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Anderson localization transitions are a universal quantum phenomenon sensitive to the
disorder and dimensionality of electronic systems. Over the past decades, this intriguing
topic has inspired overwhelmingly more theoretical studies than experimental verifications
due to the difficulty of controlling a material’s disorder or dimensionality without modify-
ing its fundamental electronic properties. Organic crystals with their rich disorders would

be terrific playgrounds to investigate such disorder-driven phase transitions except for their
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low conductivities which usually prohibit low-temperature measurements. Here, we conduct

systematic transport experiments in mesoscopic devices made with copper benzenehexathiol

thin films across a wide range of thicknesses. We find metal-insulator transitions both among

arxXiv

three-dimensional samples with different disorder strengths and between three-dimensional
and quasi-two-dimensional samples. Temperature-dependence analysis of the conductivi-
ties corroborates the dimensionality crossover. Moreover, our theoretical modeling provides
a basis for understanding both types of metal-insulator transitions within the framework
of Anderson localization transitions. Our findings establish for the first time that organic
crystals such as conductive metal-organic frameworks can exhibit such quantum interfer-

ence effects. With organic materials’ versatile chemical designs and crystalline structures,



our work opens new avenues to search for novel quantum phenomena in organic material

platforms.
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Anderson localization transition (ALT), a disorder-driven quantum phase transition from ex-
tended to localized states, is a classic topic in condensed matter physics that receives continuous
research spotlight[1, 2]. A representative case is the absence of diffusion of an initially localized
wave packet at arbitrarily weak disorders in one dimension where no transition occurs. On the other
hand, ALTs can occur in three dimensions, manifested in transport measurement as a disorder-
driven metal-insulator transition. Such transitions have been observed in experimental systems,
e.g., the doped semiconductors[3, 4] and the persistent photoconductors[5].

In the intermediate regime, two-dimensional (2D) electronic systems always support localized
states and do not exhibit the ALT, except maybe in rare cases with a strong delocalization effect
from the spin-orbit coupling[6]. The unique scenario of investigating the transition from a three-
dimensional (3D) disordered system to its 2D counterpart presents a complex and challenging
task. The strict two-dimensionality of inorganic crystals, often requiring a thickness on the order
of nanometers or below, introduces complexities such as altered band structures and the influence
of surface states on observed transport phenomena. Furthermore, the introduction of disorders in
inorganic crystals, typically through extrinsic dopants, adds another layer of complexity beyond a
random potential distribution in the crystal lattice[4].

On the other hand, organic crystals come with rich possessions of disorders, making them
ideal testbeds to study this problem. However, due to the low conductivities of organic crystals,
ALTs have not been studied in organic electronic systems via transport measurement. Some
above-room-temperature metal-insulator-like transitions have been reported in a biological metal-
organic framework (MOF) generated upon coordination of the cysteine and the cupric ion, but the
phenomenon is rooted in a different nature[7].

In recent years, MOF's have attracted research interest from multiple disciplines thanks to their
chemical tunability, which leads to broad applications in gas storage[8, 9], gas separation[10, 11],
catalysis[12, 13], and sensors[14, 15]. Among them, two-dimensional conjugated MOFs (2D-
cMOFs) exhibit outstanding intrinsic conductivity thanks to their extended m-d conjugation
in the 2D plane[16]. They have already been widely applied in the fields of batteries[17, 18],
optoelectronics[19, 20] and thermoelectrics[21-23]. Local gate control of Mott metal-insulator tran-
sitions has also been demonstrated in a 2D-cMOF consisting of 9,10-dicyanoanthracene (DCA)
molecules and copper atoms, highlighting the interesting many-body physics in this material
family[24]. Copper benzenehexathiol (CusBHT) is a member of 2D-cMOFs with a record high
electrical conductivity under room temperature[25]. The structure of CusBHT is shown in Fig.

la. Copper atoms are bridged by BHT molecules via Cu—S coordination bonds, forming a perfect



Kagome lattice. The Fermi surface contour in the reciprocal space of single-layer CuzsBHT is
shown in Fig. 1b, where we can see several hole pockets at I' point, K point, and M point arising
from p-orbitals of C and S atoms along with d-orbitals of Cu atoms[26]. In the band structure of
bulk CusBHT, bands crossing the Fermi level can also be observed, in agreement with the metallic
state observed in 3D CugBHT samples[27, 28]. The extraordinary conductivity and electronic
band structures of the 2D-cMOF with Kagome lattice, making it a promising candidate for hosting
exotic condensed-matter-physics phenomena such as unconventional superconductivity[27, 29] and
quantum spin liquid[30, 31].

