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Abstract

Observations of superconductivity and charge density waves (CDW) in graphene have been
elusive thus far due to weak electron—phonon coupling (EPC) interactions. Here, we report a
unique observation of anomalous transport and multiple charge ordering phases at high
temperatures (77 ~ 213K, T, ~ 325K) in a 0D—2D van der Waals (vdW) heterostructure
comprising of single layer graphene (SLG) and functionalized (amine) graphene quantum dots
(GQD). The presence of functionalized GQD contributed to charge transfer with shifting of the
Dirac point ~ 0.05 eV above the Fermi level (ab initio simulations) and carrier density

n~ —0.3 x 10'2 cm~2 confirming p-doping in SLG and two-fold increase in EPC interaction
was achieved. Moreover, we elucidate the interplay between electron—electron and
electron—phonon interactions to substantiate high temperature EPC driven charge ordering in
the heterostructure through analyses of magnetotransport and weak anti-localization (WAL)
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framework. Our results provide impetus to investigate strongly correlated phenomena such as
CDW and superconducting phase transitions in novel graphene based heterostructures.

Supplementary material for this article is available online

Keywords: graphene, graphene quantum dots, heterostructure, charge ordering,
Raman spectroscopy, low temperature transport, ab initio simulation

1. Introduction

Emergence of charge ordering and charge density wave
(CDW) phase transitions in intercalated and bilayer graphene-
based systems have generated a great deal of interest in recent
years due to their fundamental importance [1-3]. Graphene
presents a remarkable opportunity to investigate such CDW
phase transitions in low-dimensional carbon materials thanks
to its unique Dirac-like linear band dispersion. Essentially,
CDW can be characterized as a sudden appearance of a peri-
odic modulation in electron density accompanied by lattice
distortions in low-dimensional materials [1, 2]. In layered
materials such as transition metal dichalcogenides (TMDC)
and high temperature cuprate superconductors, both CDWs
and superconductivity were reported to appear as a con-
sequence of reducing symmetry to reach the ground state [4—
6]. Hence, discerning the intimate connection between the
competing superconductivity and CDW phases is a fascinating
problem in this domain. In graphene, a CDW is closely related
to the doping or intercalation primarily attributed to its Dirac-
like band dispersion at the K-point in the first Brillouin zone
(BZ), giving rise to a special Van Hove Singularity (VHS), res-
ulting in a kink in the density of states (DOS) at the Fermi level
[2, 3, 7]. The fundamental idea is to enhance the much weaker
electron—phonon coupling (EPC) in graphene, through inter-
calation or doping, enough to observe such CDW instabilities
at very low energies [8, 9]. Recently, it was shown that the
creation of a Moiré pattern between two graphene sheets gen-
erates a magic-angle superlattice and forms a flat band with
bandwidth on the order of 10 meV whose carrier density can
be tuned by electrical gating to show superconductivity [10].
Hence, formation of such a flat band at very low energies
through structural modifications and doping in graphene can
be crucial for observation of CDW and superconducting phase
transitions as well. Moreover, van der Waals (vdW) hetero-
structures fabricated with graphene and other two-dimensional
(2D) materials (e.g. h-BN, MoS,, WS,) were found to have
properties such as high carrier mobility electronic transport,
valleytronics and ultrafast charge transfer carrier dynamics
[11-13]. In recent years, novel vdW heterostructures with
quantum dots on graphene and other 2D materials (MoS;)
have demonstrated charge transfer properties [14]. N-doping
in MoS; was shown due to addition of the functional GQDs
[15] while electrical polarization induced ultrahigh responsiv-
ity photodetectors based on graphene and graphene quantum
dot have been reported as a result of efficient interfacial
charge transfer process between the two materials [16]. Hence
it is expected that a combination of graphene with GQD

could potentially enhance the EPC for observation of novel
temperature dependent phase transitions including CDW and
superconductivity. Here, we report on such a 0D-2D vdW
heterostructure comprising of a single layer graphene (SLG)
and functional (amine) GQD showing anomalous transport
behavior and possible charge ordered phase transitions at high
temperatures. Furthermore, using ab initio simulations, low
temperature Raman spectroscopy and electrical transport, we
elucidate the mechanism that is intricately tied to interfacial
charge transfer and doping, EPC, electron scattering, thermal
and anharmonic effects within the two interacting materials.

