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ABSTRACT: Electrically conductive metal-organic frameworks (MOFs) are emerging as a subclass of porous materials that can
have a transformative effect on electronic and renewable energy devices. Systematic advances in these materials depend critically on
the accurate and reproducible characterization of their electrical properties. This is made difficult by the numerous techniques avail-
able for electrical measurements and the dependence of metrics on device architecture and numerous external variables. These chal-
lenges, common to all types of electronic materials and devices, are especially acute for porous materials, whose high surface area
make them even more susceptible to interactions with contaminants in the environment. Here, we use the anisotropic semiconducting
framework Cd2(TTFTB) (TTFTB* = tetrathiafulvalene tetrabenzoate) to benchmark several common methods available for measur-
ing electrical properties in MOFs. We show that factors such as temperature, chemical environment (atmosphere), and illumination
conditions affect the quality of the data obtained from these techniques. Consistent results emerge only when these factors are strictly
controlled and the morphology and anisotropy of the Cd2(TTFTB) single crystal devices are taken into account. Most importantly,
we show that depending on the technique, device construction, and/or the environment, a variance of one or even two orders of
magnitude is not uncommon for even just one material if external factors are not controlled consistently. Differences in conductivity
values of even two orders of magnitude should therefore be interpreted with caution, especially between different research groups
comparing different compounds. These results allow us to propose a reliable protocol for collecting and reporting electrical properties
of MOFs, which should help improve the consistency and comparability of reported electrical properties for this important new class
of crystalline porous conductors.

process. In this article, we use the semiconducting MOF

Introduction CdxTTFTB) (TTFTB* = tetrathiafulvalene tetrabenzoate)® to

Long considered insulators par-excellence, metal-organic
frameworks (MOFs)' are emerging as a remarkably tunable
class of porous conductors. With electrical conductivity adding
a new dimension to their tunable nature, MOFs have found new
applications in electronic devices® such as chemiresistive sen-
sors,>* batteries,> supercapacitors,'®!! photovoltaics,'? ther-
moelectrics,” and field-effect transistors.'*!> These comple-
ment their more traditional uses in gas adsorption,'®!7 gas sep-
aration,'® catalysis,'*? or sensing.?! Advances in these new ar-
eas depend critically on benchmarking the electrical properties
of MOFs, including electrical conductivity, charge mobility,
charge density, electronic band gap, and charge activation en-
ergy, for instance. In a recent review on the topic of electrically
conductive MOFs, we pointed out the relative lack of infor-
mation regarding these fundamental electrical properties. We
argued that the relative lack of data stems primarily from incon-
sistent usage of various techniques.?> These inconsistencies

make comparisons between various frameworks difficult at best.

Most often, such comparisons are uninformative. With the pace
of new reports in this area accelerating, it is imperative that a
set of rigorous guiding principles for electrical measurements
become available to the community, lest inconsistent reports
and techniques will negatively impact the systematic discovery

show that the observed electrical conductivity of MOFs de-
pends on the physical form, crystallographic direction, temper-
ature, atmosphere, and illumination conditions, among a host of
other factors. With these results, we develop and propose a set
of guidelines for reporting electrical conductivity, with the in-
tention to improve the consistency and comparability between
existing and future reports of electrically conductive MOFs.

As described previously,”? TTF moieties in Cd(TTFTB)
form one-dimensional infinite helical n-stacks with 65 sym-
metry, which are responsible for anisotropic charge transport
along the crystallographic ¢ axis. The TTF stacks run parallel to
infinite cadmium-carboxylate chains formed by benzoate
groups connected to the TTF cores (Figure 1a and 1b). The ben-
zoate groups also delineate one-dimensional cylindrical pores
with a van der Waals diameter of ~5 A, which give rise to a
surface area of 559 m*/g. Because of the anisotropic structure,
the electrical conductivity of Cd2(TTFTB) along the ¢ axis (e,
the direction of TTF stacks) is expected to be higher than that
perpendicular to the ¢ axis (o.1c), a hypothesis that we probe be-
low. Single crystals of Cdx(TTFTB) are typically hexagonal
rods (Figure 1c and 1d) that can reach 3 mm in length. Crystal
indexing showed that the long dimension of the crystal indeed



coincides with the crystallographic ¢ axis of Cd2(TTFTB) (Fig-
ure S1). Previous measurements on 22 single crystals of
Cdx(TTFTB) from 4 independent synthetic batches performed
by pasting two gold wires onto the hexagonal faces of the rods
revealed an average electrical conductivity ojc = 2.86 (+ 0.53)
x 10* S/cm. The electrical conductivity of Cd2(TTFTB) did not
change after exposure to air for at least 4 months, indicating that
the framework does not degrade under ambient conditions
during this period.
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Figure 1. Portions of the X-ray crystal structure of Cd2(TTFTB):
(a) view along the c axis; (b) view along the ab plane showing a
portion of the helical TTF stacks parallel to the ¢ axis. Optical im-
ages of single crystals of Cd2(TTFTB): (c) along the ¢ axis show-
ing the hexagonal cross section, (d) along the ab plane showing the
long dimension of the hexagonal rod under polarized light. Blue,
yellow, red, and grey spheres represent Cd, S, O, and C atoms, re-
spectively. H atoms and solvent molecules were omitted for clar-
ity.

Given its stability, anisotropy, crystal habit, and moderate
electrical conductivity, we deemed Cd2(TTFTB) to be a good
choice for studying the impact of measurement technique and
environment on the electrical conductivity of MOF single crys-
tals. The stability of Cd2(TTFTB) in air eases device fabrication
and characterization. The moderate electrical conductivity ena-
bles the use of both 2- and 4-contact probe methods (vide infra),
while minimizing the requirements imposed on the sensitivity
of ammeters and voltmeters used in the measurements. The ex-
pected anisotropy for electrical conduction enables us to illus-
trate techniques for measuring electrical conductivity along dif-
ferent directions. The large size and relative mechanical
strength of the crystals allow us to utilize the more technically
challenging 4-contact probe method (vide infra). The regular
hexagonal shape of the crystal leads to an accurate calculation
of the area of the contacts cross section. Finally, the porosity
and the semiconductor nature of Cd2(TTFTB) illustrate the im-
pact of environmental variables on the electrical conductivity.

