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C
olloidal nanocrystals offer ample
opportunities for the design of novel
composite materials that are in-

accessible with a top-down approach. Super-
conductivity generates perpetual funda-
mental interest and has promising practical
applications; however colloidal nanoparti-
cles of superconductingmetals receive little
attention from the nanoscale community. In
the future, one could expect to use nano-
structuring to improve the critical parameters
of superconductors (SC) by fine-tuning
the electronic properties of the composite
material. The simplest starting point for
such a material would be a film of colloidal
nanocrystals. The basic question that then
arises is what are the sufficient conditions
for such a film of nanoparticles to become
a SC. This question was studied over the
last several decades both theoretically and
experimentally.1,2 The central parameter
that defines the physical properties of a
granular array is the average tunneling con-
ductance between neighboring grains g

expressed in units of 4e2/h (g�1 = 6.45 kΩ).
In the low coupling limit, when g, 1, the

emergenceof theSC requires that the electro-
static charging energy, EC, of the nanocrystals
should be smaller than the Josephson cou-
pling energy, EJ, between adjacent crystals.
For two SC separated by a tunneling barrier,
EJ is given by the Ambegaokar�Baratoff
expression, EJ = πgΔtanh(Δ/2KT), where Δ

is the temperature- and magnetic field-
dependent SC gap.3

When the coupling is increased, the charg-
ing energy decreases through the renormali-
zation due to virtual electron tunneling pro-
cesses, andwhen g > 1, the charging energy
becomes EC = Δ/g and is always smaller
than EJ.

4 Therefore the transition to the SC
state occurs when g is 1 or larger, implying
that the macroscopic SC is observed when
the sheet resistance of the film is RQ =
6.45 kΩ or less. When thematerial is insulat-
ing in its normal state, which means that
the resistance increases with lowering the

temperature, there can be a superconductor�
insulator (S�I) transition driven by the dis-
order, decreased coupling between parti-
cles, or simply magnetic field.1

Prior experiments in this field were carried
out with films prepared by gas condensa-
tion methods,5,6 using disordered materials
such as InOX and TiN7�9 or using arrays
of Josephson junctions (JJA) prepared by
lithography.10�12 They have provided a
good testing ground for theories, but they
lack the scalability, the size control, and the
chemical versatility that can potentially be
obtained with the assembly of colloidal
nanocrystals.
We previously developed a synthesis of

colloidal Pb nanoparticles, and Meissner
effect studies showed that the uncoupled
nanocrystals, when larger than 11.7 nm,
become SC with critical temperature (TC)
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ABSTRACT

Superconductivity in films of electronically coupled colloidal lead nanocrystals is reported. The

coupling between particles is in situ controlled through the conversion of the oxides present on

the surface of the nanoparticles to chalcogenides. This transformation allows for a 109-fold

increase in the conductivity. The temperature of the onset of the superconductivity was

found to depend upon the degree of coupling of the nanoparticles in the vicinity of the

insulator�superconductor transition. The critical current density of the best sample of

Pb/PbSe nanocrystals at zero magnetic field was determined to be 4� 103 A/cm2. In turn, the

critical field of the sample shows 50-fold enhancement compared to bulk Pb.

KEYWORDS: superconductivity . granular film . superconductor�insulator
transition . critical current . magnetoresistance . transition temperature .
monodisperse . metal nanoparticles . Pb . PbSe . colloidal . core�shell
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close to that of the bulk Pb.13 In this article, we report
low-temperature transport measurements in films of
electronically coupled nanocrystals. To increase the
coupling between particles, the oxide present on the
surface of the particles is converted to chalcogenides
(�S, �Se, �Te), therefore creating lead/lead chalco-
genide core/shell nanocrystals. Varying the extent of
the conversion or the chalcogenides enables the gra-
dual transformation from insulating to superconduct-
ing behavior. We also studied the magnetoresistance
of the films up to 9 T and measured the critical current.

RESULTS AND DISCUSSION

Sample. The nanocrystals consist of a lead core and
an amorphous oxide shell, which protects the particles
from further oxidation and is a mixture of PbO and
SnO.13 For the purpose of simplicity, we will refer to
the shell as being PbO in the following text. Films of
nanocrystals can be prepared following several estab-
lished procedures.14�16 The large size of the lead
crystals limits the solubility in hexane, which prevented
the use of the standard hexane�octane route for film
formation.17 The Pb nanoparticles self-assembled in an
ordered monolayer array at the surface of diethylene
glycol,18 but this method requires long drying periods
after each layer deposition. In this work, we developed
a variation of the drop-casting method for film pre-
paration from a toluene solution. The details of this
procedure are given in the Methods section. This
procedure leads to uniformly disordered films in the
center of the substrate, where the digits of the electro-
des are located.

