphene, leading to a sharp and stable negative shift in
the Dirac point. Such a mechanism of interaction is reported for the first
time and is critical to achieve n-doped GFETs. Thus, the practical
applicability of such n-doped GFETs is illustrated through a higher-
order graphene-based logic inverter providing a voltage gain of 0.275 at
2V at low power dissipation (~30 pW), presenting a paradigm shift over
earlier bottom-gated FETs. The exceptional results present a combination
of novel materials and approaches that lead to significantly improved
results for varied applications ranging from molecular electronics to
OLEDs. This study is therefore expected to trigger the exploration of
other fundamental supramolecular interactions in controlling the transport
properties of GFETS.

the Dirac point to achieve ambipolar charge transport in
graphene, without compromising its mobility and carrier con-
centration, aspects challenging to achieve in spite of recent
advancements in doping and confinement techniques.>”® Alter-
nately, charge-transfer based doping of graphene, predominately
mediated through m-mn interactions, provides ease of solution
processability and induces minimal structural defects.””"> How-
ever, poor control over doping density, uniformity and limited
stability under ambient conditions restricts practical applicability
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of such non-covalent doping routes. Even though n-n stacking
on graphene is a well-accepted mechanism, the importance of
other potential charge-transfer mechanisms such as C-H-- -«
and n-n* is non-existent in the literature.

In contrast to the organic dopants, discrete inorganic mole-
cules offer excellent air-stability and well-structured molecular
energy levels (HOMO and LUMO) and hence are expected to
interact strongly with graphene. Despite this advantage and the
ease of modulating the C-H: - -m, n-n* interactions with graphene,
using inorganic dopants has never been investigated. Such systems
are expected to provide greater air-stability and superior perfor-
mance through tuning of energy levels and thus provide access to
higher order molecular electronic devices.

In this communication, we demonstrate the use of two, well-
defined, air-stable lanthanide macrocyclic complexes [La(L;)(NO3);]
(1) and [Ce(L;)(NO3)3] (2) (Where macrocyclic ligand L, = 7,11:20,24-
dinitrilodibenzo[b,m][1,4,12,15] tetraazacyclodocosine) that trans-
form pristine GFETSs to ambipolar, stable n-GFETs with exceptionally
enhanced mobility (~900 cm® V' s7') and charge carrier
concentration (~10" cm™?). These values achieved on doped
GFETs are respectively 500% and 15% higher than undoped
GFETs. An innovative approach based on femtojet dispensing
enables direct molecular level doping of individual GFETs in a
densely packed array using 1 or 2. Such an approach, employed
for the first time, is inspired from biomedical in vitro investiga-
tions and hence offers distinct advantages over the existing
doping technologies.” "> The doped GFETs exhibit exceptional
ambipolarity (hole-current ~ 800 pA; electron current ~ 700 pA)
with symmetric transconductance (~ 8 uS) for both electrons and
holes, which is extremely scarce in the literature. Furthermore,
the doping achieved is invariant for over 7200 h (~10 months)
under ambient conditions, attributed to the air-stability of 1
and 2. The spatial controllability of doping enables the syner-
gistic combination of complementary n-doped and p-doped
GFETs at adjacent positions in the same array to realise logic
inverters. Such bottom-gate GFET-based inverters exhibit the
highest reported gain of 0.275 at a drain voltage (Vpp) of 2 V,
signifying a 100 times lowering in power dissipation (~30 uW)
compared to the previous reports.”'%'>'® Such rectification
characteristics obtained by combining molecular-level doping
of 1 or 2 with spatial selectivity provide transformative oppor-
tunities for realizing next-generation robust electronic devices
and logic operators, indicating the superiority of such inorganic-
based dopants (1 and 2).