Here, we first introduce the theoretical background of meth-

ods for measuring electrical conductivity of materials in general.

We then discuss practical details of measuring pressed pellets
and single crystals of Cd2(TTFTB) and use the experimental re-
sults to compare all of these methods. We also discuss the in-
fluence of temperature, atmosphere, and illumination on the
electrical conductivity of Cd2(TTFTB). We do not describe the

electrical conductivity measurements of thin films in this article.
Details for fabrication techniques, such as lithography, deposi-
tion, and etching, that are widely used for inorganic and organic
semiconductors are readily available.”* However, researchers
must be careful when adapting these techniques to MOFs be-
cause these materials may not survive the experimental condi-
tions required to implement some of these techniques, such as
high vacuum, high temperature, strong acid or basic solution,
high-power plasma, etc. When such techniques are employed,
we recommend that the integrity of the MOF samples be con-
firmed by standard (powder) diffraction experiments.

Methods for measuring electrical conductivity

Electrical conductivity, o, measures a material’s ability to
conduct electrical current. Measuring o typically requires incor-
porating the material of interest into an electronic device, typi-
cally a resistor, and measuring the electrical conductance (G),
length (L), and cross-sectional area (A) of the conduction chan-
nel.
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The electrical conductance is generally obtained by fitting the
linear region of a current-voltage (I-V) curve to Ohm’s law. De-
pending on the nature of the material, charge transport may be
limited by contacts at low voltage?® or may fall into space
charge limited current regime at high voltage,?® both of which
lead to a nonlinear I-V curve. Therefore, the appropriate voltage
or current range is typically determined by experiment. The
measured electrical conductance is determined by the intrinsic
electrical conductivity of the material, but is also dependent on
the crystallinity and physical form of the measured sample, di-
rection of electrical conduction, device quality, environment,
leakage current, and the sensitivity of the ammeter and voltme-
ter. Equally important are the length and cross-sectional area of
the conduction channel, which can be difficult to measure accu-
rately and often introduce systematic errors, especially if the
shape of the conduction channel is irregular.

Clearly, accurate measurements of intrinsic electrical con-
ductivity are challenging and fraught with potential sources of
errors. For these reasons, many methods have been developed
to measure electrical conductivity.?**?® In this article, we focus
on 2-contact probe, 4-contact probe, 4-point probe, and van der
Pauw methods (Figure 2), the most common and accessible
methods that will likely be of use to synthetic chemists in this
field. The relevant equations that allow the measurement of
conductivity in 2-contact and 4-contact probe methods are
based on equation 1. In the 2-contact probe method, the sample
is usually cut into a bar/rod-like shape, where two opposite sur-
faces are connected to thin metal wires (gold or copper wires
with diameter of 10 ~ 100 pm) by conductive adhesive paste
(silver, gold, or carbon paste) (Figure 2a). Voltage or current is
supplied or measured through the two wires. This method
measures the total resistance of the sample, contacts, and wires.
Because the equivalent circuit represents a number of resistors
in series (Figure 2¢), the resistance of the sample must be sig-
nificantly larger than the total resistance of the contacts and the
wire leads, which thus need not be known precisely. The typical
resistance of wires and contacts is less than 100 Q. Therefore,
to measure electrical conductivity with less than 10% error, the
resistance of the sample needs to be higher than 1 kQ.
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Figure 2. Methods for measuring electrical conductivity of MOFs
(a to d). Red and blue areas represent samples and electrodes, re-
spectively. I: current; V: voltage; L: sample length; w: sample
width; t: sample thickness; s: distance between adjacent probes; c:
electrical conductivity; F and f(Ras/Rac): correction factors; +: in-
put; -: output. (¢) Equivalent circuit for a 2-contact-probe device.
() Equivalent circuit for 4-contact-probe, 4-point-probe, and van-
der-Pauw devices. Rs: resistance of sample of interest; Rc: contact
resistance; Rw: wire resistance; Rs’: sample resistance that is not
measured; A: ammeter; V: voltmeter.

If the resistance of the sample is comparable to or smaller
than the total resistance of the contacts and wires, the 4-contact
probe method should be used. In this method, four in-line
probes are connected to the sample (Figure 2b). The outer two
probes supply current, while the inner two probes measure volt-
age. The equivalent circuit for this configuration consists of
contact and wire resistors in series with a voltmeter, both paral-
lel to the sample resistor (Figure 2f). This circuit eliminates con-
tact and wire resistances and measures only the resistance of the
sample as long as it is significantly smaller than the internal re-
sistance of the voltmeter, typically on the order of teraohms to
petaohms. This assumption is justified even for poorly conduct-
ing samples with resistances exceeding 1 GQ. This method thus
allows for an accurate determination of electrical conductivity
that does not depend on the resistance of the wires or contacts.
The same method can of course be applied to highly resistive
samples, although measurements of ¢ with 4-contact or 2-con-
tact probe techniques for highly resistive materials should nat-
urally give nearly identical results.

Whereas the 2- and 4-contact probe techniques are ideal for
single crystals, the 4-point probe and van der Pauw methods are
the most appropriate for measuring the electrical conductivity
of irregularly shaped samples. As with the 4-contact probe
method, both the 4-point probe and van der Pauw methods elim-
inate contributions from the resistance of contacts and wires
(Figure 2f). In the former, four small (i.e. point-like) probes are
placed linearly onto the surface of the sample, making point
contacts (Figure 2c). The probes typically consist of pre-aligned
equidistant metal pins. The equal spacing between the pins sim-
plifies the probe operation and afferent calculations. Current is
supplied through the outer two probes, while voltage is meas-
ured through the inner two probes. Importantly, this technique
assumes that the sample size is infinite both laterally and verti-
cally, that the contacts between the four point-probes and the
sample are infinitesimally small, and that the sample exhibits
isotropic conductivity. Practically, these assumptions are diffi-
cult to meet, and a correction factor (F) is applied to evaluate
the electrical conductivity:
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F corrects for lateral sample dimensions, sample thickness, and
placement of the probes relative to the sample edges, among
others. The various corrections convoluted within F are detailed
in reference 27.