The long organic ligands on the surface of the
crystal and the oxide shell prevent electrical conduc-
tivity. Even after ligand removal using hexamethyl-
disilane, the films still show a resistance larger than
1011 Ω/sq. The chemical transformation of the oxide
shell to the corresponding chalcogenides19 provides
an avenue for increased coupling. When metal oxides
are exposed to a reactive source of a chalcogenide, the
chalcogenide can easily substitute for the oxygen. A
simple example of this process is PbO(s) þ H2S(g) f
PbS(s) þ H2O(g), which is thermodynamically sponta-
neous under standard conditions. Here we report
results for conversion of the oxide to sulfide and
selenide. While it is possible to perform the oxide to
telluride transformation, PbTe is itself superconducting
when deficient in either Pb or Te, with TC ≈ 5.2 K.20 On
the other hand, PbS, SnS, PbSe, and SnSe are not
superconducting by themself or in combination, there-
fore providing a cleaner experimental system of
superconducting particles imbedded in the insulating
matrix.

A typical result of the PbO to PbS conversion is
shown in Figure 1B. After an exposure to hydrogen
sulfide, the particles show a crystalline shell with a

lattice spacing corresponding to PbS. A detailed report
of the shell formation is beyond the scope of this
article, but several interesting features are noted. In
contrast to the amorphous PbO shell, the transforma-
tion to the crystalline sulfide shell disrupts the original
spherical shape of the crystal, producing multiple
facets. There is only a 2% lattice mismatch between
the (200) planes of PbS and (111) planes of Pb, which
results in locally coherent interfaces. The PbS shell has
a larger thickness than the PbO shell. The shell thick-
ness is increased for higher substrate temperatures
and longer exposure times, as shown in Figure S2, and
at sufficiently high temperatures the whole particle is
converted to PbS. The shell growth is accompanied by
a reduction in core diameter, which suggests partial
conversion of the core Pb metal to PbS. This is con-
sistent with the inward diffusion of the sulfur atoms
and outward diffusion of the metal ions. Compared
with PbO the molar volume of PbS is 35% larger. This
leads to the expansion of the shell and filling of the
voids between crystals. In some cases, there is a fusion
of the shells from neighboring nanocrystals. This in
turn increases the area of contact between particles
and should facilitate the tunneling between the crys-
tals. There is also a variation of the shell thickness
between the individual facets, and this might reflect
that different crystallographic directions have different
diffusion rates. For nanocrystals with diameters less
than 13 nm, the PbS shell is typically of nonuniform
thickness around the particle, leaving one or two facets
with a very thin shell. For larger crystals, the shell covers
the surface of the crystal rather uniformly.

When using bis(trimethylsilyl)selenide, (tms)2Se, as
the reactive source of selenium, the chalcogenide shell

Figure 1. (A) Typical Pbnanocrystalswith a core diameter of
20 ( 1 nm and shell thickness of 1.6 nm. (B) Particles after
the oxide shell is converted to PbS. Inset is a picture of one
of the crystals. (C) Nanocrystals after the shell is converted
to PbSe. (D) PbSe nanocrystals after being overexposed to
(tms)2Se at 155 �C. All scale bars are 20 nm.
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consists of 2�5 nm PbSe granules instead of 9�13 nm
wide epitaxial facets as was observed for the PbS shell.
Figure 1C shows an example of the PbO to PbSe shell
transformation. Figure 1D shows particles that were
completely converted to PbSe at a higher substrate
temperature becoming cubic in the process. With
selenization, the decrease in the core diameter is less
pronounced and the shell roughness is larger com-
pared with the case of the sulfurization from H2S. The
outward shell growthmay be due to the enrichment of
the PbSe in selenium due to the additional thermal
decomposition of (tms)2Se on the surface of the nano-
crystals. It was observed that, when switching fromH2S
to (tms)2S, the PbS shell structure also becomes less
faceted and more granular, as shown in Figure S3.
There are other differences between (tms)2S and H2S
that point to a lower reactivity of the former. When
a toluene solution of (tms)2S is used as the ligand-
removing agent at room temperature, we do not
observe shell transformation nor a decrease in the
resistance of the film. However bubbling H2S, also at
room temperature, through the colloidal solution of Pb
nanocrystals results in the precipitation and formation
of the crystalline PbS shell, Figure S4. Even when
ligands are present in excess, the precipitation is rapid.
These observations suggest that if one would use H2Se
as a selenium source, higher crystallinity shells might
be expected. Due to the difficulties in synthesizing dry
H2Se gas, we did not corroborate this hypothesis, and
this will be a subject for future experiments.