In this work, we conduct systematic transport experiments in mesoscopic devices made with
CusBHT thin films and observe metal-insulator transitions induced by disorder strength and di-
mensionality crossover. By controlling the synthesis process, we obtain samples with different
thicknesses and divide them into three groups: the quasi-2D group, the intermediate group, and
the 3D group. By analyzing the temperature dependence of resistivity in both metallic and insu-
lating samples, we investigate charge transport physics in different sample groups. For samples in
the quasi-2D group, arbitrarily weak disorders can easily localize the electronic states (Fig. 1c).
However, with the change of sample dimensions, samples with the same level of disorders can
gradually change into a transitional state with less localized carriers (Fig. 1d) and finally allow
a metallic state with delocalized carriers (Fig. le). Meanwhile, within the 3D group, increase in
strength of disorder can lead to localized carrier in 3D samples (Fig. 1f). Using finite-size scaling
analysis of participation ratios of a disordered tight-binding model, we can theoretically understand
metal-insulator transitions within the framework of ALTSs, where the electronic states lose mobility

from disorder-induced quantum interference effects.

Thickness-controlled synthesis of CusBHT thin films

CusBHT films were synthesized by liquid-liquid interfacial reaction as shown in Fig. 1g. The
process of crystal growth can be divided into three stages. The first stage is nucleation, in which
copper ions coordinate with BHT molecules and form crystal nuclei on the interface. Then the
coordination continues on the interface and the crystals grow horizontally due to the interface-
confining effect. With a layer of CusBHT covering the interface, the copper ions have to diffuse
through the CusBHT to coordinate with the BHT molecules, which is the thickening process.
During the thickening process, the thickness of the film can be tuned by changing the precise
concentration of copper ions since it can change the chemical potentials which drive the diffusion

process[32]. We used different concentrations of copper ions in the water phase and obtained



samples with thicknesses ranging from 30 nm to 1000 nm (Fig. 2a). After being thoroughly
washed with degassed water and organic solutions, CusBHT films were transferred onto different
substrates for subsequent measurement.

The composition and crystal structure of CusBHT films are characterized via multiple tech-
niques. Fourier transform infrared spectrometer (FT-IR) is applied to determine the bonding be-
tween metal ions and BHT. The vanished peak of the sulfur-hydrogen bond at 2490 cm ! indicates
that sulfur atoms of BHT molecules successfully coordinate with copper atoms (Fig. S1). X-ray
photoelectron spectroscopy (XPS) is used to characterize the chemical composition of CusBHT
films, revealing the presence of copper, sulfur, and carbon in the film (Fig. S2a). High-resolution
scanning of the Cu 2p region indicates that copper atoms in samples with different thicknesses show
Cu(I) and Cu(II) form at the same time. The phenomena has been previously reported in CusBHT
and other copper coordinated MOF's and attributed to different coordination geometry, indicating
strong charge transfer between copper ions and BHT ligands which may contribute to the in-plane
m—d conjugation and conductivity[23, 25, 33] (Fig. S2b). Energy dispersive spectrometer (EDS)
mapping shows the even distribution of copper, sulfur, and carbon in CusBHT films (Fig. S3).
Transmission electron microscopy (TEM) images in Fig. S4a and atomic force microscope (AFM)
images in Fig. 2b are taken to illustrate the layered structure of synthesized films. High-resolution
transmission electron microscopy (HRTEM) images in Fig. S4b and Fig. S4c and powder X-ray
diffraction (PXRD) patterns in Fig. 2c of films with different thicknesses match well with the
structure of CusBHT crystals[27, 34]. Selected area electron diffraction (SAED) patterns of the
films show clear spots matching well with crystal indices of CusBHT, which reveal the high crys-
tallinity of our films (Fig. S5). All the above characterizations confirm the successful preparation
of CusBHT crystal.