Results and discussion

The reaction of one equivalent of Ln(NO);-6H,0 (where Ln = La
or Ce) in the presence of two equivalent of 2,6-pyridinedi-
carboxaldehyde (PC) and o-phenylenediamine (PD) in methanolic
solution, followed by crystallization in dimethylformamide,
results in yellow coloured single crystals (Scheme S1, ESIT).
X-ray structure determination reveals the general molecular
formula as [Ln(L,)(NO3);] (where Ln = La (1) or Ce (2), Fig. 1,
Fig. S1, and Tables S1 & S2 of the ESIf). A detailed structural
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Fig. 1 (a) Representative crystal structure for the molecular dopant 1 or 2.
(b) Schematic representation of back-gated GFET devices and the femtojet
based doping route adopted. (c—d) Electrical characteristic of pristine
GFETs (black lines), and GFETs doped with 1 and 2, respectively indicating
their doping behaviour and stability. (e and f) Time-dependent variation of
the Dirac point and electron—hole transconductance for GFETs upon doping
with 1 and 2, respectively. The error bars are estimated from measurements
across 20 n-GFETs.

description of 1 and 2 is given in the ESIL.{ Both the complexes
(1 and 2) retain their solid-state structure in solution, as con-
firmed by Matrix assisted laser desorption ionisation time-of-
flight (MALDI-ToF) mass spectrometry (Fig. S2, ESIt).

As reflected from Fig. 1a, the presence of nitrate ligands
above and below the plane of L; and lack of planarity in L,
in both 1 and 2 are likely to dictate the nature of molecule-
graphene interactions. In order to gain insight into this, the
electrical properties of bottom-gated GFETs were investigated
(fabrication details in the ESIt). As-fabricated pristine GFETs
exhibit p-type behaviour (Dirac point > 0 V, hole mobility ~
800 cm?> V' s, electron mobility ~ 200 cm® V™' s™*) and low
carrier concentration (~ 10" ¢m™?) in ambient conditions,
compared to pristine GFETs measured under vacuum.' Such
p-type characteristics originate from the non-specifically adsorbed
0, and H,O species on GFETs under ambient conditions.'®
Doping was carried out by dispensing 10> mL acetonitrile
solution of either 1 or 2 (30 pM and 6 uM, respectively) over
spatially selected arbitrary locations of pristine GFETs (Fig. 1b).
Consequently, a remarkable shift in the Dirac point towards
negative gate voltage (Vy ~ —26 V for 1 and —23 V for 2) along
with a concomitant and distinct, irreversible change from uni-
polar to ambipolar characteristics is observed. The estimated

This journal is © The Royal Society of Chemistry 2019
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hole and electron transconductance produced by 1 and 2 (7.5 pS
and 7.6 pS for 1 and 8.6 uS and 6.7 pS for 2, respectively) reveals
an ambipolar nature, which is in complete contrast to GFETs
before doping (Table S3, ESIT). We note that the stabilisation of
the Dirac point occurs ~10 h after the introduction of dopants
on to the GFET surface (Fig. 1e and f). The transfer characteristic
measurements (Fig. 1c-f) were carried out on the same devices
preserved under ambient conditions over a period of 10 months.
The devices are not subjected to any thermal annealing or
performance-recovery steps, in contrast to other reports.”!*

We postulate that the observed scenario is presumably due
to the dynamics and timescale of interaction between the
dopant and the GFETs to attain the energetically favourable
global minimum conformation, which is consistent with the
theoretical investigations (vide infra). Importantly, the inherent
ambient-stability of 1 and 2 is critical to realise stable n-doped
GFETs which is further reflected from the invariant transfer
characteristics over a duration of 10 months (7200 h, Fig. 1).
The stability of n-GFETs achieved here is predominantly due to
the large binding energy of 2 on GFETs (—1880 meV) as com-
puted through density functional theory. Such a large binding
energy (Epinaing) is at least one order of magnitude higher than
other common dopants available under ambient conditions
such as O, and H,O0 (vide infra). In addition, the dopants 1 and
2 exhibit excellent thermal stability under ambient conditions
(up to ~350 °C) which presents a substantial improvement in
processability over other dopants (Fig. S3, ESIt). Importantly,
the invariant characteristics of n-GFETs are further confirmed
through measurements carried out under different conditions
(thermal stability, relative humidity and time-dependent stabi-
lity provided in Fig. S4, ESI}). Thus, the observation of a stable
Dirac point over a period exceeding 10 months is attributed to
the combination of (a) stability of the dopant 2 and (b) unpre-
cedentedly high adsorption energy of 2 on GFETs (vide infra).
Furthermore, the injection of dopants is carried out through
precise femtojet dispensing over a scalable array of isolated
GFETs (Fig. 2a and b).