Transferring the sample back and forth between
the PPMS and the vacuum chamber for increased
exposures did not work satisfactorily. To address this
limitation, we opted for an in situ transformation.
A sample and a container containing the selenium
precursor were enclosed together in an airtight cell
inside the cryostat. A gradual decrease in resistance is
obtained by briefly heating to 107 �C before a low-
temperature measurement cycle. With a given sample,
this in situ transformation allows the observation of the
evolution of the R(T) curves over a range of normal-
state resistance. The X-ray diffraction (XRD) spectrum
and transmission electron microscope (TEM) images
taken after the last cycle are used to confirm the
presence of the metallic core, as shown Figure 2. We
note however that we were not able to transform
samples all the way from the fully insulating original
oxide shell to a SC state with zero resistance, because
the in situ transformation reaches saturation. There-
fore, we used a first exposure in the vacuum chamber
to achieve a resistance of an intermediate value and
then used in situ transformation to decrease the resis-
tance stepwise until the SC state was reached.

In any chemical transformation of a nanoparticle
solid, “necking” is a distinct possibility. As judged by
TEM images of films with high and low conductivity, no
significant morphological changes could be observed
in the structure of the film during the shell conversion.
If the metallic cores were to form a percolative path
of metallic conductivity, one would see a sudden

Figure 2. XRD and TEM (inset) of the in situ transformedparticles. The core of 20( 1 nmparticles is reduced to 16( 2 nmafter
transformation. The width of the PbSe peaks corresponds to a particle size of 13 nm, which is in fair agreement with 10 nm
expected from TEM images. The peak marked as Au is due to the gold electrodes used to make transport measurements.

A
RTIC

LE



ZOLOTAVIN AND GUYOT-SIONNEST VOL. 6 ’ NO. 9 ’ 8094–8104 ’ 2012

www.acsnano.org

8097

transition tometallic behavior. However, the resistance
changes continuously during the transformation. Further-
more, the samples discussed in the text are all insula-
tors in their normal state.

TEM images of nanocrystals presented here show
the transformation that occurs in one monolayer thick
films; however transport experiments were performed
on 6�9 layer thick films. Gaseous reactants can effi-
ciently penetrate films of nanocrystals, as known with
atomic layer deposition.21 However, the real picture is
more complicated and requires extra discussion. XRD
spectra of thick films subjected to the conditions of
(tms)2Se exposure and temperature identical with
those of the samples on the TEM grid, which appeared
fully converted, Figure 1D, still showed the presence of
crystalline lead, Figure S5. This suggests that for high
temperatures or prolonged exposures the top layer of
the film may be completely converted to lead chalco-
genide, whereas the bottomof the film preserves some
core/shell structure. It is possible that after the initial
uniform conversion the diameter of the pores between
nanocrystals decreases due to the shell expansion.
Thermal decomposition of the selenium precursor
would also contribute to the premature pore closing
of the top layer of the film. This results in an inhomo-
geneous interparticle coupling between individual
layers and smaller core diameters of the top layer.
We emphasize that this occurs only to overexposed
films, and this leads to very distinct effects in the R(T)
dependence. This will lead to a different critical tem-
perature of the top surface. As a result, the temperature
dependence of the resistance develops an inhomo-
geneous section or a peak close to the transition
temperature. This was observed for some samples
such as shown in Figure S6. Similar artifacts were
reported in high-TC materials when copper oxide
planes have different critical temperature due to the
nonuniform oxygenation.22�24 The artifacts discussed
above were not frequently observed; however they
may create issues in future applications of the Pb/PbSe
nanocrystals.

Transport. Lead oxide has a direct band gap of
∼3.2 eV,25 which leads to a high resistance of the
untreated films. An estimate of the tunneling resis-
tance between adjacent nanocrystals is the sheet
resistance of the film. As was mentioned before, it is
greater than 1011Ω/sq for the Pb/PbO films. When the
oxide is substituted by the chalcogenide, the band gap
is reducedmore than 10 times, which vastly lowers the
tunneling resistance. The large reduction of resistance
upon shell conversion is partially reversible, as the
resistance of the film increases by 4�5 orders of
magnitude after a brief exposure to air. The Pb/PbS
samples had larger sheet resistance than the Pb/PbSe
(PbS has a larger band gap than PbSe) and never
showed zero resistance SC at temperatures accessible

by the experimental setup. In the rest of paperwe focus
on the results for Pb/PbSe nanocrystals.