The van der Pauw method is better suited for thin samples,
such as thin films, which deviate considerably from the assump-
tion of infinite thickness implicit in the 4-point probe tech-
nique.?** In the van der Pauw method, four point contacts are
placed at the circumference of a sample to define a square (Fig-
ure 2d). One of the requirements here is that the surface rough-
ness of the sample must be significantly smaller than the thick-
ness, ¢, to reduce the error in thickness estimation. Two probes
defining one edge of the square supply current, while two
probes at the oppose edge measure voltage. As shown in Figure
2d, two orthogonal resistances are measured: Ras = Vcp/Ias,
Rac = Vap/Iac. Under this notation, Rap is measured by passing
current between point contacts A and B and measuring the volt-
age between contacts C and D (Figure 2d). The second re-
sistance, Rac, is determined in a similar manner. The electrical
conductivity is calculated based on these two resistances and
the thickness of the sample:

g="22x 2 3)
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Here, f(R4g/Ry4c) is a function of the ratio between Ras and
Rac:
Rap/Rac=1 _ f(Rap/Rac) cosh~1 (exP[lﬂz/f(RAB/RAc)]) 4)
Rap/Rac+1 n2 2

Details on the meaning and provenance of f(R,g/R4c) are
found in reference 27.

The four methods described above and summarized in Figure
2 are widely used to measure electrical conductivity in metals
and classical semiconductors. Here, we adapt these methods to
MOFs and show, using Cd2(TTFTB) as a case study, that they
all give reasonable results when the implicit assumptions and
potential pitfalls are treated appropriately.

Techniques for measuring pressed pellets of MOFs

Pressed pellets are made by compressing crystallites of a
given material under a certain pressure, which improves the
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contact between neighboring crystallites. Pressed pellets are ac-
cessible for most solid-state materials, and are advantageous be-
cause their size is often larger than that of single crystals, which
simplifies the device fabrication process. Although all four
methods discussed above are applicable to pressed pellets, the
grain boundaries in pressed pellets introduce a large bulk re-
sistance, which increases with the size of the pellet. The most
important consequence of the grain boundaries is that for con-
ductive samples (i.e. those whose intrinsic resistance is lower
than the grain boundary resistance), the intrinsic conductivity
cannot be determined from pressed pellet measurements. In-
deed, in such cases, grain boundaries entirely dominate the ob-
served bulk conductivity, which can be much lower than the in-
trinsic conductivity. Because the pressure at which a pellet is
pressed, the relative size of the crystallites, and the relative ori-
entation of the crystallites within the pellets all greatly influence
the grain boundary resistance, conductivity values measured in
pressed pellets can be unreliable and poorly reproducible. Fur-
thermore, the random orientation of crystallites in pressed pel-
lets (Figure 3e) implies that, for materials exhibiting anisotropic
conduction, the observed bulk conductivity of a pellet is a
weighted average of the electrical conductivity in each crystal-
lographic direction (Gaverage). Finally, the pressure applied in the
preparation of pellets can itself cause phase transformations and,
particularly relevant for MOFs, material degradation through
framework collapse. Because of these disadvantages, pressed
pellets should be employed in electrical measurements only
when single crystals are not accessible or when device fabrica-
tion using single crystals is particularly challenging.

With these caveats in mind, we tested the reliability of
pressed pellet measurements with Cd2(TTFTB) using all four
methods described above. Pellets were pressed at a pressure of
approximately 200 MPa with the in situ press approach or 1 GPa
with other approaches (vide infra). Electrical measurements
were performed at a constant temperature of 297 K, in air with
a relative humidity of 35% ~ 46%, and in the absence of light.
Powder X-ray diffraction analysis of the pellets confirmed that
compression under these conditions and electrical measure-
ments did not affect the structure of Cd2(TTFTB) (Figure S2).
Details on device fabrication, electrical characterization, and
calculations of electrical conductivity for these pellets can be
found in the Supporting Information.

Results from 2-contact and 4-contact probe measurements
on pressed pellets

The classical means to implement the 2-contact probe method
is to cut a pellet into a parallelepiped shape and attach two wires
onto two opposite faces using a conductive paste, an approach
that we refer to as the “wire-paste approach”. The same device
can be turned into a 4-contact probe device if two additional
wires are pasted between the original two (see Figure 3a, b).
The electrical conductivity can be calculated from equation 1
with parameters shown in Figure 2a and 2b. Subjecting a pellet
of Cdx(TTFTB) to this procedure, both 2- and 4-contact-probe
devices were measured on the same sample, giving electrical
conductivity values of 2.29 x 10 S/cm and 4.08 x 10 S/cm,
respectively. The consistency between the two methods sug-
gested that the total resistance of contacts and wires was negli-
gible compared to the resistance of the pellet.

carbon paste

1mm (b))
/gold wire— " .

steel rod

Figure 3. Devices made from Cd2(TTFTB): (a) A pressed pellet,
2-contact-probe device made by the wire-paste approach. (b) A
pressed pellet, 4-contact-probe device made by the wire-paste ap-
proach. (c) A pressed pellet, 4-point-probe device made by the di-
rect-contact approach. (d) A pressed pellet, van der Pauw device
made by the direct-contact approach. (e) Scanning electron micro-
graph of a pressed pellet. (f) Home-built apparatus for fabricating
and measuring 2-contact-probe pressed pellet devices in situ.

