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1 Raman scattering and photoluminescence

A WITec system inside Ar environment glovebox! has automatic mapping with a 532 nm
laser, 1 pm spot size and 1800 g/mm grating is used in this experiment. The laser power
is 300 pW, the integration time is 25 s and the step size is 0.3 pm for all Raman maps.
Due to additional disorder, the CVD graphene signal was weaker and thus we employ 300s
integration time. The EuS and EuS/RuCl; measurement are performed with 100p¢W with

300s integration time.

2 Device fabrication and transport

Devices were fabricated using a dry van der Waals stacking technique? to sequentially pick
up and stack layers of graphene, hexagonal boron nitride, a-RuCls, and CrCls, using either
poly(bisphenol a) carbonate (PC) or polypropylene carbonate (PPC) films as the adhesive
layer. CrCls flakes were only exposed to a Ny atmosphere,® with the rest assembled in air.
Cr/Au top gate and edge contacts were patterned by standard e-beam lithography.? Trans-
port measurements were carried out in a Quantum Design Physical Properties Measurement

System (PPMS) at Washington University in St. Louis.

3 Material Growth

Single crystals of a-RuCl3 were grown using a vapor transport technique from phase pure
commercial a-RuCls powder.? Single crystals of CrCls are grown by recrystallizing CrCls
powder in an evacuated quartz tube with temperature gradient 650-550 °C for one week. EuS
(10 nm) was deposited at room-temperature at 10~® torr, on freshly cleaved RuCls surface,
using an e-beam evaporation technique. Monolayer CVD graphene was grown on a copper

foil via low pressure CVD (details in ST).



4 Peak fitting

To accurately represent the phonon frequencies and amplitudes, we fit the Raman spectra

with the Voigt function
I(w,0,T,A) = / G(W,0)L(w— ', T, A)du'

which is a convolution of a Gaussian and a Lorentzian. Here the Lorentzian represents
a phonon mode and we use a Gaussian to account for the instrumental resolution. The

Gaussian width ¢ = 1 em™!

is determined by the central Rayleigh peak. I' is the phonon
width and A is phonon amplitude.

For the mlg G peak spectra, we choose to fit in the range of 1550-1650 cm™!, using a
constant background and three-Voigt peaks to capture the a broad background that appears
in this energy range from the a-RuCl; itself, as well as the presence of both shifted and
unshifted G-peaks. For the mlg and blg 2D peak spectra, we fit from 2650-2750 cm ™!, with
a constant background and two-Voigt peaks, for both the shifted and unshifted 2D peaks.
For the blg 2D peak, we used four-Voigt peaks with a constant background to capture the
four characteristic blg 2D peaks (1A, 1B, 2A, 2B). We plot Raman shift distributions against

2D;a peak, and use this peak to calculate blg carrier density, as this peak follows the same

trend as the mlg 2D peak.®

5 Determination of strain and doping from Raman

Raman phonon frequencies in graphene are sensitive to both doping and strain. However,
these two effects can be separated via correlation decoupling analysis of the G and 2D
frequencies.® " In the main text Fig. 1c & Fig. 4a, we use this analysis to calculate the doping
level in the mono and bilayer graphene of our heterostructures. We denote the G and 2D peak

frequencies for free standing graphene as: (wd,w9,) = (1581.6+0.2 cm™!, 2676.94+0.7 cm™!)



and the frequency shifts from these intrinisic values by (Awg, Awsp). It is well established
that the degree of shift due to doping and strain is different for the graphene G and 2D
peaks.%® From electronic gating measurements and theoritical calculations,®%? the effect of
hole doping on the graphene G and 2D peak frequency is quasi-linear with a relationship:
(AWEP™ | AwiP™) = tan(6,)=0.75 (The red arrow line in Fig. Sla and doping line in the
main text Fig. Fig. 1c and Fig. Fig. 4a). Exfoliated graphene always shows uniaxial strain
on the G and 2D frequencies, which follow (Awr*™ /Awsra™) = tan(fy) = 2.2° (strain line
in Fig. Sla, Fig. 1c and 4a). Next we use (wd,wdp,) to set the intercept of the strain and
doping lines in the (wg,wsp) space. Thus the shifts in the G and 2D peaks are determined
by (see Fig. S1):

Ip * sin(01) + g * sin(02) = Awsp

Ip * cos(01) + lg * cos(62) = Awg

By inverting this equation, we can take the measure (Awg,wsp) and determine the strain
and Fermi level. A downward (upward) projected vector along the strain line Fig. Sla, Fig.
lc & 4a)+ corresponds to tensile (compressive) strain, while along the doping line the vector
is always projected to the upward direction for both n and p type doping.