Defects and disorder have an important bearing on MOFs’ transport properties[35]. XPS spec-
trum in Fig. S2 indicates that neither impurity atoms nor wrong bonding type which may induce
structural disorder appeared in our sample. From the surface morphology pictures obtained by
AFM, mesoscopic scale defects like cracks and pores are rarely seen except in samples thinner than
10 nm (Fig. S6, Fig. 2d and 2e). We also observe that the surface roughness of CusBHT films has
a positive correlation with the film thicknesses (Fig. 2f) and roughnesses of the top and bottom
surfaces are different (Fig. S7) from AFM images. The phenomenon can be attributed to the
weakened interface-confining effect as the films thicken and the reaction zone moves away from the
liquid-liquid interface[36]. PXRD patterns of samples with different thicknesses in Fig. 2c indicate
that the crystallinity differs only slightly.



HRTEM images in Fig. S4c also show disorders like amorphous region, grain boundaries and
lattice mismatch in our samples. The domain sizes of CusBHT films with different thicknesses are
all on the order of 100 nm in Fig. S8. Kelvin probe force microscopy (KPFM) tests are carried out
to investigate the charge distribution on the surface of CusBHT. Despite the granular nature, the
CugBHT crystal shows even surface charge distribution and high charge density (Fig. S9). The
above spectrums and images help us clarify that the disorder in these thin films mainly originates

from domain boundaries rather than other chemical, structural, or doping factors.

Room-temperature electrical properties of layered CusBHT

The layered structure and chemical composition of m-conjugated 2D coordination polymers typ-
ically lead to different charge transport pathways vertically and laterally and therefore different
intra- and inter-layer conductivities[37]. For CusBHT, Cu-S coordination bonds and the benzene
core of BHT can construct extended m—d-conjugated planes which contribute to in-plane charge
transport, while 7—x stacking of benzene cores plays a crucial role in out-of-plane charge transport.

For room-temperature characterization of CusBHT’s intra- and inter-layer conductivities, we
conducted probe-station measurements on samples transferred onto Si/SiOs substrates with ther-
mally evaporated parallel gold electrodes. Four-probe measurements of both 100-nm-thick and
800-nm-thick samples give lateral conductivities on the order of 10? S/cm (Fig. 2g). To obtain the
vertical conductivity, we deposited another group of parallel electrodes on top of the transferred
sample crossing the bottom electrodes to create overlapping areas of 50 ym x 50 pm. The structure
of device is shown in Fig. S10. By comparing results from four-probe and two-probe lateral con-
figurations, we obtain the contact resistance between the sample and the electrodes and subtract
it from the two-probe measurement of the vertical resistance. This gives vertical conductivities on
the order of 1072 S/cm for both 100-nm-thick and 800-nm-thick samples (Fig. 2h). These results
suggest charge transport pathways exist both in-plane and out-of-plane with drastically different
amplitudes, making CugBHT a layered material regardless of its thickness.

Complimentary to the probe-station method, tunneling AFM (TUNA) measurements provide
local vertical conductivity information, revealing the microscopic domain structures. Surface mor-
phology and electric current are simultaneously scanned by applying a bias of 5 V between the tip
and the bottom electrodes of the sample. The domains and boundaries are distinguishable, and
the lateral sizes of the domains are on the order of 100 nm (Fig. S11), consistent with our HRTEM
results. Local current-voltage measurements within domains display linear relations, suggesting

ohmic conductance inside domains (Fig. 2i). The estimated vertical conductivity using TUNA



is on the order of 1072 S/cm, which is larger than we get from the probe station, suggesting the
latter to be a macroscopic average of inhomogeneous conductivities over domains and boundaries.

The contact area between tip and sample is considered to be 100 nm?[38].

Transport properties and metal-insulator transitions of CusBHT

To conduct transport measurements, CusBHT films were cleaned and transferred onto Hall bars
pre-patterned on Si/SiOg substrates. The separation between the longitudinal voltage probes is
sub-10 pm, providing a mesoscopic length scale for our measurements (Fig. S12). We studied the
temperature dependence of over ten CusBHT devices with different film thicknesses and observed
a spectrum of behaviors ranging from metallic to insulating as shown in Fig. S13. Based on
the observed temperature-dependence of electrical conductivity, we divide the measured samples
coarsely into three groups by thickness: the quasi-2D group with thicknesses below 200 nm, the
intermediate group with thicknesses ranging from 200 to 600 nm, and the 3D group with thicknesses
ranging from 600 to 1200 nm. The thicknesses ¢t and room temperature conductivities o of the
representative samples in Fig. 3a are shown in Table 1. Details of other samples are shown in

Table S1.

