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Spacing-variable four-probe measurement

In the four-probe measurement, probe 1 injects electrical current (/1) and probe 4
is grounded (G4). Probe 2 and 3 are potential probes which measure the potential
difference between them (/23=F2-V3). The measurement configuration is named as
11723 and the measured resistance Ry;y»3 is defined as ¥23/I1 (in unit Q).!

The four-probe resistivity measurements are intrinsically dependent on geometry
and dimensionality, and sensitive to the probe positions.! Therefore, the four-probe
measurements can be used to characterize the dimensionality of transport behaviors.? 3
In this paper, r;; is defined as the probe distance between probe i and j. Next, the
relationship of measured resistance and probe distances for 3D, 2D and 1D case will be

introduced in detail.

3D case
On condition that the current entering via probe 1 is /;, the current density J; is
given by
I,
J,(r)= (S1)
27r?
The electric field £(r) yielded by J; is expressed by
I dv(r
E(r)= posi(r) = L2t 0D (82)
2rr dr
where psp is the resistivity in the 3D case.
Accordingly, potential at probe 2 can be written as
0-V, = J‘ V(’”)i * Pinl 1d _ Pl | p3D11 . (S3)
i 27’ 2rr |rlz 27,

Similarly, the potential at probe 2 yielded by probe 4 can be written as
3
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Vz_.’-oodV(l") r:onp3DI4 V:_p3DI4|w=p3D[4' (S4)
2 i dr ne 271’ 2rr | 27,

Iy

Since 1;=-1,=I, the final expression of the measured potential at probe 2 is

v, = Psnl; n Pty _ Psnl; B Psnl; ‘ (S5)
2ryv,, 27mr, 2rmn, 27#r,

By the same method, the final expression of the measured potential at probe 3 is

v, = Pinl n Pspnly _ Psnl; B Pinl ‘ (S6)
2rn,  2mr,  2mn,  2mrg,

The potential difference between probe 2 and probe 3 caused by the total diffusing
current can be described by

v, -V, = Pspli  Pipl _()QSD;I\ Psply _ Psply L 1 1 1 . (S7)

2rv, 2rr, 2rn, 27nr, 2r 1, +Z3_Z_Z
Therefore, the relationship between the measured resistance V23/11 and the 3D
resistivity is
Ry =t ppt 1 1 1 (S8)
I, 2 K, Fy Ky Ky

In the case of collinear configuration as shown in Fig. S2(a), the coordinates of each

tip are P1[-3 0], P2[-1 0], P3[x 0] and P4[0 0]. And then

Pip 1 1
R =Pwd, ) PR S9
B ox 2 abs(x) abs(x +3) 59)

The expression in the bracket above is named as geometry factor for 3D case, the plot
of which is shown in Fig. S2(d).
2D case

On condition that the current entering via probe 1 is /; and the sample thickness is

t, the current density J; is given by
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J(r)= S10
()= 27t (510)
The electric field E(r) yielded by J; is expressed by
1 I
E(F)=p3DJ1(I’)=p3D 1 _ Py :_dV(r)’ (S11)
2zrt  2nmr dr

where pyp is the resistivity in the 2D case.

Accordingly, potential at probe 2 can be written as

0-V, = j V(V) J'/)Ld 'DZ—D]'ln(r)
2 27Tr 2

Lol (s12)
27

T2

Similarly, the potential at probe 2 yielded by probe 4 can be written as

V,=— wmdr * Prp 4dr_p2D 4 in(r)
o dr w 27mr 2

=—p2—DI41n(r42). (S13)
27

Ty

Since 1;=-1,=I, the final expression of the measured potential at probe 2 is

V2 = —pz—DIlh’l(ru) _ :021)14 ln(r42)= _pZ—D]l]n(rlz) + pZDll ln(r42) . (814)
2 2 2 2

By the same method, the final expression of the measured potential at probe 3 is

1 I I
7, ==L )220y, )= P 4 P20l (s1s)
2r 2r 2r 2r
The potential difference between probe 2 and probe 3 caused by the total diffusing
current can be described by

