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Supplementary Fig. 1. EDS mapping of cross-sectional CIPS single crystal. Cu, In,
P and S elements are uniformly distributed in the bulk CIPS.
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Supplementary Fig. 2. The exfoliated CIPS flakes by the observation of optical
microscopy and AFM characterization. a Optical microscopy of CIPS flakes on Au
conducting substrate; b The topography of CIPS flakes measured by atomic force
microscopy in tapping mode. The thickness of CIPS flake can be precisely obtained by
measuring the height difference in the line profile between CIPS flakes and the substrate.
The thickness of CIPS flakes ranges from 80 to 120 nm.
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Supplementary Fig. 3. The electric field driven Cu” ionic migration. a The cross-
sectional view of bulk CIPS (~15 pm) sandwiched between two gold electrodes for the
EDS measurement; b The time dependent current at an external bias voltage 3V, the
higher current with the longer time is indicative of time-dependent Cu™ migration; ¢
The EDS is measured immediately after removing the bias. The dotted line represents
the interface between material and electrode. It is clear that In, P and S elements remain
evenly distributed, but the Cu™ ions show clear migration towards cathode side and thus
gives unevenly distribution in the bulk, leading to Cu element abundance near cathode

and Cu deficiency near anode.
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Supplementary Fig. 4. I-V curves for four consecutive cycles with different voltage
sweeping. 2,0 VH>+5 V—>-5V->0V; b,0 V>+5 V-0 V; ¢, 0 V>+7 V—0 V. One

full cycle was completed in 10 second, where the sweeping speed is 2 V/s for a, b and
2.8 V/s for c.
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Supplementary Fig. 5. A series of full cycle of I-V curves consecutively measured

under a voltage sweeping of 0 V—>+3 V—-3 V-0 V with a gradually slower

sweeping speed ranging from 12 V/s to 1.2 V/s. Note that the number 1-4 denotes the

sweeping sequence in full cycle.
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Supplementary Fig. 6. The electrical measurement using different contact
electrode. a The schematic electrical measurement setup, the topography of CIPS flake
with top Pt electrode and the height line profile across the Pt electrode; The scale bar is
1 pm. b The obtained I-V curves by using AFM tip directly in contact with the surface
of CIPS flake; ¢ The obtained I-V curves by using the top Pt electrode. I-V curves are

consecutively measured at a sweeping speed ranging from 12 V/s to 1.2 V/s. The

numbers 1-4 denote the sweeping sequence.
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Supplementary Fig. 7. The voltage dependent current-voltage (I-V) full-cycles
measured consecutively with a voltage sweeping cycle (0 V—-Vmax—+Vmax—0 V).
Note that the number 1-4 denotes the sweeping sequence. The value of Vmax ranges

from 3 V to 8 V and the interval is 1 V. One full cycle was completed in 1 second, where

the sweeping speed is 12, 16, 20, 24, 28, 32 V/s.
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Supplementary Fig. 8. I-V curves consecutively measured with a positive/negative

voltage sweeping. a, b The semi-cycle of I-V curves consecutively measured with a

positive voltage sweeping of 0 V—+3 V—0 V with 12 V/s and 6 V/s sweeping speed,

respectively; ¢ The semi-cycle of I-V curves consecutively measured with a negative

voltage sweeping of 0 V—-3 V—0 V at a 12 V/s sweeping speed; d The full-cycle of

I-V curves consecutively measured with a voltage sweeping of 0 V—-3 V— +3 V—0

Vata 12 V/s sweeping speed. The number 1-4 denotes the sweeping sequence.
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Supplementary Fig. 9. The electrical results of CIPS flake under three sets of 3 V
pulse voltage with different pulse intervals. The pulse interval are 20's, 5 s, and 1 s,
respectively. The pulse voltage width is 0.5 s. The inset shows the enlarged view of the

pulse signal and detected current in the black box region.
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Supplementary Fig. 10. The electrical results of CIPS flake under three sets of -3
V pulse voltage with different pulse intervals. The pulse interval are 20 s, 5 s, and 1
s, respectively. The pulse voltage width is 0.5 s. The inset shows the enlarged view of

the pulse signal and detected current in the black box.



Supplementary Note 1. The schematic circuit model and the I-V curve simulation

Our experimental setup can be described by a circuit model for the AFM tip/CIPS
flake /Au substrate, as shown in Supplementary Fig. 11. The ideal rectifier
characteristic of Schottky barriers can be described according to the ideal thermionic

emission theory, the current I through a ideal Schottky barrier is given by':

I(V)=1, (exp(qV/kBT)—l) (1)

|, = A AT exp k") (2)

where Ip is the saturation current of the junction, q is the electron charge, V is the
applied voltage, kg is the Boltzmann constant, T is the temperature, A. is the Schottky
barrier contact area, A" is the effective Richardson constant and ¢y is the initial energy
of the Schottky barrier. However, this form does not apply in the case of Cu’ ions
migration and redistribution. The Cu" ions redistribution significantly modifies the
Schottky barrier, which affects the current rectification. Herein, we further use the
modified thermionic emission theory to describe the electron transfer at the terminal
interface, and use S factor to fully consider the influence of Cu ion redistribution on the
two terminal Schottky barrier and modify the I-V rectification due to Cu ions migration.