The wire-paste approach imposes certain mechanical require-
ments on materials: the pellets must be sufficiently mechani-
cally robust to survive the cutting process, and the obtained par-
allelepipeds should have relatively smooth surfaces for accurate
calculation of the cross-sectional area where the paste is applied.
Finally, depending on the formulation of the conductive paste,
drying of this paste can cause pellets to crack due to strain. Be-
cause the conduction channel is often irregular (see Figure 3a,
b), equation 1 is not directly applicable, and additional analysis
is required to account for the geometry of the channel. These
analyses, as applied to Cd2(TTFTB) devices shown in Figure 3a
and 3b, is described in detail in the Supporting Information. It
is important to realize that these difficulties affect device fabri-
cation from pellets and introduce errors in the determination of
electrical conductivity that are often difficult to eliminate.

Some of the difficulties associated with pressing and cutting
large pellets and fabricating devices from them can be alleviated
by employing a simple home-built 2-contact-probe apparatus
for very small pressed pellets, which we adopted from a re-
ported setup that can be easily manufactured.3! As shown in
Figure 3f, this simple apparatus consists of two plastic-sup-
ported stainless steel rods and a glass tube. The diameter of the
rods and the inner diameter of the tube are the same, 0.208 cm
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in our setup. The small diameter of the tube allows measure-
ments of small amounts of sample, with reproducible measure-
ments routinely obtained from approximately 2 mg. Thus, a
given sample is introduced into the tube, and pressed into a
dense pellet by the two rods, which also create direct electrical
contacts that do not require additional conductive paste. If the
electrical contact is inadequate, a layer of carbon-coated alumi-
num foil between rods and the sample can improve contact. The
resulting pellet is a circular plate, whose thickness (0.1 ~ 1 mm)
and area (0.0340 cm?) are well defined and can be easily meas-
ured, making the calculation of electrical conductivity simple
and accurate. Therefore, this “in situ press” equipment provides
convenient, quick, and accurate characterization of electrical
conductivity of pressed pellets. Because of its simplicity and
ease of handling, it can readily be adapted to inert environments,
such as in glove boxes, to allow measurements of air-sensitive
materials. With this method, we measured 9 pressed pellets of
Cdx(TTFTB) with various thickness (170 ~ 820 um), obtained
a linear relationship between the electrical conductivity and the
thickness of pellets (Figure S4), and extracted an average elec-
trical conductivity of 2.07 (£0.13) x 10"® S/cm based on equa-
tion 1. This is comparable with the values obtained from the
wire-paste approach, again highlighting the fact that contact re-
sistances influence only minimally the total resistance of the
sample.

4-point probe method and van der Pauw method

The 4-point probe and van der Pauw methods physically
eliminate the influence of contact resistances. With these, the
quality of the contacts does not significantly affect the measure-
ments. The creation of cracks upon drying notwithstanding, 4-
point-probe and van der Pauw devices can therefore be con-
structed using the relatively rudimentary wire-paste approach.
In practice, however, pasting 4 parallel equidistant wires with
point contacts on the same pellet is difficult. To address this
challenge, we developed a “direct contact” method. Here, we
employ a probe station equipped with four micro-manipulated
arms (Figure S3) to land four metallic probes onto the surface
of a pellet in either linear or square configurations (Figure 3c
and 3d). A calibrated optical monoscope ensures linear and
equidistant alignment of the probes for the 4-point probe
method as well as square alignment of the probes for the van
der Pauw method. This method gave 4-point-probe and van der
Pauw conductivities of 4.39 x 10 S/cm and 2.70 x 10° S/cm,
respectively, again in-line with the value obtained by the previ-
ous methods, confirming that contact resistances are negligible
for pellets of Cd2(TTFTB).

Techniques for measuring single crystals of MOF's

Single crystals present the ideal morphology for studying the
intrinsic electrical conductivity of materials. They have few
grain boundaries and defects, and allow the measurement of an-
isotropic properties should these be expected. The main chal-
lenges of working with single crystals, especially for MOFs, are
their small size (often less than 200 um) and their brittleness.
Indeed, without practice it can be challenging to paste four (or
even two) thin metal wires onto a 200 pm-long crystal while
avoiding short-circuiting the leads. As with pellets, contacting
the crystals directly with the relatively hard wires can often
break the crystal, whereas using conductive paste can short-cir-
cuit the device or break the crystal upon drying.

General considerations for device fabrication

In principle, 2-contact probe, 4-contact probe, 4-point probe,
and van der Pauw methods are all applicable to single crystals.
However, due to the small size of single crystals of MOFs (< 1
mm), methods involving 4 contacts can be challenging. As such,
the two-contact probe method is the most practical because it
can be implemented with crystals as small as a few tens of mi-
crons. However, one should keep in mind that the 2-contact
probe method is not applicable to conductive samples whose
resistance is less than 1 kQ, such as several reported two-di-
mensional MOFs.!>32-3 Using this method for samples that are
too conductive will greatly underestimate the conductivity.

Because most MOFs are grown from solution, crystals often
vary in size, shape, purity, number of defects, and surface qual-
ity from one batch to another or even within the same batch. In
addition, different single-crystal device fabrication processes
give rise to different electrode-crystal interfaces, charge injec-
tion efficiencies, and crystal-substrate interfaces, which vary
even in the devices fabricated by the same technique. These fac-
tors may all affect the measured electrical conductivity. There-
fore, single-crystal electrical conductivity measurements
should never be reported in isolation, and multiple measure-
ments should be executed to obtain sufficient statistics and min-
imize the standard deviation. Indeed, reporting conductivity
from just one single crystal may lead to misinterpretation of the
electrical conductivity. We recommend that average values ob-
tained from at least three single crystals from at least three dif-
ferent batches, respectively, accompany reports of “champion”
results from the best single-crystal devices. A few obvious con-
siderations should also be followed when selecting any single
crystal for conductivity measurements: the crystal should have
appropriate length for the chosen device, a regular shape to sim-
plify measuring the length of the conduction channel and cross-
sectional area, and should be free of visible microcracks. Alt-
hough such microcracks may not affect crystal quality with re-
spect to X-ray diffraction, they act as grain boundaries that in-
crease resistance, and act as weak spots that may lead to larger
cracks and device failure under operational conditions. Crystals
of Cd2(TTFTB) used for this study were at least 100 um long
and were essentially free of visible cracks as determined by op-
tical microscopy. All crystals had a hexagonal rod habit, which
facilitates fabrication of 2-contact-probe devices. Irregularly
shaped crystals will require certain mathematical models to es-
timate the length and the cross-sectional area of the conduction
channel in 2-contact-probe or 4-contact-probe devices (see the
mathematical models used for 2-contact-probe and 4-contact-
probe devices of pressed pellets in Supporting Information).
Plate-like crystals are particularly well suited for the van der
Pauw method.