Non-SC Samples. Figure 3 shows a series of R(T)
curves for only in situ transformed Pb/PbSe nanocryst-
als for which a nonzero resistance is still observed at
the lowest achievable temperature of 1.8 K. Each curve
is normalized by the value of resistance at T = 10 K. The
top curve corresponds to the first temperature cycle,
when the sample had the largest resistance. The
resistance of the film is progressively reduced at each
cycle from 5 � 108 Ω/sq to 105 Ω/sq, as shown by the
inset. For the first three curves, the resistance actually
increases exponentially below the superconducting
transition of the individual particles at TC0 ≈ 6.9 K.
When the sheet resistance of the film is reduced further
(red curves), there is a deviation from the exponential
growth. Starting with curve #7 (orange), there is a peak
in the resistance at some temperature T*, which marks
the onset of the SC transition. T* increases for sub-
sequent exposure to (tms)2Se, finally reaching 7.05 K,
as shown in the inset of Figure 4. At this point the
resistance decays monotonically below TC0, but the
TC of the sample remains still beyond the acces-
sible temperature range. For this data set g , 1, and
it can be discussed in terms of the charging energy and
the Josephson energy.

The charging energy of a single nanocrystal in
the array of metallic particles is estimated by EC =
(s/(d/2 þ s))(e2/εd), where d is the diameter of the
particles, s is the spacing between particles, and e is
elementary charge.26,27 This is based on the capaci-
tance of themetal sphere embedded in ametallic shell,
with an insulating gap of thickness s.28 For a particle
with d = 16 nm and s = 4 nm in a matrix of organic
ligands with ε ≈ 2.2, the charging energy is 230 K.

Figure 3. Temperature dependence of the resistance for an
in situ transformed film. Higher resistance curves corre-
spond to the smaller degree of conversion. Curves are
numbered from the top to the bottom. Data in the tem-
perature range from 1.8 to 250 K are shown in Figure S8.
Inset: sheet resistance as a function of curve number.
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The large dielectric constant of the PbSe shell, εPbSe =
210, drastically reduces this energy to 2.3 K.39

The charging energy is determined from the R ≈
exp(EC/T) fit to the normal-state temperature depen-
dence above TC0, and it agrees well with the estimate
above, Figure 4.

Curves #1�5. Below TC0 a SC gap opens in the
individual particles. For curve #2 the sample is in
the low-coupling limit with g = 2 � 10�4 and EJ,T=0 ≈
zπgΔ ≈ 60 mK, where z is a coordination number.29,30

This is much smaller than EC ≈ 2.5 ( 0.1 K. In this
situation, Cooper pairs cannot tunnel and transport is
carried out by quasiparticles that are thermally excited
over the SC energy gap. Below TC0, the activation
energy is then EA ≈ EC þ Δ. When the SC gap is
suppressed by a magnetic field, the activation energy

drops back to the same activation energy as the
one above TC0 with EA ≈ EC, Figure 5. This regime of
transport was observed before in granular SCs,31�34

disordered SCs,9 and in JJA.12 In some experiments the
variable range hopping law R≈ exp((TI/T)1/2) was used
to fit the temperature dependence in the insulating
regime; however a nearest neighbor hopping provides
a better fit to the data in our case.35 When fitted by
R≈ exp((ECþΔ)/T), we obtainΔ= 10.0( 0.1 K,which is
smaller than Δ0,20nm Pb = 14.6 K.13 Close to TC0, the
R(T) curves in Figure 3 deviate from the exponential
behavior because of the gap temperature depen-
dence. However fitting data with the standard Δ(T)
equation suggested a temperature dependence that is
sharper than usual. A direct measurement of Δ(T) by
tunneling conductance could elucidate this disagree-
ment in the future.

As shown in Figure 6, Δ is decreased when the
magnetic field or the coupling is increased. Fitting the
data for curve #2 with a power law resulted in a critical
field of 6 T, which agrees well with the value obtained
from the Meissner effect.13 The decrease of EA as the
coupling increases is expected, since we approach the
SC state and the probability of the Cooper pair tunnel-
ing should increase; however we did not find a theory
to quantitatively describe this transformation.