To determine the precise doping level, we employ the results of three independent mea-
surements and a theory calculation shown in Fig. S1b. Specifically, the increase of Awg
is proportional to the shift of Fermi level in the high charge carrier limit (Er > 100 meV).
Using a linear fit to the wg Vs Ep, we can then extract the Fermi energy at each shifted G

peak frequency(Fig. Sla).

. puredoping

=lp *sin(b)/«

Here, « is the linear fitting of Awg and Ep for mlg. From the average of four electric gating
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Figure S1: Strain and doping separation (A) Correlation analysis of 2D and G fre-
quencies to separate the frequency shifts from strain and doping. Data adapted from
Refs.>"919(B) and Ref.!* (C) for converting Raman G and 2D peak shifts in monolayer
and bilayer graphene, respectively, to Fermi energy shifts and doping level.



studies (ref.>"%1%) we set o = -45.7 eV/em™'. Therefore, after converting Er to carrier
density we can use the expression below to get the carrier densities of monolayer graphene.

As for strain, it also linearly depends on the G peak frequency shift.

1 Ep ?
Thx*xvp
B 1< sin(601)

™

) * 1

€ = Aw]();urestrain/s

_ sin(02) e ls
s

axh*xvp

Here, vp is the Fermi velocity, s is the percent of strain. For uniaxial strain s is -23.5
cm ™! /% and for biaxial strain s is -69.1 cm™!/%.

In the bilayer graphene case, the carrier density to G peak shift relationship is slightly
different from monolayer graphene. To convert Raman peak shifts in bilayer graphene to
doping levels, we first followed Ref.% to project the peak shift values along the doping axis,
as we did with monolayer graphene, then utilized the results from Ref.!! Fig. Slc, to convert

the G peak shift to hole doping level.

6 Theory: DFT

The DFT calculations are performed within the generalized gradient approximation (GGA)
using Perdew-Burke-Ernzerhof (PBE) functional implemented in Vienna Ab initio Simula-
tion Package (VASP).!'2 A plane-wave basis set with a kinetic energy cutoff of 450 eV, and
a 4 x 3 x 1 k-point sampling grid is adopted to a heterostructure supercell with cell con-
stant of 12.03 A. The geometric structure of heterostructures are relaxed by fixing hBN and
graphene layers to the a-RuClj lattice constant (6.02 A) with fully relaxed force of a-RuCls.

This relaxation scheme better mimics the band alignment and charge transfer since the work



function of graphene is not sensitive to strain and the strain effect on the wide gap of hBN
is small. The proper super cell of a-RuCl; (2 x 2 x 1) and for hBN (5 x 4 x 1) and graphene
(5 x 4 x 1) are used to reduce the stress induced by the lattice mismatch between materials
while balancing the computational burden.!® The vacuum distance is set to be around 18
A along the z-direction to avoid spurious interactions. The vdW interaction is included by
the DFT-D2 method!* and spin orbit coupling (SOC) is always considered. The choice of

Hubbard U = 2.4 ¢V and Hund J = 0.4 V for Ru®* ions is based on previous studies. %16

7 Theory: MINT

The ab initio MINT calculations were carried out within the total-energy plane wave density-
functional pseudopotential approach, using Perdew-Burke-Ernzerhof generalized gradient ap-
proximation functionals'” and optimized norm-conserving Vanderbilt pseudopotentials in the
SG15 family. '® Plane wave basis sets with energy cutoffs of 30 Hartree were used to expand
the electronic wave functions. We used fully periodic boundary conditions and a single unit
cell of a-RuCls with a 6 x 4 x 1 k-point mesh to sample the Brillouin zone. Electronic
minimizations were carried out using the analytically continued functional approach starting
with an LCAO initial guess within the DFT++ formalism,!® as implemented in the open-
source code JDFTx?" using direct minimization via the conjugate gradients algorithm.?! All
unit cells were constructed to be inversion symmetric about z = 0 with a distance of ~ 60
Bohr between periodic images of the a-RuCls surface, using Coulomb truncation to prevent

image interaction.