2. Methods

2.1. Sample preparation

Commercially available easy transfer single layer graphene
sample from Graphenea was purchased, was transferred on to
Si/Si0; substrates with thickness 285 nm using wet transfer
method following their standard prescribed protocol [17]. To
prepare the amine functional graphene quantum dots, at first
graphene oxide sheets (GOS) were prepared using modified
Hummer’s method from finely coarse graphite powder. Then,
5 ml of GOS solution (Img ml~! loading), 5 ml of de-ionized
water and 3 ml of ammonia solution was added together and
mixed in a beaker with constant stirring for 30 min. This result-
ant solution was transferred to a Teflon-lined autoclave and put
inahotoven 150 °C for 5 h in order to carry out a hydrothermal
reaction. After the completion of the reaction, the autoclave
was taken out of the oven and kept aside to bring down the
solution to room temperature. Afterwards the large fragments
of the quantum dots were removed by filtering using a 0.22
pm anopore inorganic membrane (Anodisc TM, Whatman).
Furthermore, the filtered solution was heated up to ~ at 80°C
for 1 h to remove the excess ammonia content. Finally, ultra-
filtration was carried out using a centrifugal filter device with a
10 kDa molecular weight cut-off membrane (Sartorius) to filter
out the unwanted small fragments and achieve a uniform size
distribution of the functional quantum dots [18, 19]. Finally,
the composite heterostructure, graphene-GQD (H) sample was
prepared by thinly spin-coating the functional GQD on top
of pre-transferred single graphene over 285 nm Si/SiO, for
Raman measurements. The spin coating was carried out for
1 min with 1000 r.p.m followed by 1500 r.p.m. The loading
concentration of the GQD was 1 mgml~—'.

The electrodes were then lithographically prepared on the
silicon substrate with 285 nm SiO; by lift-off technique. The
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Figure 1. General features of the prepared samples. (a) Atomic force microscopy (AFM) image of the SLG and the heterostructure (H)
sample. (b) The height profile with the height profile corresponding to the orange arrowheads (guide to the eye) where the GQDs are top of
graphene. (c) Optical images of SLG and the H samples, respectively. (d) Raman spectra of SLG and the H sample at room temperature.
Inset: Schematic representation of the graphene-GQD heterostructure (H) sample on Si/SiO; substrate.

graphene sample was then preheated/prebaked on a hotplate at
180 °C for 15-20 min to remove the humidity from the sample.
A resist film of poly-methyl methacrylate (PMMA) 950k
(allresist AR-P 679.04) resist at 2000 r.p.m for 1 min results in
film thickness of approximately 350 nm. The sample was then
soft baked at 180 °C for 3 min to harden the PMMA layer. The
electrodes were then exposed by electron beam lithography
machine RAITH 150Two, with a dose factor of 250 ;C cm™2
at 20 keV, followed by chemical development in MIBK based
developer (allresist AR 600-56) for 1 min and then evapora-
tion of Ti/Au (5/100 nm) layer in BESTEC evaporator. The
sample was then put in acetone for 1 h, later the excess metal
was removed by spraying acetone over the sample. For the
heterostructure device, afterwards the GQD (Imgml~') was
put on top of graphene. The fabricated interelectrode distance
was kept at 5 pm.

2.2. Characterizations

The surface topography of all the samples was estimated
using Atomic Force Microscopy (AFM, Bruker Dimension

ICON) using the tapping mode configuration. The density
of the functional GQD on graphene was calculated from the
AFM image (figure 1(a)) of the H sample using open-source
scanning probe microscopy software Gwyydion [20]. The
as-synthesized GQDs have been characterized for struc-
tural, compositional, and optical analysis. High Resolution
Transmission Electron Microscopy (HRTEM) analysis was
carried out (JEOL-JEM 2010, 200 kV) to determine the struc-
tural characteristics such as the size distribution, morphology
and for high resolution lattice imaging of the material. Fourier
transform infrared (FTIR) spectroscopy was carried out on
the GQD sample using a Shimadzu-IR (Prestige-21) spec-
trometer to determine the existence of amine bonding and
the different functional groups present in the quantum dots.
UV-Vis (Shimadzu UV 1700 spectrophotometer) character-
izations were conducted to observe the optical absorption
edge in the functional GQDs, and the excitation depend-
ent Photoluminescence (Horiba Jobin Yvon Fluromax-4) was
measured with a Xenon lamp source fitted with a mono-
chromator. The low temperature Raman measurements were
conducted using in Via confocal micro-Raman spectrometer
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(Renishaw) and 532 nm excitation by MX532 DPSS laser
(Coherent) with nominal rating 10 mW. The power of the laser
was tuned down using ND filters to a constant 10% of the nom-
inal power of the laser source and focused on to sample using
10x LWD objective (Mitutoyo) with numerical aperture (NA)
0.28. The samples were placed in ST-100-FTIR cryostat (Janis
Research) evacuated to HV using TSH 064D turbo-molecular
pump (Pfeiffer vacuum) and cooled down to LN2 temperat-
ure. All spectra for the samples were collected from 78-295 K
by cooling down the sample to liquid nitrogen temperature and
then measured on the heating cycle till room temperature using
optical grating 1800 grooves mm~'. To fit the temperature
dependent G band and the 2D band peaks in SLG and the het-
erostructure, we mainly used two distinct techniques compris-
ing of purely Lorentzian and mixed convolution of Gaussian
and Lorentzian (GL) of both peaks were used [21]. We found
that GL (100) for the G band peak and (GL (80) for the 2D peak
gave the best result in terms of fitting accuracy and reduced x>
value in both samples after linear background correction. All
resistance-temperature (RT) measurements were carried out
using 4-probe attachment in VERSALAB by Quantum Design
under both heating and cooling cycles from 50 to 400 K. For
the magnetoresistance measurements, an out-of-plane mag-
netic field (£3 T) was applied during measurement at specific
temperatures.