There are alternative descriptions to the simple
Coulomb blockade picture discussed above. It has
been suggested that the exponential resistance is
instead due to the emergence of a dynamic Coulomb
barrier,ΔC.

36 This descriptionwas later challenged, and
we also do not find agreement with this theoretical treat-
ment.37 When applied to the data in Figure 3, this theory
underestimates the activation barrier by a factor of 3.

Another suggestion is that transport in the insulat-
ing state of granular SC occurs via variable range

Figure 4. Charging energy and Josephson energy at T* plotted for data from Figure 3. Inset: T* plotted versus curve number.

Figure 5. Activation energy as a function of magnetic field.
EA was fitted in the linear part of the ln R(1/T) curves. Curve
numbers correspond to the curves in Figure 3. The black
curve is a fit to the field dependence of the SC gap,12 giving
BC = 6 ( 1 T.

A
RTIC

LE



ZOLOTAVIN AND GUYOT-SIONNEST VOL. 6 ’ NO. 9 ’ 8094–8104 ’ 2012

www.acsnano.org

8099

hopping. If EC > Δ, it is predicted to occur through
single electron hopping. If EC < Δ, it would be Cooper
pair hopping.38 In this case, the magnetoresistance
(MR) should be positive, since increasedmagnetic field
would destroy the Cooper pairs and increase the
resistance. For the data shown in Figure 3, the condi-
tion EC < Δ is satisfied; however the MR is negative.

Curves #6�22. According to several possible phase
diagrams of granular SC, we can expect a macroscopic
SC state with zero resistance when either g , 1 and
EC < EJ (Anderson�Abeles criterion) or gg 1 regardless
of EC/EJ ratio.

2,4,39 For JJA it was shown that for arrays
with EC < EJ lower than 1.7, macroscopic SC could
be established.11 We can, therefore, expect that when
EC ≈ EJ, the onset of SC behavior should be observed
for a sample with g < 1. When the PbO shell is
converted to PbSe, the shell effective dielectric con-
stant is continuously reduced and EC decreases, while
EJ is increasing as the conductance of the film con-
tinues to grow. We speculate that when EC is on the
order of EJ(T), the Josephson channel should open.
This lowers the resistance and indicates the onset of
the SC transition. Figure 4 shows the extracted values
of EC and EJ from the R(T) curves in Figure 3. EC is taken
from the measured normal part of the R(T) curve,
and EJ is calculated using the Ambegaokar�Baratoff
expression3 at T*. As T* approaches TC0, EJ(T*) first
increases as g grows, reaches a maximum for curve
#16, and then starts to decrease due to the decrease of
the magnitude of the SC gap when approaching TC0.
Figure 4 shows that indeed there is a correlation
between the onset of the SC, T*, and the point where
EC ≈ EJ, providing a qualitative support for the argu-
ment developed above. It is difficult to develop a
more quantitative discussion based on the scaling40

or theory developed for JJA arrays,41 because the tem-
perature range does not allow reaching TC. We believe
that the qualitative argument is quite good at this stage.

Previous studies on granular Pb deposited from
the gas phase show results broadly similar to those
obtained here.42 However, Gerber reported a “flattening”
of the R(T) dependence at low temperatures for several
depositions followed by a sudden switch to the fully SC
state with a TC ≈ 4 K for one additional deposition.
Instead, in the colloidal Pb, by gradually increasing the
coupling between the Pb cores, there is a detailed
evolution of the R(T) curves displaying a smooth
transition from insulating to the SC state without
reentrant behavior.

The SC contribution to conductivity below T* is
easily destroyed by the magnetic field, as seen in
Figure S7. For curve #11 from Figure 3, the additional
conductivity from SC fluctuations below T* = 3.8 K is
suppressed by a magnetic field of 2 T. The film again
shows insulating behavior with thermally activated
transport. The 10% reduction of the SC gap, as esti-
mated from the shift of TC0, is not sufficient to signifi-
cantly change EJ compared to EC. If the change in the
SC gap was the reason for the large positive MR below
T*, then the temperature dependence in the field of 2 T
for curve #11 is similar to curve #10 in zero field;
however this is not the case. In the low coupling limit,
TC can be estimated as TC = (z/4)EJ,

2 which yields TC ≈
0.16 K for the sample in Figure S7. The fluctuation-
induced decrease in the resistance below T* is there-
fore observed far from TC, and large sensitivity of
the fluctuation corrections to the magnetic field may
explain the positive MR.43�45