V=1, = 2220+ 2200 i) - (<22 ) 220 )
27 27 27 27 (S16)

p;” LoaT Ll YL S YL S WYL S YL )>-”;D ! In( 2l

hy T3 Ty UE 7 Nalys
Therefore, the relationship between the measured resistance V23/I1 and the 2D

resistivity is
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R11V23 — V2 _V3 — Pap ln(r13nlz ) ) (817)
I, 27 a3

In the case of collinear configuration as shown in Fig. S2(b), the coordinates of each

tip are P1[-3 0], P2[-1 0], P3[x 0] and P4[0 0]. And then

_ Py, abs(x+3)

R = .
W3 2x 7 2 abs(x)

(S18)

The expression in the logarithm function on the right is named as geometry factor for
2D case, the plot of which is shown in Fig. S2(e).
1D case

On condition that the current entering via probe 1 is /; and the sample cross-section

is s, the current density J; is given by

1
S =2, (S19)
2s
The electric field E(r) yielded by J; is expressed by
1 1 dv(r
E(r) = py,J,(r) = Pty _ Pty _ ( )’ (S20)
2s 2 dr
where pp is the resistivity in the 1D case.
Accordingly, potential at probe 2 can be written as
0-V, = J"” dV(r) I = _J'°° plDlldr - Pty A= Pindi . (S21)
i dr L) 2| 2
Similarly, the potential at probe 2 yielded by probe 4 can be written as
V,=- = dV(r) ir_J'w plD]4d Pinls =_:01D]4 v (S22)
o dr 22 2 . 2
Since 1;=-1,=I, the final expression of the measured potential at probe 2 is
v, :_plDll . _plD[4 - z_plDll . +p1D11 (S23)

, b ) w 5 b ) Py -
6
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By the same method, the final expression of the measured potential at probe 3 is

Pinl Lol ppl Pinl
Vy=- 12Dlr13_ 1347”43__ 12Dlr13+ 1;1”43-

(S24)

The potential difference between probe 2 and probe 3 caused by the total diffusing

current can be described by
V,—V,=- Pinly r+ Pinly ry—(> Pinty ro+ Pinty r,
]2 2 2 2 (S25)
:%(;Vlz Tl Ty T

Therefore, the relationship between the measured resistance V23/I1 and the 2D
resistivity is

V,-V,

Ryyoy = 21 . :%(;”12_”43""”42‘*"”13 . (526)
1

In the case of collinear configuration as shown in Fig. S2(c), the coordinates of each

tip are P1[-3 0], P2[-1 0], P3[x 0] and P4[0 0]. And then

Ry =20l (0 abs(r)+1+ abs(x+3))

2 (S27)

=_'0112>I1 (=1+abs(3+x)—abs(x))

The expression in the brackets on the right is named as geometry factor for 2D case,
the plot of which is shown in Fig. S2(¥).
Traditional four-probe measurements in 2D case

As for the 2D case, if the probe distances are much smaller than the lateral
dimension of sample, the sheet resistance Ro (in unit /o) of the measured 2D sample

can be calculated from Ry;v,3 by
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7i2}’43

R (S28)

1123 »

where rj; (=rj) is defined as the distance between probe i and probe ;.
In the collinear case where the four probes are placed in a line with equal spacing

(r12=r23=r34), the R can be written as

_R[1V23 . (829)

As for the square case where the four probes form a square with equal spacing

(7"]2:7"23:7"34:7"4]:7"]3/\/2: }"24/\/2), the RD can be written as

2z
RD = R[1V23 . (S30)
In2

Resistor network simulation

In order to estimate the conductivity solely within the wrinkled area, we used
resistor network simulation to simulate the four-probe collinear measurements along
graphene wrinkles, as shown in Fig. S3. Therein, green and light blue resistors represent
the 4 um % 4 um area for graphene wrinkle and pristine graphene, respectively. By the
way, the setting of 4 um is based on the averaged width of graphene wrinkle in this
paper. The four probes are placed with equal spacing of 60 pm according to the
experimental setups.