TABLE I. Contents of Samples in Fig. 3a

Sample S3 S5 S10 S14

¢ (nm) 100 250 800 750
o (S/em) 1761  831.8  556.6  482.9

We observe distinct metallic and insulating behaviors among CusBHT samples from the 3D
group. The conductivity of the metallic samples (represented by Sample S14) increases with
decreasing temperature. Moreover, the exponent of its dependence on temperature changes from
high- to low-temperature ranges, signaling multiple scattering mechanisms at play such as electron-
phonon and electron-electron interactions typical in metallic conductors[39]. On the other hand,
the conductivity of the insulating samples (represented by Sample S10) decreases with decreasing
temperature. While its temperature dependence is inconsistent with a thermally activated gap in

the form of o x e~ Fa/ksT (

orange line in Fig. 3b), it agrees well with Mott’s variable-range hopping
_1

(VRH) model where o oc e=(/T)'** with d = 3 here being the dimension of the materials (bottom

panel of Fig. 3¢)[40, 41]. This confirms the three-dimensionality of the insulating samples in this

group and the granular origin of their scattering mechanism. Such non-linear relationships between



the logarithm of the conductivity and inverse temperature is common among conducting polymers
and coordination polymers, which points to a disorder-limited charge transport mechanism([42].
We hence attribute the difference between these contrasting metallic and insulating behaviors in
the same thickness group to the inhomogeneity of disorder strengths among 3D CuzBHT samples,
giving rise to a metal-insulator transition governed by classic Anderson localization.

Among the thinnest samples, the temperature dependence of electrical conductivity from the
quasi-2D group (represented by Sample S3) exhibits exclusively insulating behaviors. Even though
the room-temperature conductivity remains on the order of 102 S/cm, the longitudinal conductivity
rapidly drops as temperature lowers. Again, this conductivity-temperature relation is inconsistent
with any thermally activated gap (brown line in Fig. 3b), indicating the insulating behavior in
these thinnest samples does not originate from a bandgap opening. This is consistent with previous
calculations, which confirms the metallic nature in CusBHT even down to the single-layer limit,
where multiple bands cross the Fermi level[26]. We again find Mott’s VRH model a good fit for the
o-T curves of these samples, but this time with d = 2 being the dimension of the materials. The
high R? coefficient of determination verifies the quasi-two-dimensionality of these thinnest samples
(upper panel of Fig. 3c). We will explore this dimensionality-induced metal-insulator transition in
more detail in the next section.

The conductivity of samples from the intermediate group (represented by Sample S5) shows a
similar trend in temperature to the quasi-2D group. However, the rate at which the system becomes
insulating is much lower. The conductivity of the sample only decreases to half of room-temperature
conductivity at 2 K, allowing transport measurements at low temperatures. By measuring the Hall
effect at different temperatures, we extract the mobilities and carrier densities of a 600-nm-thick
sample S8 from the intermediate group. Although the conductivity decreases at low temperatures,
magnetoconductance and Hall voltage can still be observed in an external field (Fig. S14). The
sign of the Hall voltage confirms that the dominant carrier type is holes, in agreement with previous
work[43]. The calculated mobility and carrier density at 5 K are 4.82 cm?-V~!.s7! and 1.24x10!?
em~?2 (Fig. 3f).

Interestingly, the o-T curve of sample S5 in the intermediate group fits neither the thermal-
activation model (green line in Fig. 3b) nor the VRH models for d = 2 or 3 (Fig. 3d). We can
express the temperature dependence in the form of modified Drude conductivity, o0 = op + do¢,
where op is the temperature-independent Drude conductivity of metallic domains and do¢ is the
temperature-dependent correction term|[44, 45]. We find that the conductivity correction of Sample

S5 in the intermediate group shows a temperature dependence of doc ~ T > (Fig. 3e), which was



observed in a previous experiment on SrTi;_yRu,O3 and attributed to weak localization effect
during a metal-insulator transition[46].