2.3. Ab initio simulations

The model was firstly fully structurally relaxed using Vienna
Ab initio Simulation Package (VASP) [22-24] employing
projector-augmented wave enabled pseudopotentials [24]. The
initial relaxations were performed using a single k-point (I")
sampling the reciprocal space (hence allowing using the more
efficient gamma-version of VASP), while the final relaxation
step and electronic structure data were calculated with I'-
centered 4 x 4 x 1 k-mesh. We used plane-wave cut-off energy
of 400 eV, and convergence criteria of 107° eV and 1073 eV
(per simulation box with 576 atoms) for electronic and ionic
loops, respectively. During the structural relaxation, all atoms
of the functionalized QD were allowed to move, whereas
graphene substrate was fixed flat. The density of electronic
states was calculated with an energy resolution of 0.026 eV.
The bandstructure was unfolded using the BandUP code [25,
26], and only points with weights 6N > 0.05 were plotted for
clarity. The model, as well as the charge density and elec-
tron localization function, were visualized using the VESTA3
software [27]. Parts of the pymatgen Python library were used
for data processing [28].

3. Results and discussion

3.1. Sample features

In figure 1(a), depicts atomic force microscopy (AFM) image
of the SLG and uniform graphene-GQD heterostructure (H)
film together with a height profile (figure 1(b)) along the
line in between the orange arrowheads (guide to the eye in
figure 1(a)). It suggests that when the GQDs lie on top of

graphene, account for maximum upto ~3 layers in thickness
[29] the optical images from SLG and the H sample along with
their Raman spectra at room temperature. Unlike SLG, the H
sample contains faint tiny whitish spots distributed through-
out (over SLG) due to presence of the GQDs. Both samples
show mainly the characteristics of the SLG in the Raman spec-
tra with G band position at 1585 cm™! and the I,p /1 ratio
~3. However, we observe slight blue shift of the 2D band
position (~2678 cm™!) and change in phonon linewidth for
the H sample in comparison to that of SLG (~2676 cm™").
This is a clear indication of charge transfer in graphene caused
by the interaction with functionalized GQDs [30]. Moreover,
we observe a slight increase in the D band in the H sample
which indicates the out-of-plane heterostacking of functional-
ized GQD over SLG.

3.2. Low-temperature Raman spectroscopy

Raman spectroscopy is an important graphene characteriza-
tion technique, allowing the estimation of the number of lay-
ers, defects, doping, stacking order and a breakdown of the
adiabatic Born—Oppenheimer (BO) approximation by critic-
ally analyzing the distinctive, D, G and 2D (double resonance)
bands and their overtones [31]. Taking it a step further, Calizo
et al [32] determined the temperature coefficient of thermal
expansion in SLG on 285 nm Si/SiO, substrate using a non-
invasive Raman-based optothermal technique. For graphene,
the G band dispersion (wg,I's), is the most crucial as it is
known to be highly temperature sensitive and originates from
the in-plane E»; phonon mode at the center of BZ (I'g) [33].
Hence, the temperature dependence of both positions together
with the full width at half maxima (wg,I') of the G band are
crucial for determining the temperature coefficient for thermal
expansion, thermal conductivity, phonon lifetime and anhar-
monic contributions in graphene [32-34].