One important consideration for fabricating single-crystal de-
vices with conductive paste is the choice of paste.?® The me-
chanical strength and the viscosity of the paste should be able
to support permanent contacts. The hydrophilicity of the paste
should match that of the sample so that the paste can wet the
sample to provide good contact. If the sample is a semiconduc-
tor, the work function of the conductive paste should be aligned
with that of the sample to eliminate potential Schottky barriers
and ensure Ohmic contacts. In particular, the work function of
the conductive paste should be lower than that of an n-type ma-
terial and higher than that of a p-type material.*> Satisfying this
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requirement may be challenging because the work function and
the charge carrier type of the material of interest are generally
unknown. In practice, increasing the contact area between the
crystal and the electrode by using rough surfaces or creating as-
perities at the crystal-electrode interface both help facilitate
charge injection and the formation of Ohmic contacts.*® More
specifically for MOFs, the paste should be sufficiently viscous
so that it is not absorbed into the MOF pores. Additionally, one
should consider the chemical compatibility between the MOF
and the paste. For instance, one should not use silver paste for
an I>-doped material because this may lead to the formation of
insulating Agl at the interface.?® Finally, one should also con-
firm the stability of the sample in the solvent used to formulate
the conductive paste (i.e. water, isopropanol, certain polymers,
etc.). In our hands, Ag paste led to mostly non-linear I-V curves
even in the low voltage regime, whereas carbon-based pastes
led to ohmic I-V behavior with crystals of Cd2(TTFTB). The
results described herein are those obtained with carbon paste-
based devices.

Another important consideration when measuring electrical
properties is the choice of underlying substrate used to assemble
the device. Naturally, the substrate must be considerably more
insulating than the sample so that the leakage current is negligi-
ble. With an electrical conductivity of 107!~ 10" S/cm at 300
K, dry glass is sufficiently insulating to serve as substrate for
measuring metals and semiconductors. Quartz, sapphire, and
Teflon are even more insulating than glass and are thus appro-
priate substrates for insulators. For very insulating materials,
only vacuum is sufficiently insulating to qualify as an appropri-
ate substrate. Furthermore, when performing variable-tempera-
ture electrical conductivity measurements, one should choose
electrically insulating and thermally conductive substrates, such
as sapphire, that allow efficient heat transfer between the sam-
ple and the heating/cooling system. Adding a layer of thermally
conductive (but electrically insulating) paste between the sam-
ple and the substrate can also assist with heat transfer.

Results discussed below for single crystals of Cd2(TTFTB)
follow the guidelines described above. Single-crystal devices
were fabricated by various approaches that are introduced be-
low. Devices were fabricated manually, with micro-manipula-
tors, or with standard lithography techniques. The facilities used
for device fabrication are typically accessible in semiconductor
laboratories or commercially available. All measurements were
performed at 297 K, in air with relative humidity of 30% ~ 50%,
and in the absence of light. Details on device fabrication and
electrical characterization can be found in the Supporting Infor-
mation.

Results for Cd:(TTFTB) single crystals from the wire-
paste approach

The wire-paste approach is the most popular for fabricating
single-crystal devices of organic crystals. It consists of attach-
ing two or four metal wires manually, using a conductive paste,
to a single crystal resting on an insulating substrate. The wires
are anchored on the substrate by conductive paste or wire bond-
ing, and finally the device is connected to electronic instruments
by touching the paste or metal pads with wires or probes (Figure
4a).
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Figure 4. (a) Fabrication scheme of a 2-contact-probe device made
from a single crystal of Cd2(TTFTB) using the wire/paste approach.
Optical images of 2- and 4-contact-probe single-crystal devices are
shown in (b) and (c), respectively.

We measured 25 two-contact-probe single crystal devices
made from four independently synthesized batches of
Cdx(TTFTB) (Figure 4b). The average conductivity over all
these devices was 2.51 (£ 0.46) x 10 S/cm. We also fabricated
one four-contact-probe device (Figure 4c), which gave a con-
ductivity of 1.91 x 10* S/cm. The similarity between the two-
and four-contact-probe conductivity values indicates that the
contact resistance at the interface between carbon paste and the
crystal is negligible compared with the resistance of the crystal.
The two-contact probe method is therefore sufficiently accurate
for all subsequent measurements. In all cases, the two hexago-
nal ends of the rod-like crystals were fully covered in conduc-
tive paste, ensuring that the conductivity measured was that
along the crystallographic c axis, the direction of the TTF stacks,
giving ojc.

The wire-paste approach does not require sophisticated and
expensive probe positioning instruments, and provides mechan-
ically stable devices that can be used at various temperatures, in
vacuum, or in various atmospheres. However, manually attach-
ing wires to small crystals (i.e. <200 pm in length) requires
practice.