In a network composed of linear and bilateral resistors, the potential distribution is
merely determined by the relative resistance or conductance with constant current
source and fixed contacts applied. For example, under constant current, the potential

drop caused by resistors with 1 Q, 2 Q and 3 Q in series is the same as that caused by
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2 Q, 4 Q and 6 Q resistors. That is to say, the resistance ratio of wrinkle (R, green)
and monolayer (R, light blue) resistors result in the potential profile in the four-probe
case. In other words, 60nsige.w (the conductivity inside the wrinkle) and oo, (the
conductivity of pristine monolayer graphene, 1S/0 with R, equal to 1 Q) determines
the potential distribution with a constant current injection. For convenience, the current
injected by probe 1 and R, are set to be 1 A and 1 Q, respectively. The resistance of Ry,
ranges from 1 Q to 1E* Q with 100 points selected and for each R,, setting, the
calculated conductivity along the wrinkle in the four-probe measurements (6O4iong-w)
can be obtained from the potential distribution. Accordingly, at each set of Ry, 60iside-
w/00m and 60,ong-w/00y, are calculated, which is shown in Fig. 4(b) in the main text.
For the experimental results, since 6O,iong-w and o0y, can be directly obtained from the
four-probe measurements, 6Oiyside-w/O0m O G0jnsidew Can be estimated based on the ratio
relationship shown in Fig. 4(b).
Estimation of strain distribution by the vector decomposition
method

In order to figure out the high conductivity of graphene wrinkle in this paper,
Raman characterizations are performed on wrinkled region and monolayer areas near
the wrinkle as shown in Fig. 5(a). Figs. 5(b) and (c) show the Raman mapping of 2D
and G peak positions of the wrinkled area in (a), respectively. The wrinkled features
are clearly shown in the Raman mapping image, especially in the G mode.

By the vector decomposition method introduced by Lee et al, the strain can be

disentangled from the doping according to the peak positions of Raman 2D (w,p) and
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G (0g) modes.* 3 In this method, hole doping and randomly uniaxial strain are assumed
for graphene on SiO,/Si substrate. Two vectors showing the changes in G and 2D
Raman shift are defined by Awyp=m,p-2678 cm! and Awg=wg-1587 cm’!, in which
2668 and 1587 cm! are averaged reference values for the flat region far away from the
wrinkled area in this paper (the same as Ref. 5). For the randomly uniaxial strain and
hole doping, strain variation (Ae, in %) and doping level (An, in 10'%/cm2) follow the
linear relationship: Awg / Ae (%) = -23.5, (Awap / A®G)e, n=0 = 2.2, Ao,/ An= 1 and
(Awap / A®g)n, =0 = 0.7. Accordingly, the two vectors (Awp, Awg) can be calculated

by,4, 5

Aw,, =—Ace51.7+Ane0.7
(S31)

Aw, =—Ac 235+ An

Fig. S7 shows correlation plots of the G and 2D peak positions, based on the Raman
characterization in Figs. 5(b-c). The doping vector line with a slope of 0.7 (in blue) and
strain vector line with a slope of 2.2 (in red) intersect at point (1587, 2678), which is
the averaged peak positions in flat area. The G-2D coordinate space is divided into four
quadrants, saying Q1-Q4, by the strain and doping vectors. For any experimental point
in Fig. S7, a combination of compressive (tensile) strain and p-doping can be extracted
by Equation S31. Q2 and Q3 regions are not allowed because both of n- and p- doping
should lead to increasing in wg.* ¢ In our case, most of the experimental points are
located in the forbidden Q2 and Q3 regions, which can be attributed to the affection by
strain.* Based on the vector decomposition method, the strain distribution can be
extracted, as shown in Fig. 5(d). As can be seen, the wrinkled regions show compressive

strain while the monolayer regions near the wrinkle present tensile strain, so the strain
10



