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I. Particle size and electrode design

Figure S1 shows the multilayer Au nanoparticle (NP) film deposited on the
substrate with premade electrode. The gap between adjacent electrodes is 200 nm.
The transmission electron microscopy image reveals that the synthesized AuNPs are

highly uniform in size, having an average diameter of 12 nm.

Figure S1 (a) The scanning electron micrographs of a multilayer MOA device. (b)
The transmission electron microscopy image of the synthesized AuNPs deposited on a

Si3N4 membrane. Here the capping molecules are MUA molecules.



Table I. Important parameters of the AuNPs devices deduced from data fitting

described in the maintext.

MUA MOA MHA MPAIi MOAe MPAi MPAm

Carbon
Number, 11 8 6 3 8 3 3
Interparticle

Spacing, 1.88 1.51 1.27 0.90 1.51 0.90  0.90
s (nm)

Rrr (W) 10-10°  ~10’ ~10° 10°-10°  10'-10" ~10°  ~10°
T) (K) 43-80 40-52  45-56 32~49 17-50 <5 Metal
T, (K) 700-1600  500-780 460-860  573-770  6-210  6-9

I(nm) 24-49  42-47 6877  83-11

K 75-353  220-275 94-186  69-124
Ec (meV) 11.0 9.3 8.1 6.0

E,(meV) 10.6-10.7 9.2 6.3-7.4 4.6-5.2




I1. Bending measurement

As described in the main text, we could measure the temperature dependent
resistance when the substrate was bended. Such an experiment was realized by using
a sample holder (Figure S2(b)) with brass chip supports (Figure S2(a)) of various
surface curvatures. Their curvature radii are from 10 to 32 mm for convex ones and 3
mm to 7mm for concave ones. The chips were firmly attached to the support to keep
the bending strain constant when varying temperature. Pogo pins were installed in the

sample holder for a firmly connection between wiring and chip pads.

chip support

Figure S2 (a) Convex (top row) and concave (bottom row) chip supports made of
brass for chip bending. The curvature radius is noted under each support. (b) The

measurement sample holder with the cylindrical chip support.



III. Current-voltage characteristics of devices

The current-voltage(/}) characteristics of the metallic and insulating devices are
qualitatively different: The metallic devices (MPA) showed linear /V curves when the
temperature(7) was varied from 300 K to 10 K. On the other hand, insulating
devicescMHA, MOA, and MUA) would show nonlinear IV curves when the
temperature was lowered below 10 K. Furthermore, the resistance at zero-bias for
metallic and insulating devices have opposite temperature dependences. For the
metallic device, resistance reduces as 7 decreases, whereas for an insulating one,

resistance increases several orders of magnitude as 7" decreases to 10 K.
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Figure S3 The [V characteristics for (a) MPAm, (b) MHA, (c) MOA, and (d) MUA
devices. Clearly the insulating devices show non-linear IV curves at the base
temperature. Notice that for clarity, the currents are amplified by 100 times for the

base temperature (blue curves) cases in (b)-(d).



IV. Temperature dependent resistance
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Figure S4 (a) The R vs. T curves for MUA, MOA, MHA and metallic MPA(MPAm)
devices. The temperature dependence for the MPAm device shows a metallic
behaviour while the others show insulating behaviours. For MOA and MHA devices,
a small resistance hump is found at the temperatures around 235 K, which could be
attributed to the contraction/expansion of residual water in the film. (b) R(7) curves
for various MPA and e-beam exposed MOA devices. The e-beam exposure reduces
the tunnelling barrier height of the molecular junctions so as to reduce the
room-temperature resistances of MOAe devices at most to 5 orders of magnitude,
bringing low resistance devices (typically Rpr < Rg) across metal-insulator
transition(MIT). NP assemblies linked by MPA molecules may have versatile R(7)
behaviours: When Rpr > R, the device is insulator(MPAii). When Rzr < Rk it can be
metallic (MPAm) or insulator (MPA1) possibly due to different strength of disorder.
In addition to the interparticle coupling strength, the disorder, which is hardly
determined by Rgr, serves as another parameter governing the MIT in these NP

assemblies.



V. The temperature-dependent resistance of insulating devices
Here we show more R vs. 1/T plots for insulating devices. When 7> 20 K, they

follow the thermal activation property well.
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Figure S5 The R vs. 1/T plots for insulating MHA (a), MOA and MUA (b) devices. At
higher temperatures, the resistance follows the thermal activation property, namely,
In R o< T7'. Near room temperature, there is slight deviation, suggesting effect from

thermal expansion.



VI. The co-tunneling and temperture-dependent resistance

As mentioned in the maintext, the the long-range charge hopping probability, from

NP i to NP j, via the inelastic co-tunneling channel, is exponentially suppressed by the

..