Lastly, we perform magneto-transport measurements in our mesoscopic CusBHT devices by
applying a magnetic field in the direction perpendicular to the sample plane. Most samples con-
ductive at low temperatures show positive parabolic magnetoresistance. Yet, in two samples from
the intermediate group, we observe a sharp resistance dip near zero field in addition to a parabolic
magnetoresistance background, and the feature is repeated at various speeds and directions of the
magnetic field sweep (Fig. S15). Given the potential presence of spin-orbit coupling in this ma-
terial, we analyzed the data according to weak anti-localization theory, though the fitting result
wasn’t satisfactory for either 3D or 2D regimes (see Supplementary Text S1). This suggests the
resistance dip may have other origins such as partial superconductivity in small pockets of the
sample. Given the temperature range we conducted experiments at was much higher than any
previously reported T, of CusBHT, further studies are merited to verify a potential higher T, in

thinner samples[26].

Theoretical insights on Anderson localization transitions
To obtain more insights into the observed metal-insulator transitions in CusBHT films, we nu-
merically investigate the localization nature of a disordered tight-binding model without losing

generality. The Hamiltonian of our model reads
H = Z eic;rci + tZC;er + h.c.. (1)
g (i)

Here, cZT and c¢; represent the single-particle creation and annihilation on a cubic lattice site
i = (nga,nya,n.a) with ng, . being integers and 1 < ny,, < L”,l <n, <L, and a = 1 being the
lattice constant. ¢ = 1 is the hopping energy, and ¢; is the on-site energy distributing randomly and
uniformly in the range [-W/2,W/2] such that W measures the degree of randomness. Hereafter,
we vary L to model the CusBHT samples of different thicknesses.

Numerically, we calculate the participation ratio defined as po=1/>" ¢ (i)[* with ¢ (i) being
the normalized wave function amplitude of the eigenket of energy E Zon site 7. For a system of
length L, the participation ratio scales with L as pg:L‘z with d being the spatial dimension for
extended states and 0 for localized states, respectively. Then, for a system of size L x L x L,

we expect the following scaling function if there exists an ALT[47, 48]

p2(E, W) = L f(Ly/€) + ¢L " F(Ly/€) (2)
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Here, D is the fractal dimension of the wave function of the critical state. £ is the correlation
length and diverges at the critical disorder as £ o< |W — W,|™". v is the critical exponent char-
acterizing the universality of the ALT. ¢ is a constant and y is the exponent for the irrelevant
variable. f and f are the scaling functions for the relevant and irrelevant variables that cannot be
ignored for systems of relatively small sizes.

We fit our numerical data with the above scaling function and calculate the following quantity
Vi, (B, W) = L[D[pQ(E, W) — ¢L[yf(LH/§)]. The presence of an ALT is judged by the following
criteria: (i) For extended (localized) states, Y1, (E, W) increases (decreases) with the system size
Ly; (ii) At the critical point of the ALT, Y, (E, W) is size-independent, and data near the critical
point merge to a smooth scaling function f(x).

We first consider the two-dimensional case. Since our model is spinless, we expect that all states
are localized and there is no ALT. The Y7, (E,W) as a function of disorder W at E=0 are shown
in Fig. 4a for L, =1. Clearly, YL” (W) decreases with L) for even very weak disorders, a typical
feature of localized states. This result is consistent with the well-established one-parameter scaling
theory and validates the correctness of our scaling function.

Then, we consider a quasi-three-dimensional by setting L =16 and L=40, 50, ..., 80 such that
the ratio L /Ly is close to those in our experiments. Different from the two-dimensional case,
Yr, (W) crosses at a single point W, = 10.7£0.9 and data near the critical disorder merge to the
scaling function with two branches representing extended and localized states; see Figs. 4b and
c. This naturally explains the ALTs observed in our 3D samples with thicknesses ranging from
600-1200 nm.

We also perform the finite-size scaling analysis for samples with relatively small thicknesses. A
representative result is shown in Fig. 4d for L =3. We seem to have observed a crossing point
representing the critical point of an ALT. However, such a crossing point is very close to 0, similar
to the two-dimensional case. Therefore, we expect the thickness of the CugsBHT samples should be
large enough for observing the ALT. This could help explain the lack of ALTs in our intermediate
group as the dimensionality crossover drives the critical disorder down to 0 when the thickness of

the sample decreases.

Discussions
The experimental results demonstrate both disorder-driven and dimensionality-driven transitions
from metallic to insulating states in a benzenehexathiol-coordinated copper metal-organic frame-

work. Given the separation between the voltage probes in our devices was sub-10 um, the ratio of
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longitudinal transport distance to the thickness of our films was around 100 in the thinner samples,
30 in the intermediate group, and 10 in the thickest samples, consistent with the range considered
in our model.