Figure 2 represents the temperature dependent dispersion
relationships resulting from the fitting of the G and the 2D
bands (78-295 K) in Raman spectra. In figure 2(a), it is observ-
able that w¢ is red shifted with considerable broadening of
I'; and increases more slowly for H in comparison to SLG at
lower temperatures. We propose that there is a transition region
between ~175-220 K below which the w¢ slope becomes dis-
tinctly different from that of the SLG, and which corresponds
to where also the onset of the I'; broadening appears. Above
this temperature, the Raman signal of SLG and H samples
are almost identical. Normally, such behavior of the w¢ slope
and broadened I'; are indicators of (1) temperature-dependent
phase transition and/or (2) anharmonic contributions. The tem-
perature dependence of w¢ in graphene can be represented by
w = wy + x T, where wy is the G band frequency when the tem-
perature is extrapolated to 0 K and  is the first order temper-
ature coefficient evaluated to be —0.016 cm~!'K~! for SLG
by Calizo et al [32]. However, other values were reported,
depending on the quality, substrate, and synthesis conditions
of the SLG. We evaluate the temperature coefficient ~ —0.03
cm ™! K~!in our SLG from the linear fitting of the slope (R?> ~
0.9) over the whole range that matches well the previous result
reported by Nyugen er al [35]. For the heterostructure, the
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Figure 2. Low temperature Raman spectroscopy. (a) Temperature dependence of the G-band peak frequency (w¢ ) for SLG and H sample.
The red and the dotted grey colored lines show the linear fit to extract the negative temperature coefficient in SLG and H, respectively. The
black dotted line represents the non-linear polynomial function fit for the H sample. (b) Temperature dependence of the corresponding full
width half maxima (I'¢) for SLG and H sample. The black dotted lines here represent the fitting to extract both ps—pir (0) , Ye—pr(0) for the
respective samples to validate the almost two-fold enhancement of EPC in the heterostructure from the fitting procedure described in [34,
36]. (c) Correlation plot between the position peak frequency dependence of G-band (w¢) against 2D band (wzp) for SLG and H sample.

The dotted lines represent the linear fitting for the respective samples.

linear fit gave the value ~ —0.012 cm~' K~!. This renormal-
ization of temperature coefficient itself can play an import-
ant role for determining the thermal conductivity for such
graphene-graphene quantum dot based heterogeneous inter-
faces. However, we find that there is substantial effect of anhar-
monicity that reflects in the distinct modification of the slope
in the heterostructure. Cong and Yu [34] showed a polyno-
mial fitting approach to fit the position dependence of the weak
low frequency C-mode shear phonons in folded graphene to
effectively demonstrate the anharmonicity. Hence, refitting of
the temperature dependent w¢ dispersion for the heterostruc-
ture with a non-linear polynomial function yields a much bet-
ter fit than linear model in this case. Moreover, the anhar-
monic processes can give rise to EPC in the heterostructure
in comparison to SLG. To be more specific about the extent
of the coupling, we fit the temperature dependent I' disper-
sion as described in previous reports [34, 36] and estimate
nearly two-fold enhancement in the EPC contribution of the
heterostructure, which is absent for SLG. Hence, we attrib-
ute the temperature dependent broadening of I'; to be a sign
of phonon softening in the heterostructure due to enhanced
EPC. The details of the fitting are provided in the supple-
mentary material. Such an increase in EPC is also reported
for a similar system in magic angle bilayer graphene [37]. In
figure 2(c), we show the wg vs wyp dispersion for SLG and H.
From this relationship, one can discern the effects of doping
and/or stress—strain by computing the slope for the individual
samples. Generally, a negative slope value ~ —0.2 implies n-
type charge carriers in SLG, whereas a positive slope value
~0.6-0.7 can be attributed to p-type carriers [38]. Larger pos-
itive values ~(.7, are considered a manifestation of predom-
inant p-type carriers with added contribution of stress—strain
dependent effects within the system [30]. In our samples, we
find a slope of ~1.2 for SLG, while in the heterostructure, it
increases to 2.8. Therefore, in both our samples, p-type charge
carriers dominate, with the H sample exhibiting a more pro-
nounced effect of the stress—strain component overall. The
effects of strain in the 2D materials can lead to exotic charge
ordering driven phase transitions [39].

Our Raman spectroscopic investigations clearly point to
enhanced EPC and increased carrier density in graphene inter-
acting with the GQDs. Hofmann et al [40] recently reported on
CDW in a graphene-TCNQ framework. CDW was achieved by
careful tuning of the dielectric function e of the system determ-
ining the effective Coulombic interaction in graphene defined
by the ratio of E¢/Ex of the pairwise Coulombic repulsion Ec
and the particles kinetic energy Ek. It is found that adsorp-
tion of TCNQ in the low-density regime is able to generate
enough carriers to modulate the screening of the dielectric
function triggering CDW which cannot be achieved by con-
ventional doping or intercalating dopants. We achieve a similar
low carrier density for the H sample after addition of function-
alized GQDs in graphene [41]. Hence, to combine EPC inter-
action with the Coulombic interaction, one can draw reference
from the generalized Hubbard—Holstein model. Here, an addi-
tional EPC interaction term is added with the existing onsite
Coulomb repulsion (U) and the long-range coulomb interac-
tion (V) terms within the existing Hubbard Hamiltonian [42].
Hence, the presence of both Coulomb interactions and EPC
can contribute to CDW, or charge ordered phase transitions in
the heterostructure which we discuss below from the point of
view of electrical transport.