SC Samples. To achieve a macroscopic SC, the
samples are first partially converted to Pb/PbSe using

Figure 6. Data for the second curve from Figure 3. Resistance as a function of temperature for different magnetic fields.
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the vacuum conversion method before starting the
in situ transformation. Data are shown in Figure 7. For
the first curve, #0, the normal state resistance is far
above RQ and the film may show a transition to the SC
state but with TC beyond the available temperature
range. Therefore, data in Figure 7 can be viewed as the
continuation of the evolution shown in Figure 3. Curves
#1 to #4 show the transition to the SC state. The first

two curves have a normal state resistance slightly
above RQ. The transition temperature increases as the
normal-state resistance decreases; however it quickly
reaches saturation. The initial drop in resistance can be
approximately fittedwith theHalperin�Nelson expres-
sion, RSQ ≈ exp(�const/(T � T0C)

1/2), which applies for
the Berezinsky�Kosterlitz�Thouless (BKT)-type transi-
tion in thin SC films.46 Another signature of the BKT
transition is the sign change of the R(B) curvature at
B = 0.8 This is observed at temperatures close to TC,
Figure S9. The essence of the BKT transition is that
at TC vortices form bound pairs and stop propagating
through the sample. This phenomenon was observed
in disordered systems8,47 and granular metals.6 The
motion of vortex�antivortex pairs induces voltages
across the film, which is manifested by a finite resis-
tance in the SC state. Similarly to previously reported
data on granular tin,6 the R(T) dependence departs
from the BKT expression to a thermally activated
behavior, R ≈ exp(�E0A/T). In Figure 7 this is seen as
the Arrhenius part at low temperatures. The activation
energy E0A is attributed to vortex motion and is related
to the pinning potential that prevents vortices from
propagating. The efficient vortex motion due to poor
pinning should be mirrored in the low magnitude of
the critical current, JC. Indeed, values of JC in the best
sample of Pb/PbSe nanocrystals are∼104 times smaller
when compared to the bulk Pb, Figure 8. A similar
performance was observed for granular aluminum,48

when the size of the particles became smaller than
the effective coherence length. For the JJA, the energy
barrier for vortex propagation was shown to be

Figure 8. I�V curves at zero field for the increasing degree of transformation. JC,Bulk ≈ 5 � 107 A/cm2. Inset: Film maintains
supercurrent at B = 0.5 T, while HC,Bulk = 0.08 T.

Figure 7. Transformation to fully SC state. The red line
shows the BKT fitting of the initial decrease of resistance.
The black line is a linear fit in the region of thermally
activated motion of vortices. The horizontal dashed line
shows the value of RQ. Data in the temperature range from
1.8 to 300 K are shown in Figure S13.
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proportional to EJ.
49 The latter depends inversely on

the normal-state resistance, and therefore E0A should
increase from curve #1 to #4, as indeed seen in Figure 7.

The thermally activated motion of vortices should
dominate when the flux-flow resistance of the free
vortices is larger than the resistance from themotion of
vortex�antivortex pairs.6 The free vortices could origi-
nate from a stray magnetic field that is inevitably
present in the laboratory. When estimated from the
conditions above, the equivalent field that would
create the observed flux-flow resistance is 25 mT. Such
a large field is unlikely to be present in the cryostat.
Also, this would imply a sharp MR peak close to this
field at temperatures close to the TC, which is not
observed. Therefore there should be another, more
efficient, source for vortex excitation. One possibility is
that the vortices are introduced due to the noise in the
measuring leads, which were not filtered with low pass
filters used in other experiments.6,11,12

The MR of the SC samples shows a pronounced
peak at high field, before the sample turns normal,
Figure S10. This behavior is typical for disordered and
granular systems.7,9,34 The relative amplitude of this
peak decreases as the coupling between the dots is
increased, as was observed earlier.7 It was initially
argued that this peak is due to the SC fluctuations.44

Recently this suggestion was developed, and a com-
plete solution for the fluctuation-induced corrections
to conductance was obtained.45 As a simple experi-
mental estimate we report the value of the field at
which the resistance is half of its normal value.7 For
example, for curve #2 from Figure 7 the critical field at 2
K was 4.2 T. This number is more than 50 times larger
than the bulk lead critical field of 0.08 T.