Such simultaneous, stable n-doping and manifestation of
ambipolarity under ambient conditions with graphene mono-
layers overcomes the major challenge of achieving stable
n-doped graphene. The ambipolar nature of the n-doped GFETs
originates from the synergistic effect of dopant suppression by
the bottom-gate configuration employed. This also explains the
hysteresis in the transfer characteristics observed, since the
bottom-gate configuration is ineffective in screening the effect
of ambient humidity from the GFET channel (Fig. S5, ESI}).

The permanent n-doping of the GFETs achieved with 1 or 2,
along with improved and symmetric charge mobility and carrier
concentration strongly implies a charge-transfer based non-
covalent interaction with graphene. Significantly, the current
density measured on our back-gated GFETs (~10° A cm™?) is
five orders of magnitude higher as compared to previous reports
and is comparable to top-gated hierarchically assembled hetero-
structured devices.'®'® Conventionally such interactions are
predominantly mediated through n-n stacking with volatile
organic dopants,” > leading to poor stability and unreliable

This journal is © The Royal Society of Chemistry 2019
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Fig. 2 (a) Optical image of arrays of GFETs. (b) SEM image of GFETs.
(c) Raman mapping of pristine GFETSs. (d) Raman mapping of GFETs func-
tionalized with 1. (e) Raman spectra of pristine GFETs (black) and GFETs
functionalized with 1 and 2. (f) XPS spectra of the pristine GFET, 2 and
GFETs functionalized with 2 in the C1s region.

device characteristics. However, we note that the unique axial
arrangement of the nitrate ligands with respect to the equatorial
plane of L, in 1 or 2 plays a vital role in hindering such direct
n-1 interactions. Therefore, the charge-transfer to graphene is
more likely to be mediated either through the nitrate ligands or
by some other means (vide infra). Several control experiments
were conducted to experimentally pinpoint the origin of such
charge-transfer interactions. The doping characteristic of GFETs
with both 1 and 2 is unchanged, irrespective of the electronic
configuration of the lanthanide ions. Similarly, Ln(NOj3);-6H,0
(where Ln = La or Ce) and neat solvents were not observed to
produce any change in electrical behaviour of GFETs. This
implies that the central metal ion and the solvent do not directly
participate in the interactions and are not responsible for the
observed transport phenomenon (Fig. S6, ESIT). These observa-
tions unambiguously emphasise the importance of the unique
structural arrangement of 1 and 2 for realising an electronic
structure conducive for efficient n-doping of GFETs. This obser-
vation is in stark contrast to other existing literature reports
where dopant-concentration and processing conditions dictate
the final characteristics of GFETs.”**> Moreover, such dopant
behaviour is achieved at single molecular, sub-monolayer sur-
face coverage of the dopant (2.85 molecules per um? for 1 and
0.61 molecules per pm” for 2). Achieving such doping of graphene
with inorganic macrocyclic complexes (1 and 2) is totally unpre-
cedented in the literature and underlines the significance of the

Mater. Horiz.,, 2019, 6, 743-750 | 745
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structure-property correlation between the dopant and graphene.
The nature of the interactions between the dopant and pristine
GFETs upon functionalization and the associated changes in
electronic structures are experimentally validated through micro-
Raman spectroscopy and X-ray photoelectron spectroscopy (XPS,
Fig. 2). Raman spectra of undoped GFETs (Fig. 2e) indicate
a highly crystalline ordered phase with a prominent G-band
(1596 cm ™) and 2D band (2686 cm™*)."*>* The complete absence
of the disordered D-band along with a I,p/I; ratio of 1.65 indicates
monolayer, defect-free graphene which is confirmed through
Raman spectral mapping (Fig. 2¢, d and Fig. S7, ESI{).>>?*