3.3. Low-temperature electrical transport

In figure 3, we show the detailed electrical transport meas-
urements of our samples. The four-terminal resistance-
temperature (R-T) profile measurements were carried out in
both the heating and the cooling cycle for SLG and the H
sample as shown in figure 3(a). For SLG the R-T behavior
corresponds to a semi-metal with very low resistance span
ranging from 0.64 2 at 50 K to 1.36 2 at 400 K in the heat-
ing cycle. However, there is no observable change in the R-T
profile in both heating and cooling cycles. In contrast, the H
sample showed an anomalous ‘bow-tie’ or ‘butterfly’ loop in
the cooling-heating R-T sequence with a higher average res-
istance profile (4-6 times) as compared to SLG. Analyzing
the heating cycle for the H sample, we observe that the R-T
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Figure 3. Low temperature electrical transport measurement. (a) Resistance as a function of temperature for SLG and H. The red and the
black line represent the data for SLG in cooling and heating cycle respectively while the blue and green represent the same for sample H.
Inset: Schematic representation of the device measured for the heterostructure. (b) Resistance—temperature profile of the H sample during
the heating cycle plotted alongside dR/dT as a function of temperature showing two derivative minima (c) Temperature dependent evolution
of the resistance profile for the H sample under different out-of-plane applied magnetic field during the heating and cooling cycle. (d)
Variation of the CDW transition temperatures (7'cpw) corresponding to 7 and 7', transition points under the increasing applied magnetic
field. (e) Magnetoresistance of the H sample at different temperatures from 50 to 400 K.

profile has a prominent s-shaped bend between 150-300 K. In
addition, there are abrupt changes in resistance at certain tem-
peratures usually associated with CDW-like phase transitions
[43] as a manifestation of charge ordering. The presence of
prominent closed loops between heating and cooling cycles in
the R-T profile have been previously suggested to indicate a
possible first order CDW like phase transition with opening
of a ‘pseudogap’ at the K-point near the Fermi level, origin-
ating from the Fermi surface nesting due to an enhanced EPC
[43—45]. We observe a distinctly sharp step-like modulation
of the resistance to close the loop ~95 K in the cooling cycle.
A similar feature has been previously observed in a layered
quasi two-dimensional chalcogenide /7-TaS; crystal, which
exhibits multiple competing ground states under equilibrium
conditions, whereas an incommensurate CDW phase is asso-
ciated with a lattice distortion. Furthermore, upon cooling,
the modulations sharpen to form star shaped polaron clusters
whose ordering can cause multiple temperature dependent
phase transitions from nearly commensurate to gapped com-
mensurate phases [46, 47]. In figure 3(b), we plot the temper-
ature dependence of differential resistance (figure 3(b)) of the
H sample in heating cycle, which depicts two derivative min-
ima, at two distinct temperatures. Furthermore, we identify
the phase transition Tcpw temperature from the kink points
in the R-T profile, one at the temperature 213 K (7'} ) and the
other near to the room temperature 325 K (7). This signi-
fies the existence of multiple charge ordering phases in two
distinct regions, a smaller closed loop from 50 to 220 K fol-
lowed by the bigger from 220 to 400 K completing the ‘bow-
tie’ R-T heating and cooling sequence in the heterostructure.
There are several recent observations of multistage charge

ordering and CDW phase transitions that is well reported
among the material class of transition metal dichalcogenides
[46-51]. Recent report also indicates a new type of anomalous
charge density wave and its suppression in NbSe,/graphene
heterostructure [52].

Furthermore, we explored the magnetic field dependence
on the R-T profile on the heterostructure sample (figures 3(c)
and 1(d)). The nature of the ‘butterfly’ R-T loops also remains
unchanged under the applied magnetic field. However, by
applying a perpendicular-to-sample increasing magnetic field
(1-3 T), there is increase in both phase transition temperatures
(Ty,T5). Previously, shifting of CDW transition temperature
has been observed in temperature dependent transport meas-
urements of Kish graphite samples under high magnetic fields
which originate from the large effective masses of the carri-
ers along ordered c-axis orientation [53]. However, in our sys-
tem the thickness is only approximate as a quasi-2D system
unlike in the case of bulk graphite and measured at consider-
ably lower magnetic field. Therefore, the origin of the trans-
ition temperature shift with magnetic field remains unclear in
this scenario. In figure 3(e), the R/R, magnetoresistance (MR)
profiles for different temperatures are shown for the H sample.
We find the MR from 10% at 400 K increases to almost 70%—
75% at 50 K while having a parabolic H> non-linear depend-
ence on the magnetic field (figure S6) within the measured
temperature range. According to Ke et al [54] such large pos-
itive MR can arise due to partially gapped Fermi surfaces res-
ulting from the density waves.