The temperature dependence of samples with different thicknesses illustrates the distinct be-
havior between metallic and insulating regimes of electronic transport. Furthermore, a detailed
analysis of the scaling of conductivity with temperature supports the crossover from 3D to 2D
transport behavior, based on Mott’s VRH (variable range hopping) theory.

The disorder in these thin films mainly originates from domain boundaries as indicated by AFM
and TEM images. The specifics of the disorder may vary from sample to sample as shown in Fig.
S4, but the overall types and distribution remain consistent from our method of synthesis. We
attribute the increased surface roughness in thicker films as shown in the topography data to the
thickening process, which supports a higher overall disorder in our 3D samples compared to the
quasi-2D ones. When we scrutinized the domain sizes between films of different thicknesses, we
found no qualitative difference as the crystal domains’ lateral length scale remains on the order
of 100 nm (Fig. S5). This, along with the fact we observed metallic behavior in the thicker
films supports that stochastic variations in the specific disorder arrangement do not jeopardize our
statistical analysis of the metal-insulator transitions.

Lastly, we note that CusBHT has been previously reported as a superconductor with a transition
temperature of 300 mK[27], indicating these transitions could evolve at lower temperatures into
a superconductor-insulator transition (SIT) or superconductor-metal transition (SMT)[29]. In the
current study, we found no sign of any global superconducting phase in the samples down to 1.8
K, so we stipulate the metal-insulator transitions as we observed. It is, however, possible that the
same kind of disorder and dimensionality crossover would result in anomalous quantum criticalities
near and below the superconducting transition temperature, which would be a fascinating topic in
itself to study in future works.

In conclusion, we have conducted a systematic quantum-transport study in mesoscopic devices
made with CugBHT thin films across a range of thicknesses. Our fitting results from the tem-
perature dependence of the longitudinal conductivity reveal a dimensionality crossover from three
dimensions to two. We found metal-insulator transitions both among 3D samples and between
3D and quasi-2D samples. In some intermediate samples close to the dimensionality crossover, we
observed a sharp dip in the magnetoresistance data, which may be attributed to partial supercon-
ducting of the sample. Our theoretical modeling within the framework of Anderson localization

transitions agrees with our experimental results and captures the localization physics behind these
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metal-insulator transitions. Moreover, it establishes for the first time that organic crystals such as
conductive MOFs can exhibit quantum interference effects at low temperatures. With the versatile
chemical designs and rich crystalline structures that come with organic materials, our results mark
a milestone for liquid-liquid interface synthesized MOF's and open whole new avenues to search for

novel quantum phenomena in organic material platforms.

Methods
Preparation of Cus BHT

CugBHT crystal was obtained via a reaction between Cu?" ion and benzenehexathiol (BHT)
molecule at the chloroform-water interface. BHT powder (98%, Bide Pharmatech Co.,Ltd) was
dissolved in degassed chloroform (HPLC, purity > 99.9 wt.%, Tianjin Jiangtian Chemical Tech-
nology Co., Ltd.) with a concentration of 1 mM under argon atmosphere. Then the solution was
poured into a flask and kept at a temperature of 45 °C. Preheated water with the same tempera-
ture was slowly added to the flask to form a stable oil-water interface. Then different volume of 1
M Cu(OAc)z (98%, Bide Pharmatech Co.,Ltd) aqueous solution was slowly added into the water
phase until reaching particular concentration between 0.1 mM and 8 mM for sample thicknesses
ranging from 10 nm to 800 nm. The Cu/BHT ratios in different groups are kept at 3. After 24h,
the reaction was finished and the solution was gently removed. CugsBHT crystals were rinsed with

degassed water, dimethyl formamide, and ethanol for at least three times each.