Upon adsorption of 1 or 2, the Raman spectra exhibit
prominent down-shifting of the G-peak along with simulta-
neous stiffening of the vibrational mode as observed by the
lowering of FWHM (22 cm ™" for 1 and 14 cm ™ for 2, Fig. 2e).
Furthermore, the magnitude of the shift in the G-band (16 cm ™"
for 1 and 8 cm ™" for 2) and 2D-band is identical confirming the
charge-transfer from the complex to graphene.'*° Importantly,
the symmetry-forbidden D-band of graphene is minimized after
doping, indicating weaker n-n interactions compared to con-
ventional aromatic dopants (Fig. 2e).**

The absence of any intensity change in the G-band confirms
the absence of any electron delocalization through n-n inter-
actions. This is in excellent agreement with the theoretical
finding that C-H- - -n interactions dominate the charge-transfer
between 1 or 2 and graphene (vide infra). The massless fermions
on graphene undergo ballistic transport leading to its ultra-high
sensitivity towards any form of electronic perturbation.>® This is
critical in achieving uniform doping at sub-monolayer coverage
over GFET channels that are at least 10* times larger than
molecular dimensions, as confirmed through Raman spectral
mapping carried out over the entire GFET (Fig. 2c-d).

These observations are substantiated through XPS. Pristine
GFETs exhibit the characteristic peak at 284.4 eV, attributed to
C1s of graphene. Similarly, the C1s of 2 exhibits the presence
of the characteristic C1s peak (284.4 eV) along with a higher
binding energy component at 286.3 eV originating from
electron-deficient carbon (imino carbon) in the macrocyclic
ligand of 2. Upon doping, concomitant disappearance of this
higher binding energy peak along with the appearance of a new
peak at lower binding energy (282.8 eV) is observed in addition
to the characteristic C1s peak (284.4 eV). The appearance of the
low binding energy peak upon immobilization of 2 on GFETs
indicates the charge-transfer mediated n-doping of GFETs by 2
(Fig. 2f).

To further confirm the realignment of energy levels upon
doping of pristine GFETs with 2, detailed Kelvin Probe Force
Microscopy (KPFM) measurements were carried out (Fig. 3).
The work-function (¢) of the pristine GFET and n-GFETs was
estimated as

¢sample = ¢tip — eVerp

where @sample and ¢y, refer to the work-function of the sample
and the tip (respectively), e is the electronic charge and Vcpp
represents the contact potential difference (CPD) between the
sample and the tip. Consequently, the CPD estimated through
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Fig. 3 (a) AFM topography of the channel region of the pristine GFET.
(b) Corresponding height profile and the contact potential difference
profile. (c) AFM topography of the channel region of GFETs functionalized
with 2. (d) Corresponding height profile and the contact potential differ-
ence profile.

these measurements exhibits a distinct increase from 61.5 mV
for the pristine GFET to 188.3 mV for n-GFETs (Fig. 3b and d).
The corresponding decrease in ¢ is estimated to be 0.2 eV upon
doping, confirming the n-type doping of the GFET by 2.°
Finally, the topographical profile extracted from these measure-
ments indicates an increase in the surface roughness, implying
the immobilization of 2 on the GFET surface (Fig. 3a, ¢ and
Fig. S8, ESIT). Thus, the observed change in electrical properties
of the pristine GFET upon doping is exclusively attributed to
the dopants (1 or 2).

The unconventional, yet versatile doping approach (dispensing
ultra-low volumes using femtojet) facilitates selective doping of
devices at arbitrary locations with a high spatial precision and
accuracy. Thus, we demonstrate that one specific micro-scale
device with an area less than 0.05 mm?” can be selectively doped
in an ensemble of 150 devices covering an area of ~20 mm?
providing a spatial precision of ~10°® (Fig. 2a and b).

To understand the molecular origin of the experimental
observations, DFT calculations were performed using the Vienna
Ab initio Simulation Package (VASP) using the PBE functional
on complex 2 using supercells with 210 carbon atoms.*®™>®
(See Fig. 4a and the ESIt for additional details). To study the
adsorption of 1 and 2 on both pristine graphene and Stone-
Wales defected graphene surfaces, we considered three different
modes of adsorption for each with complexes interacting
through two, one and zero nitrate groups (Fig. S9, ESIt). The
relative energies of the optimized structures reveal that a favour-
able interaction exists between the graphene surface and the
molecule with more exposed nitrate groups. Initial calculations
were performed on pristine graphene (see the ESIt for details)
and later possible Stone-Wales defects on graphene were taken
into consideration based on the Raman spectra of pristine
GFETs (Fig. 2e).