Controversy related to the origin of charge ordering in
quasi 2D materials has been well known in recent years. For
example, in 2H-NbSe,, evidence of Fermi surface nesting of



J. Phys.: Condens. Matter 36 (2024) 265601 R Roy et al
5 T 160 ; ; .
(a) 0.0 T=50K -O- Expt. data (b) 1501 W == p=02 ] (C) e ] . vl ! y - J
0.4 | —HLN+B?fit 1401 § - p=08]] 6.4 4 0T A
08 130 N [ Ly=AT Pl 56 ]
_ 120] ]
£ 110] i 4.8+ 5
£ : ]
=100 - “1@9@0 ; 4.0 T T T T T T T T
i = 3.3 4
80| & —~
70] { o 1T
e O 304 Al
c 60+ e - ph interaction .. 1 0
& 50 . : ‘ o E
2, 4 0 100 200 300 400 500 — g-g- 1
CQ] Temperature (K) c
B - (d) . . . . . £ 4.0 4
2 e 13650 o 0T v |
=) X 3.5 a
DO 1360f O 17T 3 ©
2 o 2T S & 3.0 4
13551 O 51 & 3
AP ™ 2 o
1.350 | O Average F 4 gg— T T T T T T T T B
Wy ausl é 4.8+ 3T A
4.0+ =
13401 ]
50-150 K o) 3.2 ]
13350 @ -mmome |
Transition region 2.44 ) a4
1,330 L L N L " 1 I U T T T T T
Low temperature — High temperalure 0 50 100 150 200 250 300 350 400 450

Temperature

Temperature (K)

Figure 4. Correlation between EPC and EEI interactions from magnetotransport. (a) Fitting of normalized magnetoconductance using the
modified HLN + B? fitting equation as shown in [61] from 50 K, 100 K to 400 K. (b) Temperature dependence of the coherence length and
extraction of the exponent p using the relation Ly = A.7”. (c) Fitting of the differential conductivity vs temperature with equation given in
[63], at different applied perpendicular magnetic from 1-3 T at three distinct temperature regions i.e., low, mid and high near the charge
ordering transitions. (d) Temperature dependence of the screening factor (F) at different magnetic fields extracted using the equations in [63].

the CDW phonon wavevector is not found from the angle-
resolved photoelectron spectroscopy (ARPES). Hence, an
unconventional second order phase transition is more plaus-
ible related to 7 dependent EPC [55]. Moreover, CDW in
topological insulator (TT) BipSes [56], has shown that both the
first order and the second order phase transitions can be pos-
sible in the same material. It is known that, strong electron—
electron interactions (EEI) can trigger multiple charge order-
ing states as well [57-59]. Anomalous resistivity fluctuations
due to weak localization (WL) in disorderly magnetic topolo-
gical insulators have been also reported [60].

To shed more light on our case, we employ the weak loc-
alization (WL) model and implement the fitting of the mag-
netoconductance (MC) correction using a modified expres-
sion of the famed Hakami Larkin Nagaoka (HLN) equation as
shown in figure 4(a) [61]. In this modified expression, there is
a correction factor 3B% which is added to the original expres-
sion where (3 is a constant. Therefore, using this framework,
we extract the coherence length (Lg) which is essential to
analyze the EEI interactions and the extent of the electron
dephasing mechanism in a phase coherent system. As shown
in figure 4(b), we find that the extracted Ly, from the fit is
decreasing with increasing temperature, with the pre-factor
a =1 corresponding to weak-anti localization. Furthermore,
we fit the two slopes of the temperature dependent Ly, with
the power law equation with the value of exponent determ-
ining the contribution of the EEI or EPC interactions. From
the literature it is well known that Ly decays with temperat-
ure dependent exponent ~0.75 considering EPC interaction.
It is ~0.50 for EEI in the 2D limit and ~0.33 for 1D scen-
ario. For variable range hopping mechanism, the exponent is
estimated to be ~0.25 for 3D systems [61]. In our case, using

the equation Ly = AT? [62], we find the exponent p in the
high temperature regime to be ~0.8, thus matching closely for
EPC scenario, and ~0.27 at low temperatures corresponding
to the EEI mechanism. This indicates that at high temperat-
ures, the charge ordering is taking place is mainly influenced
by EPC.