Probe-paste approach

When crystals are too small to be handled reliably and com-
fortably by hands, contacts may be attached using micro-ma-
nipulated probes in a probe station (Figure S3). The transla-
tional sensitivity of the probes is 5 pm. Such an instrument al-
lows metal probes to be coated by a conductive paste, which
serves as both adhesion and contact points for crystals (Figure
Sa and 5b). Although the probe tips are themselves conductive,
we found that coating the tips with conductive paste is still nec-
essary for most MOFs. Indeed, in our hands, contacting MOF
crystals directly with the probe generally led to either crystal
damage or non-ohmic contacts and large contact resistances
possibly due to the small contact area between the sharp probe
tip (~5 um in diameter) and the crystal (typically > 40 pum in

6



diameter). The micro-manipulated probes allow fine control for
positioning contacts even on small crystals, with high success
rates for the fabrication of 2-contact probe devices with crystals
as short as 20 pm.

Figure S. (a, c) Fabrication schematic and optical image of a 2-
contact-probe device made from a single crystal of Cd2(TTFTB)
using the probe-paste approach. The electrical conduction was
measured parallel to the crystallographic ¢ axis. (b, d) Fabrication
schematic and optical image of a 2-contact-probe device made from
a single crystal of Cd2(TTFTB) using the probe-paste approach.
The electrical conduction was measured perpendicular to the crys-
tallographic c axis.

Because of the fine control afforded by the micro-manipu-
lated probes, we were able to measure the electrical anisotropy

of single crystals of Cd2(TTFTB), both parallel and perpendic-
ular to the crystallographic c axis, o). and 6., respectively (Fig-
ure 5). Thus, for measuring ojc, we used conductive paste to
cover the hexagonal ends of crystals, to ensure current passed
along the ¢ axis (Figure 5a and 5c¢). In contrast, for measuring
o1c, we used paste to contact opposite rectangular faces of sin-
gle crystals (Figure 5b, 5d). Measurements of 5 two-contact-
probe single-crystal devices from the same batch of
Cdx(TTFTB) gave average conductivities ojc = 9.82 (£ 2.09) x
10 S/cm and 61c = 2.36 (+ 0.72) x 107 S/cm. We note that the
mechanical sensitivity of the single crystals required lifting
them from the substrate, made possible by their adherence to
the drop of conductive paste covering the probe tip (Figure 5a).
A second contact was made with the crystal suspended from the
first probe; the measurements thus used air as a substrate. Under
these circumstances, we were unable to paste additional probes
for obtaining 4-probe devices, primarily because the vibration
of the hard tungsten probes led to mechanical failure of the sen-
sitive single crystal devices.

Probe-wire-paste approach

To combine the advantages of the fine control conferred by
the micromanipulated probes and address the challenges asso-
ciated with vibrations, we first connected soft gold wires (25
um diameter) to the hard tungsten probes, and used the gold
wires themselves to contact the crystals, through conductive
paste (Figure 6a). The flexible wires eliminate the vibrations
associated with evacuating the probe station, necessary to per-
form measurements in vacuum and at variable temperature. Us-
ing this approach, we again fabricated 5 two-contactprobe de-
vices from single crystals of Cd2(TTFTB) produced in the same
batch (Figure 6b, 6¢). These devices gave ojc = 1.08 (x 0.29) x
10 S/cm.

(@)

Figure 6. Fabrication schematic and optical images of a 2-con-
tact-probe device made from a single crystal of Cd2(TTFTB)
using the probe-wire-paste approach.

Other approaches for fabricating single crystal electrical
devices of MOFs

In addition to the methods described above, several other ap-
proaches may find use in fabricating single crystal devices.
These include bottom-contact, top-contact, and alloy ap-
proaches. Although we were unable to implement them with
crystals of Cd2(TTFTB), we hereby provide technical details for
completeness.



The bottom-contact approach involves placing a single crys-
tal onto pre-patterned electrodes to fabricate devices (Figure
S14). This approach is widely used for fabricating single-crystal
field-effect transistors.**>® In principle, this approach could
work for very small crystals whose size is limited only by li-
thography capability. However, because electrodes are in con-
tact with only one crystal surface, charge transport may occur
only via this surface, especially if the direction normal to that
contacted by electrodes is more insulating, as is the case with
Cdx(TTFTB), for instance. In these cases, it is difficult to meas-
ure the cross-sectional area of the conduction channel. A de-
tailed discussion can be found in the Supporting Information.

The top-contact approach is widely used for fabricating de-
vices from thin films. It can be adapted to single crystals by
covering a crystal with a shadow or lithographic mask exhibit-
ing the desired two- or four-probe pattern. Metal is evaporated
onto the crystal and the mask, and removing the mask provides
patterned electrode contacts with precise positioning of metallic
contacts (Figure S16). Several attempts at producing single
crystal devices of Cd2(TTFTB) using this approach were unsuc-
cessful.

In the alloy approach, low-melting Ga-Sn or In-Ga-Sn alloys
replace the conductive paste as contacts between wires/probe
tips and crystals (Figure S17). Because these alloys do not wet
the surface of most materials, crystals can generally be reused,
which allows the study of anisotropic electrical properties of the
same crystal. Furthermore, unlike the conductive pastes, which
are often formulated with organic solvents, the alloys do not dry
out upon evacuation, and are therefore particularly useful when
performing measurements in vacuum.’ Despite these ad-
vantages, we found that both alloys gave only non-ohmic con-
tacts with crystals of Cd2(TTFTB), possibly due to the mis-
match between their work functions and that of the MOF, or
because the alloys did not wet the crystals sufficiently to enable
good contacts.