Using the Ginzburg�Landau expression for the
critical field HC2 = Φ0/2πξ

2, we can estimate the
corresponding coherence length to be 28 nm.29 The
coherence length in thedirty limit isξdirty = 0.85(ξ0leff)

1/2,
where leff is the effective mean free path and ξ0 is the
coherence length of lead, which is 83 nm.29 At low
temperature leff should be comparable to the grain size,
and therefore ξdirty ≈ 31 nm, in agreement with the
estimate from the value of HC2.

When aproaching the S�I transition by increasing
the conductivity, the transition should happen around
R = cuRQ, where cu is a constant close to unity
and slightly differs depending on the theoretical
formulation.1 In Figure 7 two curves have normal-state
resistances 1.25 and 1.05 times larger than RQ, and the
other two are smaller than RQ; however all four show a
SC transition. In Figure S11 another sample has a
resistance slightly smaller than RQ and shows a SC
transition with TC = 1.5 K. The large width of the sample
might lead to the overestimation of the sheet resis-
tance because thinner parts of the film might not
turn SC andwill be parallel to the SC parts. We estimate
this error to be less than 15%; therefore within the

experimental precision, our results agree with the
theoretical expectation that the normal sheet resis-
tance should be close to RQ for observing a macro-
scopic SC state.

The transition temperature to the SC state is de-
fined as the point when the resistance falls below
our measuring threshold. In general, macroscopic SC
should be confirmed by the measurements of thermo-
dynamic properties such as magnetic susceptibility
and heat capacity. The total volume of the SC material
in the film is very small, which makes such experi-
ments rather challenging. If the film has only local SC,
there is a possibility that the film would become again
insulating at some lower temperature. Such reentrant
behavior was observed in only one sample when the
thickness of the film was on the order of one mono-
layer throughout the entire width of the film between
the electrodes. In this single case, the resistance started
to rise at low temperature after an initial decrease
by 2 orders of magnitude during the onset of SC,
Figure S12. A reentrant behavior was previously ob-
served in films of quench condensed metals.5,42 In
these literature examples, the amplitude of the resis-
tance decrease during the onset of SC was never larger
than one decade. In our experiments, however, the
resistance decreases by more than 3 orders of magni-
tude before crossing the measurement floor. We
believe that measurements of thermodynamic proper-
ties are not necessary and that, at present, there is
enough data to claim the existence of macroscopic
superconductivity in the films of Pb/PbSe nanocrystals.

An interesting question is whether the curves that
show a decrease in resistance after T* in Figure 3 could
become SC at lower temperatures. The sheet resis-
tance corresponding to these curves is signigificantly
larger than RQ, and a reentrant behavior at lower
temperature may be expected. However, according
to the Anderson�Abeles criterion, the sample at this
level of interparticle coupling would become SC. In
the experiment on films of oxidized metal particles,
reentrant behavior was not observed down to 50 mK
temperatures. It was also found that if the sample
showed the onset of SC, it would eventually become
SC at sufficiently low temperatures.6 This suggests a
speculative conclusion that these curves will reach
zero resistance at sufficiently low temperatures. If this
is indeed the case, then the separatrix between
the insulator and superconductor phases will show
unusually strong curvature, suggesting two-parameter
scaling.1 Future measurements at lower temperatures
can clarify this issue.

CONCLUSION

In summary, the electrical transport and super-
conductivity of lead nanocrystal solids was studied.
The material system was based on the assembly of
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colloidal lead nanocrystals that were insulated from
one another by organic ligands and an oxide shell. The
material described in this article is the first nanostruc-
tured superconductor prepared by the bottom-up
approach starting from colloidal nanoparticles. The
removal of the ligands followed by the controlled
chemical transformation of the oxide shell to a chalco-
genide shell with much lower barrier and higher
dielectric constant allowed reducing the charging en-
ergy and increasing the Josephson energy. This pro-
vides control over the interparticle coupling, allowing
one to observe the evolution of the system from
insulating to superconducting. An unusual behavior of
the R(T) dependence in the vicinity of the S�I transition
was observed. The temperature of the SC onset was
found to depend upon the degree of coupling of the

nanoparticles. An argument based on the comparison
of the charging energy and Josephson energy was
developed to describe this observation. The magneto-
resistance of the system in the magnetic fields up to 9 T
was measured. It was found to agree with previous
reports for similar systems and theoretical expectations
for the bosonic mechanism of the S�I transition.
The critical current density was determined to be
4 � 103 A/cm2. One could anticipate the kinetic induc-
tance to be greatly enhanced in a granular film com-
pared to the bulk.50 If the oxidationwas prevented, high
kinetic inductance could be useful for optical detection
in the infrared and microwave regions. Future studies
will focus ondeveloping further the colloidal bottom-up
assemblies and chemical processing aimed at designing
better superconducting materials.