8 Evidence for charge transfer in MBE grown EuS

EuS is a magnetic semiconductor with a low work function (3.3 €V) than is routinely used
in various spintronic and proximity heterostructures. It has a ferromagnet transition tempe-

ruture of 13K.?? We began with a 10nm EuS film grown atop of bulk a-RuCl; and ensured



both components were intact by SQUID measurements. As shown in Fig. S2a,b we observe
the ferromagnetic transition for the heterostructure at the T, of EuS (13 K). Furthermore
the bulk antiferromagnetic transition of a-RuCls is also seen at 8K . The hysteresis loop
at 2K in Fig. S2c further confirms the quality of EuS/RuCls heterostructure. To deter-
mine if charge transfer occurred we again turn to Raman spectrocopy to ensure no effects
of fabrication. Indeed, bare EuS has easily measurable room temperature Raman response
at 30.4 meV and the second and third harmonic peaks at 60.8 and 91.2 meV.?? However,
this response becomes suppressed when EuS is significantly doped by charge transfer that
removes the real optical transition by Pauli blocking.?*

Consistent with a-RuCly significantly doping EuS, the Raman results in (Fig. S2d) show
only the EuS phonons at 30.4 meV and 60.8 meV when grown on sapphire, whereas the
EuS/RuCl; heterostructure only shows the a-RuCls phonons. This provides the evidence
that EuS is doped by a-RuCl;s and shifts the Fermi level down to where the laser cannot
excite electrons to the conduction band (greater than 2.33 eV). We further confirmed this
by attaching leads via Ag epoxy and found the room temperature resistivity of EuS/RuCly
heterostructure is p = 4.5 x 107% Q cm, which is four orders of magnitude smaller than bulk
EuS resistance p = 1.9x1072 2 cm. ?® We note that bulk a-RuCl; of similar thickness revealed
a resistance three orderds of magnitude larger then the heterostructure. This evidence for
large charge transfer is consistent with our ab initio “mismatched interface theory*” (MINT)2°

calculations that predict an induced hole density of 6.5x10'® ¢cm~2 in EuS.

9 Evidence for charge transfer into CVD grown WSe,

Monolayer WSe, has a direct band gap and strong exciton binding energy. As the relatively
sharp photoluminescence (PL) emission can be sensitive to the chemical potential. In partic-
ular for neutral WSe, the exciton is observed, whereas when doped it forms trions.?” Thus

the exciton emission can be used to detect the carrier type (doping level) and density in
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monolayer WSe,.?® To investigate this possibility, we employed CVD grown and transferred
a a-RuCls flake on top. The PL from the bare WSe, peaks at 1.65 ev, where the region
covered by a-RuCls has significantly narrowed and shifts to 1.665 eV (Fig. S3a). This is con-
sistent with previous reports where n-type or intrinsic WSe, has a weaker and lower energy
PL emission, while hole-bound trions in p-type WSes have stronger and blue-shifted emis-
sion lines. To exclude the possibility of that the redshift results from strain, we use Raman
spectra to check the phonons in the WSey/RuCl; heterostructure. As shown in (Fig. S3b),
the phonon frequencies of WSey/RuCl; heterostructure can overlap with either a~-RuCls or
WSe,. This indicates that the strain can be negligible and cannot result in the PL shift. All
of the above points to a-RuClz accepting electrons from the WSes,.
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Figure S3: WSey/RuCls heterostructure (A) Room temperature PL of pure WSey and
WSey/RuCl;. (B) Room temperature Raman spectra of WSes, a-RuCls and WSey/RuCls.

10 Charge transfer into CVD graphene

The charge transfer between a-RuClz and graphene also can be realized in CVD graphene/RuCly

heterostructures, crucial for eventual scale-up. To demonstrate this we gently exfoliate thin

11



a-RuClj flakes on top of a CVD graphene film on SiO,/Si substrate(see method). As shown
in Fig. S4, the Raman from the CVD graphene revealed a G peak frequency lower than 1590
cm™ !, but when moving the laser to the region with the CVD graphene/RuCl; heterostruc-
ture the peak shifts to 1617 cm~!. Thus it is clear that similar doping levels can be achieved
in CVD graphene films. However due to the transfer process this CD graphene was more

disordered, resulting in lower overall Raman signals.
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Figure S4: Raman spectra comparison of CVD graphene (Blue line) and CVD
graphene/RuCl; heterostructure(Yellow line). A shift of the G peak consistent with entirely
exfoliated structures indicates CVD graphene can be equally well charged by a-RuCls.