Henceforth, the temperature dependent Coulomb screen-
ing term F is determined using the equation for the temper-
ature dependent corrected conductance for 2D system corres-
ponding to the heterostructure [63]. Figure 4(c) depicts the
stacked fitting representation of the temperature dependent
corrected conductivity profile in the heating cycle at different
temperature regions (low: 50-150 K, mid: 240-300 K, high:
350-375 K) under 1-3 T applied magnetic field. The details
of the calculations are provided in the supplementary informa-
tion. We find high screening factor to be F >> 1 throughout the
temperature range, thus implying presence of strong electron—
electron correlations in the H sample [64]. As the magnetic
field is increased (1-3 T) F increases up to 1.35—1.34 for both
240-300 K and 350-375 K regions. The formation of anomal-
ous hidden concomitant ‘Mott insulating’ phases in our doped
low bandgap heterostructures could be possible analogous to
TaS, [47]. Recently, Gauzzi et al suggested competing EPC
and EEI interactions triggering charge ordering in TiSe; is
possible [58].

3.4. Ab initio simulations

In figure 5, we introduce a model of our 0D-2D heterostruc-
ture (H) consisting of SLG and the GQD functionalized with
amine groups. Figure 5(a) shows the top view of the relaxed
heterostructure with the functional GQD with a radius R ~5 A,
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Figure 5. Theoretical simulation of the 0D-2D heterostructure. (a) Top view of the optimized supercell of the vdW stacked functional
GQD—SLG heterostructure (H) configuration with the radius of the GQD R ~5 A. (b) Combined total density of states (TDOS) of the
heterostructure (H), single layer graphene (SLG) and the SLG isolated from the H configuration. Inset: Zoomed in perspective of the
combined TDOS in all the three configurations close to the Dirac point. (¢) Superimposed combined bandstructure of the SLG and H. Inset:

Detail of bandstructure near the K-point.

positioned over and aligned to the SLG, terminated by primary
and secondary amine functional groups (-NH;, -CONH,) as
well as hydrogen at the edge sites. For the modeling of the
functional GQD [18, 19], a circular shape with a radius of ~5
A was cut out of a graphene plane centered at the center of
one of the hexagons. This was a 24-atomic pristine quantum
dot was obtained. Subsequently, the 12 broken bonds along the
QD circumference were saturated with 3 different functional
groups: four -CONH,, six -NH; and two H. The functional
groups were placed at a C—C bond distance from the outermost
quantum dot C atoms and randomly orientated in space. Such
a functionalized QD was subsequently placed 3.5 A above a
flat graphene substrate. Finally, the periodic boundary condi-
tions were applied using a simulation box with dimensions of
38.72 A x 38.72 A x 15 A, where the first two dimensions
are along axes having 120° between them. This corresponds
(in-plane) to a 16 x 16 supercell of graphene 2-atomic unit
cell, hence yielding a model containing 540 C, 22 H, 10 N and
4 O atoms. The resulting separation in-plane between the QD
periodic images was thus over 25 A, whereas more than 10 A
vacuum separated QD from a periodic image of the graphene
substrate.

Figure 5(b) shows the total density of states (TDOS) of
SLG, H and SLG in H. We find that in the H configuration
only, the TDOS is showing a subtle variation with a slight
increase in the DOS at several places in the energy axis. These
additional states appear from the elements of the functional
groups in the GQD, which are attached with the SLG through
vdW interactions, and contribute to the overall DOS of the
heterostructure (cf figure SI S9). Near to the Fermi level, all
configurations show a Van hove singularity-like feature in
the DOS, which is the feature synonymous with the Dirac
point in SLG at the K-point [65]. However, the differences
in TDOS become significant when we focus near the Fermi
level as shown in the inset of figure 5(b). First, we observe
a noticeable increase in the DOS of the heterostructure just
below the Fermi level contributing from the nitrogen in the
functionalized GQD (cf figure SI S9). Furthermore, a prom-
inent shift ~0.05 eV of the Dirac point with respect to the
Fermi level both in the TDOS of H and DOS of the isolated
SLG in H sample is noticed. This clearly signifies p-doping

in SLG due to a charge transfer and interaction with the func-
tionalized GQD in the heterostructure with a carrier density
n~ —0.3 x 102 cm~2 [16, 66]. Furthermore, we observe the
exact shift of the Dirac point in bandstructure in the hetero-
structure in comparison with SLG as shown in figure 5(c).
It is observed that all the eigenvalues in the bandstructure of
the heterostructure are slightly higher compared to the SLG
throughout the high symmetry points (I' =M — K —1T') in
the BZ. On a closer inspection of the bandstructure of H, a
noticeable upshift at the K-point with respect to the Fermi
level (inset of figure 5(c)) provides further confirmation of the
p-doping in SLG through interaction with the functionalized
GQD. This also suggests that there could be a possibility of
bandgap opening in SLG due to a modification of the bands
around the K-point in the H configuration. However, accord-
ing to Klimovskikh ef al [67], such band opening is difficult to
identify in the case of p-doping in graphene when the K-point
moves above the Fermi level.