This journal is © The Royal Society of Chemistry 2019
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Fig. 4 (a) Optimized structure of 2 on Stone—Wales defected graphene (dotted lines show n—n and —CH- - -t interactions). Distances listed on panel a are
in Angstroms. (b) Decomposed density of state (DOS) of Stone—Wales defected graphene before (red trace) and after (blue trace) the adsorption of 2.

(c—e) HOS, SOS, and LUS of 2 represented in panels, respectively.

In line with experimental observations, we have optimized
2 adsorbed on the Stone-Wales defected graphene surface
(Fig. 4a). The binding energy (Epinging) computed here is
—1880 meV suggesting favourable adsorption compared to
the binding energies computed on the defect free graphene
sheet earlier. Due to the presence of the five membered ring on
the Stone-Wales defected surface, adsorption of 2 on the sur-
face leads to significant structural distortion in the graphene
substrate. In fact, the computed large Epinqing implies that
n-doping of GFETs is an energetically favourable process that
overcomes the influence of other p-dopants such as oxygen and
water. This explains the stable n-doping of GFETs by 2. A direct
comparison of the Epinging With other common dopants”>°~° is
given in Fig. 5. The binding energies presented here are com-
puted using a slightly different approach involving different
functionals in comparison to 2. In spite of this, the magnitude
of the difference between 2 and other dopants is very signifi-
cant implying that different exchange correlation functionals
are unlikely to alter the trend. The absolute value of binding
energies is provided here for comparative purposes. Such an
Ashby plot indicates the unique solitary position occupied by
2 due to its strong binding energy in comparison to other
common dopants. This further highlights the significance of
employing air-stable inorganic molecular dopants to control
the transport properties of graphene.

In particular, to avoid strong electrostatic repulsion with the
molecules, the graphene surface tends to create a cavity around
the molecule and this deformation of the surface is in fact
favourable, as it is formed around one of the five membered
rings. Due to this distortion, the molecule is found to approach
closer to the surface with the closest atom-atom contact
estimated to be 2.688 A, much closer than that determined
for the defect-free surface. Besides, the number of C-H- - -x and

This journal is © The Royal Society of Chemistry 2019
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Fig. 5 Comparison plot of computed binding energies for different
dopants (oxygen,?®3 water,>*2 ammonia,®*3* pyridine,” polyvinyl alcohol
(PVA),*® poly-4-vinyl pyridine (P4VP)’ 4-(1,3-dimethyl-2,3-dihydro-1H-
(benzoimidazol-2-yl)phenyl)dimethylamine (NDMBI)*® and complex 2
on the graphene surface.

n-1 interactions enhanced, leading to stronger binding of the
molecule on the surface, rationalizing the unchanged transport
properties of GFETs for a prolonged time-frame. We would like
to stress here that the optimized structure of the free standing
Stone-Wales defected graphene layer maintains its planarity
absolutely, while the distortion on the Stone-Wales defected
graphene layer is introduced only upon adsorption of the
molecule. From the computed density of states (DOS) plots
(Fig. 4 and Fig. S10, ESI}), it can be observed that in the case
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of graphene, the Dirac point and the Fermi level are coinciding.
However, in the case of 2 adsorbed on Stone-Wales defected
graphene, the Fermi level is found to be shifted towards
the conduction band and the Dirac point is located around
0.26 eV below the Fermi level, rationalizing the observed n-type
behaviour.

The decomposed DOS (Fig. 4b and Fig. S10, ESIf) shows
significant contribution from complex states near the Fermi
level along with the n* states from graphene. The overlap
between the complex states and graphene (n*) states indicates
the possible charge-transfer between the complex and the
substrate which induces the observed n-type character of the
composite. The band decomposed charge density iso-surface
plots indicate that the highest occupied state (HOS) mainly
results from the graphene n states and the single electron
occupied state (SOS) and the lowest unoccupied state (LUS)
are contributed by both the graphene surface and 2 (Fig. 4c-e).
These plots reveal that the electron density obtained from the
molecules particularly those of aromatic rings is found to
possess depleted density as these groups are responsible for
electron transfer from these parts of the ligand to the graphene
surface.