11 Optoelectronic response of graphene /a-RuClsheterostructures

Graphene can exhibit both photothermal and photovoltaic responses. The former is driven
by electron temperature gradient and the later is generated by built-in electric fields. Both
can be enhanced at high carrier densities but suppressed at the charge neutral point.?? As

such the photovoltage can be useful in detecting charge in homogeniety and the presence of

12



homojunctions in graphene. As shown in the main text (Fig. 2f) bottom, the region of the
device under the a-RuClj reveals a strong photovoltage at the interface which is insensitive
to gate voltage. This is consistent with a photovoltaic effect resulting from the strong p-p’
junction. Whereas the bare graphene reveals some signal due to inhomogenous doping, which
can be nuetralized by the gate. Further confirmation that the signal from the edge of the
a-RuClj region is due to the photovoltaig effect is the power dependence. Namely as shown
in (Fig. S55a), the response to power is strictly linear. In addition, the fact that this results
from a built-in field is further supported by the polarization dependence seen in (Fig. S5b).
Specifically the response is maximized for light polarized along the direction normal the to
edge of the a-RuCl; which is parallel to the built-in field from the charge inhomogeniety in

the graphene.
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Figure S5: (A) power dependent photovoltage measurement of mlg/RuCl;. (B) polarization
dependent photovoltage measurement of mlg/RuCls
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Electronic transport

(Fig. S6a) shows an optical micrograph of device D5, whose conductivity at 7' = 10 K is
shown in the main text. This device features four interior contacts used to extract the zero-
field resistivity, which is shown in (Fig. S6b) as a function of temperature and displacement
field D. As in the conductivity linecut from Fig. 3E in the main text, the resistivity shows no
sign of a Dirac peak, and increases monotonically with D indicating the graphene is highly
hole doped by the adjacent a-RuCls.

Magnetoresistance measurements reveal high frequency Shubnikov-de Haas oscillations
(SdH) from a large population of holes (Fig. S6c). Beating is observed in the SdH traces,
from which we extract two frequencies, B, via a Fourier transform (Fig. S6d). Each fre-
quency corresponds to a carrier density p = gBr/¢o where g = 4 counts the spin and valley
degeneracies in graphene and ¢, is the magnetic flux quantum. The resulting densities are
plotted vs the applied gate voltage, and reveal one population of holes that disperses with
D (black circles) and a second that is independent of V, (blue circles). The two densities
are equal at D = 0. We attribute the non-dispersing contribution to ungated regions of the
graphene that exist around the electrical contacts, which still contribute to the magnetore-
sistance but where the Fermi energy does not change with D. This leaves a single population
of holes that respond to the gate voltage, indicating that in a clean sample, the a-RuCls

strongly and uniformly hole dopes the graphene.

12 Interference correction

Raman scattering can be enhanced or suppressed by the interference from thin layers in the
heterostructure. The change in the Raman response from intereference can be calculated
by applying Fresnel’s Law to the thin films and summing up the contribution of different
layers.? In the main text, we show hole doping in graphene are detected via graphene G

peak shift. Thus, the wavenumber dependent enhancement contribution from a-RuCls to

14
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Figure S6: Electronic transport (A) Optical micrograph of device D5. (B) Map of gate
voltage and temperature dependence of the resistivity of D5. (C) SdH oscillations at various
displacement fields. (D) Carrier densities extracted from SAH oscillations. The two unique
frequencies found in each SAH trace reveal two populations of holes (black & blue circles)
from gated and ungated regions in device, respectively, but both reveal that the graphene is

highly doped by the a-RuCls.

graphene layer becomes important. Here, via dividing the mlg/RuCl; response with the

enhancement factor from a-RuCls, one can get the not-enhanced spectrum (Fig. S7). It is

very different to the G peak response of pure mlg on SiO,/Si substrate. This indicates that

15
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Figure S7: Optical correction A comparison of the measured Raman from mlg on SiO,
(blue) with graphene on thin a-RuCl;. After dividing by the intereference factor of enhance-
ment(FE) due to the presence of a-RuCl; (yellow) we find the G and 2D peaks do not shift
their positions.

the G and 2D peak shifts in the heterostructure region is not caused by the stacking layers
enhancement. Furthermore we find that the peak positions of the G and 2D peaks is not

influenced by the itnereference.