Comparison and discussion of conductivity data
from various techniques

In Figures 7 and S13, we summarize the electrical conductiv-
ity of Cd2(TTFTB) obtained from the various methods de-
scribed previously. From this data, it is clear that the two most
important factors affecting the conductivity value, when all ex-
ternal variables are controlled for, are the crystallographic di-
rection and the physical form of the sample. Thus, ojc is higher
than o.1c by 2~3 orders of magnitude, clearly attesting the ani-
sotropy of electrical conductivity in this material, and confirm-
ing the TTF stacks, which run parallel to the crystallographic ¢
axis, as the major charge transport pathway in Cd2(TTFTB).
The anisotropy also suggests that charge hopping between
neighboring TTF stacks, which are approximately 19.6 A apart,
is less efficient than within the stacks. Additionally, we find that
the electrical conductivity of pressed pellets of Cd2(TTFTB)
lies between ojc and c1c. This is expected and in line with the
single crystal studies because crystallites of Cdo(TTFTB) in the
pressed pellet are randomly oriented (Figure 3e), and the elec-
trical conductivity of the pellet is the weighted average of the
two directions (Gaverage). Indeed, the pressed pellet conductivity
lies closer to o.c, as expected given that 6. corresponds to both
a and b crystallographic directions, and is 2~3 orders of magni-

tude smaller than ojc. These results also illustrate how measur-
ing pressed pellets eliminates anisotropy information and in fact
tends to underestimate the highest possible conductivity even
when grain boundary resistance is minimal. Our results also
show that when care is taken to eliminate external variables
(e.g. light, atmosphere, temperature), the electrical conductivity
values obtained for either single crystals or polycrystalline pel-
lets are consistent across the methods employed, as expected for
samples whose conductivity is smaller than the conductivity of
the contacts and wires/probes. Finally, we note that the ob-
served electrical conductivity varies by as much as 15-fold even
when devices are fabricated by the same approach (wire-paste
approach, see Table S2). This significant variance may stem
from differences in the quality of crystals and/or devices used
in each measurement. Therefore, measuring multiple crystals is
necessary to statistically improve the reliability of the observed
electrical conductivity of a MOF.
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Figure 7. Electrical conductivity data for Cd2(TTFTB).

Influence of environment on electrical conductivity

Having confirmed that the various methods to fabricate elec-
trical devices provide consistent and reproducible results, we
tested the influence of the environment on the electrical con-
ductivity of Cd2(TTFTB). It is well known that temperature,
pressure, illumination, atmosphere, magnetic field, and electric
field may all affect the electrical conductivity of a material. In
fact, these effects are the basis of many semiconductor devices,
including chemiresistive sensors,*’ photodiodes,*' and field-ef-
fect transistors,** among others. Therefore, care must be taken
when comparing electrical conductivity values obtained under
environmental conditions. Herein, we demonstrate the influ-
ence of temperature, atmosphere, and illumination on the elec-
trical conductivity of single crystals of Cd2(TTFTB). All de-
vices were fabricated by the 2-contact probe method using a
wire-paste approach, and values of o) were compared.

Impact of temperature on the electrical conductivity of
Cdx(TTFTB)



The electrical conductivity of metals generally decreases
with increasing temperature, whereas the conductivity of semi-
conductors is thermally activated and typically follows an Ar-
rhenius relationship:

Eq
o = gpexp(— kTT) Q)

where oo is a prefactor, Ea is the activation energy, ks is the
Boltzmann constant, and T is the absolute temperature.** The
larger the activation energy, the more abrupt are the changes in
conductivity caused by changes in temperature. For a semicon-
ductor with a large band gap (i.e. large E.), a small change of
temperature may lead to a significant variation of electrical con-
ductivity. Figure 8 shows the change in the electrical conduc-
tivity of Cd2(TTFTB) in the temperature range 296 to 310 K in
air with a relative humidity of 36% ~ 43% and in the absence of
light. As T increases from 296 K to 310 K, o also increases from
8.13 x 10" S/cm to 1.36 x 10™* S/cm, corresponding to an acti-
vation energy of 0.293 eV. The slope of the linear increase in
conductivity with temperature corresponds to a rate of roughly
3~4 x 10° S/cm per 1 K. We note here that many literature ex-
amples report conductivity at “room temperature”. Our data
shows that a two-degree variation in temperature, for instance
between 298 K and 300 K, can cause a change of 8 x 10°® S/cm
in conductivity, equivalent to an error of approximately 10%. It
is thus imperative that the exact temperature of the electrical
measurements be kept constant and that it be reported precisely.
Maintaining a constant temperature during electrical measure-
ments is important also because samples may suffer local heat-
ing through Ohmic losses, which cause the Seebeck effect that
affects electrical signals. These local heating effects must be
equilibrated before reading the device resistance; a temperature
compensation system should ideally be used for this purpose.
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Figure 8. Temperature-activated electrical conduction in a single
crystal device made from Cd2(TTFTB).

Impact of atmosphere on the electrical conductivity of
Cdx(TTFTB)

Owing to their inherent porosity, MOFs’ electrical conduc-
tivity may be greatly affected by the surrounding atmosphere,
perhaps more so than other materials. Indeed, guest molecules
that are adsorbed by a given MOF may induce chemical, struc-
tural,**® magnetic,*’ and optical changes,*** and could affect
electrical conductivity.’®! To test this effect, we evaluated the

electrical response of Cdx(TTFTB) to evacuation and air expo-
sure. To do so, we monitored the electrical conductivity of a
single crystal of Cd2(TTFTB) during 5 consecutive cycles of
evacuation and air exposure. The device was kept at 297 K and
in the dark. The relative humidity of air was 41%. The conduc-
tivity values oscillated between ~1.2 x 10* S/cm and ~2 x 10
S/cm in air and vacuum, respectively (Figure 9). Although the
absolute conductivity in air decreased by approximately 8%
over these 5 cycles, possibly due to incomplete recovery after
evacuation or slight device degradation due to the vigorous air
flow and rapid evacuation, it was consistently higher than the
conductivity in vacuum. The high electrical conductivity in air
may originate from either water-induced proton conductivity or
oxygen-induced p-type doping. These results illustrate the im-
portance of controlling and reporting the environmental condi-
tions employed for measuring electrical properties, conductiv-
ity itself suffering one order of magnitude differences in our de-
vices between air and vacuum. Obviously, the differential re-
sponse of MOFs in various atmospheres and to different guests
may be used for constructing chemiresistive sensor devices®*
or, more fundamentally, to alter or improve electrical or proton
conductivity,”? to induce host-guest charge transfer interac-
tions,*! or guest-induced phase changes.*¢
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Figure 9. Influence of air and vacuum on the electrical conductivity
of single crystal devices made from Cd2(TTFTB).