The localization length is temperature dependent,
/ 2a
" 1n(E2/167rk§T2g)' (1)

distance ry,

Here a is the average NP center—to-center distance, and g is the dimensionless
conductance of the molecular junction. £ is the average energy for electron and hole
excitation energies, roughly on the order of E,. The overall charge conduction should

balance the charge hopping distance and energy cost, which arises from long-range
Coulomb repulsion, U ~ ez/ KEr; . « is the effective dielectric constant of the NP

assembly. Therefore the overall hopping probability should also include an Arrhenius

factor, describing the thermal activation to overcome the energy U, and reads as

B ¢’
. o< €X —— |€X I ——
Vi P Ly P Kgo’}jkBT )

By maximizing y; by varying r;;, one obtain a most probable hopping range,

Ke k,T )
with the preferable hopping probability,

" ocex 2 =exp| -2 e
VR T TP T ke T - (3)

In standard theory of Efros—Shklovskii(E-S) variable range hopping(VRH), the

localization length is assumed constant of temperature to give a resistance as

1 T
R < — <exp,|—=

Y T -
On the other hand, in the case of the inelastic co-tunneling, one cannot neglect

the temperature dependence in /;,. Yet this temperature dependence is weak so the

12

resistance still follows the relation In R~ 77 well. To show this, we performed



calculation on the hopping exponent (r*/lin) in Eq. (3), using parameters obtained in
our experiments. Here we used a=12 nm, g=0.01, E/ks(~T1)=50 K, x=270. The blue
curve is for temperature-dependent /;, using Eq. (1), while the green one is for
temperature-independent one, in which /;, =0.1a is assumed. For a comparison, we
also plot the function (r*/li,,) =(T- 2/T)1/ 2 with T5= 700 K as the red curve. As we have
mentioned that Eq. (1) describes a slow varying function of 7, the blue curve shows a
nice linearity in this temperature regime. Moreover, all the curves have similar slope

in this plot.
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Figure S6 The exponent (+ /l;,) vs. T

plots for temperature-dependent /;, using Eq.
(1) (blue), and temperature-independent /;, =0.la (green). Both curves have very
similar slope in this plot. The red curve plot the function (r /1) =(T: g/T)”2 with T,=

700 K.



VII. Magnetoresistance
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Figure S7 The repsonse of NP devices to a magnetic field. (a) Mott
insulators(MOAe-I7) do not exhibit any magnetic field modulation at 7=2 K. (b)
MPAIi Anderson insulators, can exhibit gate-modulated and magnetic field-modulated
1V characteristics at a sufficiently low temperature. (¢) MPA metallic devices present

weak anti-localization. The field is parallel to the substrate.



VIII. The anisotropy of conduction under unidirectional strain

Accroding to WKB approximation, the interparticle tunnelling conductance
exponentially decays with interparticle spacing, s, to yield G, e, in which S is
related to the barrier height and electron mass. Expeirmental findings reveals that
is on the order of 10 nm™ for most non-conducting molecules. When the substrate
expands isotropically, the center-to-center distance, a of each nearest NP pair
increases by a factor (1+¢), in which €is the strain. If the nanoparticle size is not
changed in this expansion, the interparticle distance increases by As = €a. This gives
a (tunnelling) conductance change under isotropic expansion, AG, /G, =—ae. In
contrast to the isotropic expansion, a unidirectional strain would give different
increment of interparticle spacing in different directions. Consider that the direction
of interparticle tunnelling and of the strain have an angle 6(Figure S8). The projection
of center-to-center length in the strain direction is @, =acos@. The stubstrate is
elongated by a factor of 1+¢ while in the perpendicular direction the substrate is
unchanged. Therefore the interparticle position vector becomes af =acos0(1+¢)

and a| =asin@ . Again, assuming that 7 is not changed under the stress, one has

As=,|a/+a] —a

= \/a2 0052(9(1+£)2 +a’sin’0 —a

= cos’Oea

Such a change in s should yield a conductance change AG, /G, =—cos’6Bac. When
the tunnelling direction and the strain direction are the same, we have the maximal
conductance change, AG; , /G, =~ —fat .

First we discuss the charging energy Ec of an AuNP in a NP network with strain.
As described in the main text, the Abeles formula suggests that the charging energy is
roughly proportional to the interparticle spacing, s when 7» > s. This suggests that the
capacitance of constituent junction is inversely proportional to s. In a triangular lattice
arrangement of the two-dimensional NP assembly, one NP can have 6 nearest
neighbours to form 6 tunnel junctions. The total capacitance of these junctions with

strain can be expressed as

6 6 1

Ci=Y>C,=G,
i=1

i

“1+eas " cos’ 6,

6 sa)
=C l—eas™'cos’0,)=|1-=—=|C
3 )=(1-8)e.

i=1

Here s; is the interparticle spacing for i-th junction. Cy is the capacitance for a tunnel



junction without strain and is considered as a constant, and the total capacitance of the

tunnel junctions without strain should be C;=6C,. The regular trianglar lattice

6
gives 20052 0. = 3. The changing energy is inversely proportional to Cy

i=1
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Here we used AG, /G, =~—Pag, Bs=(10 nm™)(0.9 nm)=1. This means that in

the linear regime, an arithmetic average of conductance with strain( G; ) and without
strain(G7) could be a good estimation for the charging energy.

The quantum correction of Mott gap in general depends on the decay rate of a
charge reside in a single NP. The decay rate, in general is proportional to the
tunnelling conductance. To sum up all the decay rates to each neighbouring NP, I7,
we have

I :i%ro :Foi(l—coszeiﬁaa‘):(l—%jr,.
i=1 Ur i=1
Here I'y is the tunnelling rate between each NP pair wthout strain and is considered as
a constant, and the decay rate without strain is I',=6I",. Again, by noting the

conductance measured along the strain direction as Gj =(1-fag)G,, one can

G, +G;
express the decay rate as I = 5 —L—LT,. The arithmetic average of conductance
T
with strain and without strain could also be an important parameter for the quantum

fluctuation of charge.
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Figure S8 The triangular lattice of AuNP network.