In figure 6, we show a representative example of the charge
density cross section of the heterostructure containing the
functional groups of -NH, and -CONHj; interacting with the
SLG substrate. We observe that the direction of the -NH, motif
from -CONH, group is pulled downwards in the direction of
the SLG carbon atom. This could suggest a weak bonding
between the carbon atom from SLG and the nearest hydro-
gen from the -CONH, and that the interaction is not purely
vdW anymore due to redistribution of the charge density in
the heterostructure. Such interactions can be responsible for
interlayer electron sharing and charge transfer between func-
tional groups and the SLG in the heterostructure thus result-
ing in the shifting of the Dirac point with respect to the Fermi
level. Moreover, such weak interaction leads to the minim-
ization of bond length between the two materials with the
functional groups orienting themselves closer the SLG sur-
face (we recall that the functional groups had random orient-
ations in the initial configuration before structural optimiza-
tion of the heterostructure). It can be implied that the func-
tional motifs at the edge sites are more malleable (soft lattice),
enabling more out-of-plane phonon vibrations and an efficient
interlayer charge transfer taking place with SLG that enhance
the probability of lattice distortions along those planes [68].
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Furthermore, according to Cao et al [10] since monolayer
graphene has a linear energy dispersion at its charge neutral-
ity point, hence stacking of two graphene sheets with a slight
mismatch of the lattices lead to the hybridization of their bands
due to interlayer electron hopping. This results in fundamental
modifications to the low-energy band structure and a super-
lattice modulation. We find a complementary result from the
electron localization function (ELF, figure 6) of the functional
motifs (-NH,, -CONH,) over the SLG. It is observed that espe-
cially in the vicinity of the H atoms of the -CONH, func-
tional group at the edge sites of the GQD sitting on top of
SLG, there is more overall spreading of the electron wave-
function due to an extended charge distribution. According to
Lin et al [68], this type of extended charge distribution leads
to soft lattice configuration seen in 1T-TaS, that act in favor
of the lattice reconstruction and therefore CDW phase trans-
ition. Hence, it is surmised that although the electron dens-
ity is more localized near the hydrogen atoms, the surround-
ing more electronegative atoms (O, N) especially in -CONH,
make the electron cloud more delocalized to mainly facilitate
the interlayer charge transfer possible. We attempt to ascertain
the bond character due to charge transfer between the interact-
ing materials through the closest weak C—H bonding bridge.
In the map, the turquoise-colored areas correspond to highly
localized electrons, while the white-yellow shaded areas indic-
ate no electron localization. Hence, there is almost no electron
localization along the interface region (C—H bridge), as the
corresponding ELF is close to zero. This implies that there
is no real chemical bonding at the interface between SLG
and the functional GQD. However, interfacial charge transfer

occurs, possibly from a mixed hybridization (covalent-ionic)
state [69]. No such effects are evident for the -NH, functional
group, though. In summary, if we consider all the factors such
as minimization of bonding length, interlayer charge trans-
fer, spreading of the wave function around the edge functional
groups and towards the interface region then we can expect to
observe an increase in the EPC in the heterostructure contrib-
uted from the presence of the functionalized GQD sitting on
top of SLG [68].

4. Conclusion

We encounter possible evidence of charge ordering induced
phase transitions at two distinct transition temperatures (77 ~
213 K, T, ~ 325 K) in a novel OD-2D graphene-GQD het-
erostructure from the abrupt change in resistivity as a func-
tion of temperature. The stacked configuration consisting of
amine functionalized GQD with SLG enabled more spread-
ing of electron wavefunctions around the -CONH, functional
group and efficient interlayer charger transfer. Furthermore,
we considered both EEI (within the framework of weak local-
ization and Coulomb screening) and EPC as competing inter-
actions to establish that enhanced EPC in the heterostructure is
one of the key factors for the anomalous change in resistance
with possible charge ordering at high temperatures. However,
direct evidence of charge density wave remains elusive at this
point due to complexity of this system and remains as a future
scope of research. We hope this work will motivate future
research in graphene based heterogeneous 0D-2D systems to
establish the link between electron phonon and electron inter-
action driven charge ordering through tuning of carrier dens-
ities near the Van Hove singularity in more details.
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