Impact of illumination on the electrical conductivity of
Cdx(TTFTB)

Most semiconductors exhibit photoconductivity, or changes
in electrical conductivity upon exposure to electromagnetic ra-
diation (commonly in the visible range). Upon illumination by
photons of an appropriate wavelength, electrons in the valence
band are excited to the conduction band with a certain probabil-
ity, thereby forming free charge carriers that improve electrical
conductivity.** We tested the impact of illumination on the elec-
trical conductivity of Cd2(TTFTB) by monitoring the electrical
response of a single crystal device in the dark and under broad-
band illumination by a halogen lamp. The device was kept at
297 K, under air with relative humidity of 38%. As shown in
Figure 10, under a constant bias of 1 V, the current consistently
and reversibly increased under illumination, and decayed in the
dark. The increase of current was ~350 pA. With photoconduc-
tivity studies, heating always accompanies illumination. When
electrical conduction is thermally activated, heating obviously
will have a positive effect on conductivity. Deconvoluting the
effects of heating from those of illumination is difficult. Here,
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we observe rapid increase in current (by ~325 pA) within 5 s of
exposure to light, followed by a slower, more modest increase
in current of only 25 pA over the next 25 s. This suggests that
the major component of current increase is due to light expo-
sure, not heating, although more detailed studies are required to
separate optical and heating effects. To this end, we found that
the observed current in Cd2(TTFTB) did not change with expo-
sure to ambient light, which is more diffuse and significantly
less intense than the halogen lamp. Although it did not affect
our material significantly, ambient light is known to have sig-
nificant impact on more photosensitive materials. Controlling
and reporting detailed illumination conditions remains an im-
portant consideration when measuring electrical conductivity.
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Figure 10. Influence of broadband illumination on the electrical
conductivity of single crystal device made from Cd2(TTFTB).

Conclusions

We employ the anisotropic MOF Cdx(TTFTB) to illustrate
several approachable techniques for measuring electrical con-
ductivity in MOFs. We find that sample morphology (i.e. single
crystal versus pressed pellet) has a considerable influence on
the observed conductivity. Different methods and device fabri-
cation approaches give consistent results as long as external en-
vironmental variables are kept constant. Given the variability in
pressing pellets and the important influence of crystallite size,
we find that single crystal measurements provide more con-
sistent results and are therefore preferable to measuring pressed
pellets. Moreover, because they eliminate the effects of contact
resistance, 4-probe methods are preferred to 2-probe methods,
although the latter is likely sufficiently accurate for more poorly
conducting samples with resistances exceeding 1 kQ. Im-
portantly, with single crystal measurements, we consistently
observed significant variations from device to device, and rec-
ommend that multiple crystals be measured to obtain average
values, which should be reported along with champion devices.

We further show that electrical conductivity is dependent on
the environment, as demonstrated for Cd2(TTFTB) with tem-
perature, atmosphere, and illumination. In addition to providing
a more accurate description of the electrical properties, control-
ling for these environmental variables is encouraged because it
could lead to unusual observations (e.g. crystallographic or
magnetic phase changes) and to important applications, such as
chemiresistive sensing. Controlling and reporting these varia-

bles with high precision should be required for comparing ma-
terials across different research groups. Acceptable standard
conditions are 297 K under vacuum or inert atmosphere (N2, Ar,
or He), and in the dark. Generally, it is advised that complete
and detailed information regarding device fabrication, charac-
terization, and raw data processing (i.e. calculation methods) be
presented. We have abided by these guidelines in this manu-
script, with details on our device fabrication, characterization,
and data processing in the Supporting Information.

Following the above, we suggest a “checklist” of experi-
mental conditions that we hope will serve as guidelines for re-
searchers interested in this rapidly developing subclass of
MOFs:

(1) Is the MOF air-sensitive? Was the device fabricated and
handled under air-free conditions?

(2) What is the morphology of the samples used for measure-
ments? Single crystal, pressed pellet, epitaxial film, or poly-
crystalline film?

(3) If a single crystal or an epitaxial film was used, which crys-
tallographic direction was measured? Is anisotropy expected
given the crystal structure?

(4) If a pressed pellet was measured, how much pressure was
applied? Is the MOF mechanically stable to the applied pres-
sure, as determined by powder X-ray diffraction analysis?

(5) How many independent batches of the MOF were meas-
ured? If applicable, how many crystals were measured in each
batch?

(6) Which method was used to fabricate the device? 2-contact
probe, 4-contact probe, 4-point probe, van der Pauw, or another
method?

(7) Are details of the device fabrication provided? These should
include information on substrates, electrodes/electrical leads,
sample size, contact area, conductive pastes, lithography tech-
niques, deposition methods, special or home-built instruments.
Device pictures and/or schematics are desirable.

(8) Are details on the device characterization provided? These
should include the applied voltage/current range, techniques
used to measure sample thickness/length/area, exact tempera-
ture, atmosphere, optical conditions, electric field, magnetic
field, and any other relevant environmental conditions. How
were temperature and atmosphere controlled?

(9) Are details on data processing/calculations provided? These
should include tabular and graphical data for the I-V curve and
its linear fitting parameters. For the 2-contact and 4-contact
probe methods, details on the measurement of the cross sec-
tional area and length should be provided. For the 4-point probe
and van der Pauw methods, details on the calculation of the cor-
rection factors should be provided.

(10) How does the MOF respond to external stimuli, such as
temperature, pressure, certain chemical, magnetic field, illumi-
nation?

ASSOCIATED CONTENT

Supporting Information
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Synthesis, crystal indexing, and powder X-ray diffraction of

Cdo(TTFTB), details of device fabrication, electrical characteriza-
tion, and electrical conductivity calculations. This material is avail-
able free of charge via the Internet at http://pubs.acs.org.
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