Theoretical studies suggest that doping 2 on GFETs induces
structural distortions of the graphene layer leading to a low-
ering of aromaticity of GFETs. This surface response upon
adsorption is expected to take place slowly and this is one of
the possible reasons why the as-fabricated device does not show
strong n-type character immediately after doping, while a
strong n-doped effect is visibly noticed after a few hours. This
structural distortion presumably either facilitates the desorp-
tion of O,/H,0 or prevents further adsorption of O,/H,O after
achieving the n-type doping. The n-doping effect of 2 is unlikely
to be overcome in either of these situations, as substantiated by
measurements carried out at relative humidity levels of 90%
(Fig. S4, ESIt) which further proves the strong interaction of 2
with GFETs.

The air-stability and unique doping techniques are com-
bined to demonstrate complementary graphene inverters that
are composed of the 1-doped GFET providing the n-channel
(n-GFET) and the pristine GFET acting as the p-channel
(p-GFET, Fig. 6a). This is in contrast to other reports that utilize
different dopants for achieving n- and p-characteristics.”** In
spite of this, we clearly observe complementary performance
from both the channels. Positive V;, results in forward bias of
the p-GFET leading to signalling between Vpp, and the ground
(Fig. 6b). Similarly, a negative bias provides inverter action by
selectively opening the n-GFET channel (Fig. 6b). The maxi-
mum voltage-gain (Vou/Vin) achieved by such an inverter is
0.275 and is achieved at a V;, of —5 V and a Vpp, of 2 V (Fig. 6¢).
However, the inverter exhibits hole dominated behaviour at
lower Vpp (<1 V) resulting in a voltage gain of ~0.1 at a V;, of
5 V (Fig. 6c¢). This reinforces the ambipolarity of the device,
thereby providing facile control over the gating characteristics
with both types of charge carriers. The voltage gain obtained at
a Vpp of 2 V (0.275) is four times higher than the obtained Vpp,
value of 0.5 V (0.067).
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Fig. 6 (a and b) Schematic representation of the GFET inverter and

its circuit diagram, respectively. (c) DC transfer characteristics of GFET
inverters at different Vpp.

The n-doping being stronger and significant produces a
stronger shift in the Dirac point, compared to the ambient
p-doping, therefore resulting in the V;, of the inverter being
located closer to the Dirac point of n-doped GFETs. Thus, the
highest gain-point observed from such an inverter configuration
is at —5 V with an offset of ~10 V. This value is among the
highest reported for bottom-gated inverters.”'*'>'* In addition,
the approach to realizing such hierarchically assembled inverters
at arbitrary pre-defined positions provides a transformative
opportunity towards realizing molecular-based electronic and
spintronic devices.*”*®

Conclusions

To conclude, we have demonstrated molecular level doping
of graphene with 1 or 2 to realize n-type GFETs exhibiting
extreme air-stability for over 10 months, without compromising
their hole-electron transconductance (~ 7-8 uS), mobility
(~900 em” V™' s7") and carrier concentration (~10"* cm™?).
These performance indicators pertain to one of the highest
levels achieved thus far, indicating the robustness of the
approach and the importance of inorganic dopants. The impor-
tance of the molecular structure of the dopant towards realizing
such performance is demonstrated through both experimental

This journal is © The Royal Society of Chemistry 2019
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and theoretical insights. The observed time dependent stabili-
zation of stable n-doped GFETs was rationalized through
detailed theoretical studies. Such investigations underline the
importance of C-H---m interactions in tuning the electrical
properties of two-dimensional materials, in contrast to the
conventional knowledge of n-m based interactions. Finally,
demonstration of inverters operational at 100 times lower
power requirements (compared to existing reports) is expected
to catalyse the practical realisation of molecular-based electro-
nic devices.
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