The modified thermionic emission theory is described by:
I(V )= I, exp! 7o) [exp(qv’kBT)—l] 3)

Therefore, f factor considers the influence of Cu ion redistribution on the Schottky
barrier and modify the I-V rectification. We extracted the [-V experimental data in high
conducting state in Fig. 4b and use the MATLAB to solve the circuit and simulate the
I-V curves. The interface effect in this system is dominated by the AFM tip/CIPS
contact. As expected in Supplementary Fig. 12, we found that the rectifying behavior
of the I-V curves is dominated by the tip/CIPS contact because the profile and
rectification of the I-V curves show negligible changes as we treat CIPS/Au substrate

as the ohmic contact.
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Supplementary Fig. 11. The schematic circuit model for the AFM Tip/CIPS flake
/Au substrate in our experimental setup. The tip-flake and flake-substrate interfaces
are represented as Schottky barriers connected in a back-to-back geometry. A resistance,
R, connected in series between the two Schottky barrier accounts for the bulk resistance

of the CIPS flake.
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Supplementary Fig. 12. The rectifying behavior of the I-V curves dominated by
the tip/CIPS contact. a The experimental and simulated I-V curves under different tip
force using Dr1r/R/Drs circuit model; b The simulated I-V curves under different tip
force without considering the Au/Substrate Schottky barrier (treating CIPS/Au contact

as the ohmic contact).
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Supplementary Fig. 13. Strain induced bandgap change for CIPS by DFT

calculation. a DFT calculation results of density of states under different strain for

CIPS; b the magnification corresponding to the black rectangular box in a. Under a tip

force of 4.2 uN, the compressive strain in the local area can reach up to 5-15%. The

band gap only slightly decreases by ~0.1 eV under 15% compressive strain, suggesting

the band gap change is not the dominating factor of Schottky barrier change under the

tip force.



Supplementary Note 2. The estimated contact area using Hertzian contact model.

The contact area varies with the tip force using the Hertz contact model®, as shown
in Supplementary Fig. 14. The contact area increases by a factor of ~7, from 150 nm?
to 1008 nm? as the force increases from 0.35 uN to 4.2 uN, which cannot explain the
enhanced current of several orders of magnitude in negative voltage direction.

AFM tip is modeled as a sphere of radius R and the flake as a half space. The load

force F and the indentation depth d are related by? :

N w

4 1
F :§E*R2d (4)

where R is the curvature radius of the AFM tip (~25 nm) and E* is a function of the
Young moduli (E; and Ep), and the Poisson ratios (v and vg) of the silicon tip and

the CIPS flake, respectively:

1 1-v? 1-vf

= + 5
E E, E. ©®)
The radius of the contact area is related with the applied force by:
1
3FR s
a= - 6
= ©

and the tip-flake contact area A, is

, 3FRY® 1 (3FRY"®
A =r(a’+d )=z{(4E*j +¥(4E*j } (7)

Young moduli (Er and Ef), and the Poisson ratios (v and vp) of the silicon tip and

the CIPS flake is E; = 180 GPa, and Er = 25 GPa, vy = 0.2, and vy = -0.06,

respectively?™.
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Supplementary Fig. 14. The estimated contact area using Hertzian contact model.
a Hertzian contact model. The AFM tip is modeled as a sphere and the CIPS flake as a

semi-space. F is the applied load force, a is the radius of the contact area and d is the

indentation depth; b Tip-flake contact area change as a function of the tip force.



Supplementary Note 3. The quantitatively analysis of the barrier height
modulation due to strain or strain gradient.

Based on the Hertz contact theory model, the tip is treated approximately as a
hemispherical rigid body, and the indentation deformation is regarded as a pure elastic
process under the control of classical continuum mechanics. The analytical strain field
under spherical indenter in Hertz contact theory has been widely developed>®. The
strain gradient field distribution can be obtained by taking the spatial derivative of the
analytical solution. In cylindrical coordinates, the elastic stress field in a semi-infinite

block is as follows’:

o, 3|l1-2va? z Y z ) al
p_m:E 3 - ) |\ ) et
8
z 1-v u’> ( a ®
+l117 um+(1+v)?tan " -2
o, 3|1-2va’ z Y]
— =7 |1
P 21 3 r u
- 9
z 1-v u’?. i ( a ®
+UT 2v+ua2+u—(1+v)?tan wE
c 3( z V[ au
p—z(u—) [mj (1o
i__% rZZ a2u112 (11)
p, 2lu*+a’z® )\ a®+u
where
12,2 2 2, 52 .2)? 22 |
qu (r +2°-a )+[(r +2°-a ) +4a°z } (12)
F
P = Tl (13)
a=(§§(1_v2)j (14)
1 1-v2 1-v
E E E (15)



In the above expression, F represents the force applied to the probe (4.2 uN), R is
the tip radius (25 nm), A is the contact radius, E is the effective Young's modulus, V' is
Poisson's ratio, and both 7 and z are cylindrical coordinates. The above expression does
not depend on O because of radial symmetry.

The flexoelectric effect-induced electric field is linearly proportional to the
flexoelectric coupling coefficient. However, there is no reported value of flexoelectric
coefficient of CIPS so far. Here, the flexoelectric coupling coefficients in the
longitudinal, transverse and shear direction are considered to be -6V, -3V and -2V in
the following calculation, respectively, which is in the range of the flexoelectric
coupling coefficient of £1-10 V>®. The piezoelectric properties of CIPS have been
studied extensively, so we refer to the piezoelectric coefficients reported in the recent
works> °. The strain and strain gradient distribution under a tip force of 4.2 uN are
shown in Supplementary Fig. 15a and b, respectively. The calculated surface
potentials induced by the piezoelectric/flexoelectric effect are shown in

Supplementary Fig. 16.
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Supplementary Fig. 15. The strain (a) and strain gradient (b) distribution in CIPS
flakes obtained from theoretical calculations with a tip-force model under a tip
force of 4.2 pN. The tip is treated approximately as a hemispherical rigid body with a
radius of 25 nm, and the indentation deformation is regarded as a pure elastic process

under the control of classical continuum mechanics.
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Supplementary Fig. 16. The calculated surface potential induced by

piezoelectric/flexoelectric effect under the tip force of 4.2 uN.
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