13 Range of doping in graphene/a-RuClsheterostructures

A crucial aspect of the the heterostructures presented is the overall uniformity. One measure
presented in the main text is the presence of neutral puddles inside doped regions. A second
is the range of resulting doped values. To access the range of induced dopings, for each
device we made a histogram of the local doping level at each point in our Raman maps.
These are shown in (Fig. S8) for all the devices presented in the main text. In general we
find the distribution of induced carrier densities to be well described by lorentzians whose

half width at half maximum varies by op ~ 1-5 x 10'2 ecm™2. Perhaps not surprisingly, we

16



find the width for the hBN spaced region to be substantially smaller (i.e. more homogenous).

14 Doping spatial resolution

In the homogeneity map (Fig 3C), we mapped out the hereostructure region and find 95%
homogeneity. Our step size is d = 300nm, the step radius s r = 150nm. Therefore, each
step covers region A = wx1? = 70685.8 nm?. In each step, 5% area is inhomogeneous, which
means the inhomogeneity region is Ag = 5%*A. The inhomogeneous region results from the

charge transfer spatial range. We then calculate the short range charge transfer resolution

do from Ay, where dy = 2% \/Ag/m = 6Tnm.

ElN = blg/RuCl,
KU mlig/RuCl; (D1)
2 | = mig/RuCl, (D3)
3 mlig/hBN/RuCl,
O A mlg/CrCl5

T + T T T T T 7T

0 20 40 60
p (107 cm?)

Figure S8: Doping distributions Histogram of doping distributions from scanning Raman
maps. Black dashed lines represent Gaussian fits.

15 CVD Growth and Fabrication

The copper foil (Alfa Aesar) was pre-treated in Ni etchant (Transene) to remove any coatings
or oxide layers from its surface. The tube furnace was evacuated to a read pressure of 200
mTorr with a constant flow of Hy (10 sccm). Prior to growth, the foil was annealed at 1010
°C (ramp rate 25 °C/min) for 35 min. Growth was done at 1010 °C with 68 sccm of H2 and

3.5 sccm of CHy for 15 min.

17



Table S1: Maximum achieved graphene charge densities n.. reported for different dop-
ing mechanisms, including a-RuCl;s heterostructures, solid polymer electrolyte gating, ionic
liquid gating, gating through an SrTiO3 (STO) dielectric, and various atomic or molecu-
lar intercalation, adsorption, and functionalization methods. Values of the mobility u at
n* =30+ 5 x 10'2 cm~! are also listed where available.

Doping mechanism Nmax (102 cm™2)  p(~n*) (em? V71 s71) Ref.

-50 4900 Present work
RuCl; -38 1015 31
-36 1900-6000 32
-400 2000 33
+25 1500 3
Solid polymer electrolyte gating +60 N/A 35
-30; +40 N/A 7
+95 N/A 36
+50 30 37
Ionic liquid gating -4; +7 N/A 38
60 N/A 10
STO gating -7, 411 N/A 39
FeCl; interc. -580 N/A 10
KCs interc. +134 N/A 4
Osmium adsorp. -16 N/A 42
Tungsten adsorp. +6 N/A 43
Indium adsorp. +4.5 N/A 44
Ca + K adsorp. +165 N/A 15
Chlorine func. +15 N/A 46

18



Table S2: Summary of experimentally measured and theoretically calculated densities for
different graphene/RuCls heterostructures.

Sample p (10" cm™2)  Method
mlg/RuCls (D1) 29.23 Raman
mlg/RuCl3 (D2) 31.37 Raman
mlg/RuCl; (D3) 22.21 Raman
mlg/RuCl; (D5) 41.60 Transport
mlg/RuCls 39.29 DFT
mlg/RuCl; (0°) 30.20 MINT
mlg/RuCl; (30°) 24.47 MINT
mlg/hBN/RuCl; (~5L hBN) (D3) 6.02 Raman
mlg/LBN/RuCl; (1L hBN) 23.75 DFT
mlg/hBN/RuCl; (2L hBN AA) 18.15 DFT
mlg/LBN/RuCl; (2L hBN AB) 16.15 DFT
blg/RuCl; (D2) 59.17 Raman
blg/RuCl; (AA) 44.185 DFT
blg/RuCl; (AB) 40.492 DFT

CVD graphene was removed from its copper film by applying a polymethyl methacrylate
(PMMA) adhesion layer, followed by removal of the copper with Ni etchant for 2 h at 60
°C. The remaining PMMA /graphene structure was washed in water twice for 60 s, and after
transfer to Si/SiO, the PMMA was dissolved in acetone vapors followed by isopropanol

alcohol (IPA) and baked at 300 °C for 8 h in vacuum prior to stacking a-RuCls on top.
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