Sample characterization

FTIR spectrums were obtained from Bruker Vertex 70 using attenuated total reflectance (ATR)
mode. Thermo Fisher Scientific ESCALAB 250Xi was employed for XPS data. TEM, HRTEM,
EDS and SAED results were obtained via Thermo Scientific Talos F200X. Surface morphology,
surface potential, and local vertical conductivity were measured using Bruker Dimension Icon with
tapping mode, KPFM mode, and TUNA module. Powder XRD data were obtained using a Rigaku
SmartLab X-ray diffractometer with monochromatic Cu Ko (A = 1.541 A) radiation. The vertical
and lateral conductivity of the CusBHT film was taken using a Keithley 4200 semiconductor
parameter analyzer. Detailed fabrication process are described in the device fabrication part. The
contact resistance in the 2-probe measurement of vertical resistance was manually removed when

calculating the vertical conductance.
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Device fabrication

To measure the vertical conductivity of CusBHT, we fabricated sandwich-like devices shown in
Fig. S10. The bottom electrodes with 5 nm-thick chromium and 25 nm-thick gold were thermally
evaporated onto the SiOy/Si substrate using shadow mask. After CusBHT crystals were transferred
onto the electrodes, 30 nm-thick gold electrodes were thermally evaporated as top electrodes. The
structure contains an effective overlapping area of 50 pm x 50 pm.

The four-probe devices and Hall-bar devices of CusBHT were constructed with bottom-contact
configurations since the CusBHT films are not fully compatible with lithographic processes.

For four-probe devices, four parallel 30 nm-thick gold electrodes with width of 50 pm and
intervals of 100 um were thermally evaporated onto the SiO2/Si substrate using shadow mask.
The rinsed CugBHT thin films were suspended in degassed IPA solution and transferred onto the
electrodes. Then the devices were annealed at 80 °C in a vacuum oven for 30 mins.

For Hall-bar devices, 4 nm-thick chromium adhesion layer and 15 nm-thick gold electrodes were
pre-patterned using photolithography and sputter deposited on SiOy/Si substrates. The transfer

method and annealing process is same with four-probe devices.

Transport measurements

Transport measurements were carried out in Physical Property Measurement Systems with a
9-Tesla magnet (Dynacool, Quantum Design). Two lock-in amplifiers (SR830, Stanford Research)
were used to measure the R,, and R,, separately for magnetoresistance and Hall-effect measure-
ments. All data were obtained with a maximum current of 1 pyA to avoid sample heating by the

Joule effect.
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FIG. 1. Schematic diagram of the structure, metal-insulator-transition and synthesis process of
Cu3zBHT. a Two-dimensional lattice and layer structure of CusBHT. b Fermi surface contour of CusBHT.
c Localized electrons in quasi-2D samples with disorders. d Weakly localized electrons in intermediate
samples with disorders. e Localized and extended states in 3D samples with disorders. f Localized states

in 3D samples with increased disorders. g Different stage of liquid-liquid interface synthesis of CugBHT.
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FIG. 2. Room temperature characterization of Cu3BHT with different thicknesses. a Relationship
between Cu?* concentration and film thickness. b AFM image of layered structure of CusBHT film. ¢ PXRD
pattern of 100 nm- and 800-nm thick CusBHT. d Surface roughness of 100 nm-thick CusBHT film. e Surface
roughness of 800 nm-thick CugBHT film. f Relationship between film thickness and surface roughness. g
I-V curve and estimated conductivity on the lateral direction of 100 nm- and 800 nm-thick CugBHT samples
measured by probe station. h I-V curve and estimated conductivity on the vertical direction of 100 nm- and
800 nm-thick CugBHT samples measured by probe station. i I-V curve and estimated conductivity on the

vertical direction of 100 nm- and 800 nm-thick CusBHT samples measured by Peakforce TUNA module.
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FIG. 3. Metal-insulator transitions and Hall measurement of CusBHT. a Normalized conductivity-
temperature curve of samples in different groups. b Plots of In(c/S cm™!) versus 1/T of the insulating
samples S3, S5 and S10. ¢ VRH fitting of the insulating samples S3 and S10. d VRH fitting of sample S5

in the intermediate group. e 0 ~ T 2 curves of sample S5 in the intermediate group. f Transverse resistance

of sample S8 at 5K.
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FIG. 4. Theoretical modeling of Anderson localization transitions a Scaling variable InYr as a

function of disorder strength W for L =16 and different L = 40, 50,... 80 . b Scaling function In[YZ, |
=In[f(In[l/£])] obtained by merging data near the crossing point in a into two branches of curves (upper
and lower stand for extend and localized states respectively). ¢ Same as a but for L} = 1 where no ALT is

seen. d Same as a but for L | = 3, an intermediate height between those that can and cannot support the

ALT.
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