polarity is reversed in boundary of the wrinkle. Therefore, large strain gradients are
mainly distributed in the boundary regions with larger curvatures, as verified in Fig.
5(e). Based on the same method, strain distributions of wrinkle-2 can be obtained as

shown in Fig. S8.
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Fig. S1 AFM and Raman characterization of the monolayer graphene region. (a)
AFM height image of the graphene edge area on Si/ SiO2 substrate. The inset line profile
reveals the thickness of the monolayer graphene area is ~1.0 nm. (b) Raman spectra
collected on four random positions on monolayer area. The spectra are offset vertically
for clarity. The relative intensity ratio of 2D and G peaks (>2:1) confirms the monolayer
nature of the graphene area near the graphene wrinkle. In addition, the absence of the

D peak indicates that no detectable defects are found in the transferred graphene sample

on the SiOZ/Si substrate.
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Fig. S2. Four-probe collinear measurements on materials from 3D down to 1D

with a moving probe. (a-c) Schematics of four-probe collinear measurements on

materials from 3D down to 1D, respectively. The four probes are arranged in a collinear

arrangement. Probe 1 (I1) injects the current to the materials and probe 4 (G4) is

grounded. Probe 2 and 3 are used to measure the potential distribution on the material

surface (V2 and V3). The distance between probe 1 and 2 is fixed to 2 (a.u.) while the

distance between probe 4 and 2 is fixed to 1 (a.u.). Probe 3 is a moving probe and the

distance between probe 4 and 3 is x (a.u.). (d-f) Geometry factor variations in the four-

probe collinear measurements on materials from 3D down to 1D, respectively. The

black arrows indicate the positions of the fixed probes.
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Fig. S3. Resistor network

x4 pm area in the pristine graphepgand graphene ‘wrinkle, respectively. The distance

| - Graphene wripkle )
between two nearest probes is 60 pm according to the experimental setups.
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Fig. S4. Four-probe measurement of gate-tunable conductivity on CVD-grown
graphene. (a-b) Gate-tunable conductivity of graphene wrinkle-2 in four-probe square
and collinear configurations, respectively. The inset shows the optical micrographs
during the four-probe measurements. (c-d) The results from graphene wrinkle-3 by the
same method as wrinkle-2. The conductivity across the graphene wrinkle is much lower
than the case on monolayer area while the conductivity along the graphene wrinkle is

higher than that in the monolayer region.
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Fig. SS. Four-probe collinear measurement of gate-tunable conductivity along and

near the graphene wrinkles. (a) Gate-tunable conductivities of graphene wrinkle-4 in

four-probe collinear configuration. The inset show the optical micrographs during the

four-probe electrical measurements. (b) The conductivity results from graphene

wrinkle-5 by the same method as (a). The conductivities along the graphene wrinkle

are higher than that in the monolayer region near the wrinkle.
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Fig. S6. Conductivity of five graphene wrinkles at charge neutral point in this

paper. The conductivity solely in the wrinkled region are on the order of several mS/[]
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Fig. S7. Correlation between the Raman shift of the G and 2D peaks of graphene
area with wrinkle on SiQ,/Si substrate. The strain and doping vector lines intersect

at (1587, 2678), which are averaged reference values for the flat monolayer region far

away from the wrinkled area in this paper.
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Fig. S8. Raman characterization of the wrinkle-2 area. (a) Optical image of the
characterized graphene wrinkle-2. (b-c) Raman mapping of 2D and G peak positions of
the graphene wrinkle-2 shown in (a). (d) Contour map for strain distribution extracted
from Raman 2D and G mapping shown in (b-c). The wrinkled areas show compressive
strain up to 0.54% while the monolayer regions near the wrinkle show tensile strain up

to 0.18%. (e) Mapping of strain gradients along the perpendicular direction relative to

the wrinkle.
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Fig. S9. Strain variations of the wrinkled regions and monolayer regions near the
wrinkle for the five wrinkles in this paper. The wrinkled regions show compressive
strain up to ~0.5% while the monolayer regions near the wrinkle present tensile strain

up to ~0.3%.
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