METHODS
Bis(trimethylsilyl)selenide, (tms)2Se, was purchased from

Gelest; lead stearate was purchased from Chem Service; all
othermaterials were purchased fromSigma-Aldrich and used as
received without purification. Solvents were of anhydrous
grade, and all the procedures were made in a Schlenk line or
in a glovebox with a nitrogen atmosphere. The sample transfer
between the glovebox, cryostat, and a vacuum system for
chemical transformation was performed in airtight containers
under nitrogen.
Detailed procedures for the preparation and characterization

of the lead nanocrystals were published previously.13 A typical
synthesis of the particles used in this work is the following.
In 17 mL of 1-octadecene 240 mg of lead stearate, 4 mg of
indium(III) acetylacetonate, and 0.1 mL of trioctylphosphine
were dissolved. The reaction mixture was then degassed under
vacuum for 30 min, periodically flushing the flask with argon.
Under argon the temperature was increased to 244 �C, and
3.2 mL of a 0.06 M solution of bis[bis(trimethylsilyl)amino]tin(II)
in hexadecane was rapidly injected. The temperature of the
reaction mixture was stabilized at 216 �C and kept for 6 min,
after which it was cooled to room temperature and transferred
to the glovebox for cleaning. After several cleaning cycles, the
particles were redissolved in toluene at a concentration of
∼5 mg/mL. In the current work we used particles with a core
diameter in the range 18�22 nm. All samples were mono-
disperse with a size distribution equal to 7% or better.
Gold electrodes for transport measurements in a four-probe

configuration were prepared using standard UV lithography on
a glass substrate. An example of the electrode layout is shown in
Figure S1. A high length to width aspect ratio was necessary to
allow measurement of highly resistive films. The copper wires
were soldered to the electrode pads before the film deposition.
The films were prepared by drop-casting a solution of Pb

nanocrystals on the surface of the electrodes, which were kept
at 60 �C. A drop of the solution of particles covered the whole
area of the substrate. When the surface of the substrate is flat,
drying starts from the edges, leaving a circular ring pattern.
However, thewires for transport measurements pin the liquid at
the short edges of the substrate, forcing the toluene drop to
start drying from the center. In the center of the substrate one
can, therefore, obtain a rather uniform film. A thickness variation
was less than or equal to 30% throughout the entirewidth of the
film. The ligand removal was performed in two steps. After
deposition, the films were immersed in the 1% solution of
hydrazine in acetonitrile for 10 min, which prevents the nano-
crystals from dissolving in toluene. The second step consists of
submerging the film in the 1% solution of hexamethyldisilane in
toluene for 10 min. The effectiveness of ligand removal was

confirmed by the 90% reduction in the absorption of the C�H
stretch band in the infrared spectra. To achieve a film of the
necessary thickness, the deposition step followed by the ligand
removal was repeated four times. Resulting film thicknesses
were in the range 100 to 150 nm.
Transformation of the shell from oxide to chalcogenide was

performed either in vacuum (∼0.1 Torr) or in the airtight PPMS
sample holder at atmospheric pressure inside the cryostat.
During the conversion a film of particles was heated to
100�140 �C and exposed to vapors of (tms)2Se or H2S gas.
The latter was used only in the low-pressure variant of the
procedure. Both chemicals present a significant inhalation
hazard and should be treated with utmost care. The resistance
of the film was monitored in situ. To achieve the desired degree
of transformation, the duration of the exposure to a chalcogen-
ide precursor and the temperature of the films were varied. The
optimal conditions for achieving low-resistance films were as
follows: substrate temperature 135 �C for sulfur and 105 �C for
selenium; exposure duration 5�7 min at a pressure of ∼1 Torr.
The TEM images were obtained at 300 kV using an FEI Tecnai

F30. For TEM characterization, dilute solutions of nanocrystals
were drop-cast on the carbon-coated copper grids. Particles on
the grid were subjected to the same procedures as a film on the
electrodes. The diffraction patterns were collected using a
Bruker D8 diffractometer with a Cu KR X-ray source operating
at 40 kV and 40 mA. The scanning electron images were
obtained with an FEI NanoSEM 230. The thickness of the film
was determined from the step height profile by a Veeco/Bruker
NanoScope IIIA atomic force microscope in tapping mode.
The temperature- and field-dependent measurements were

performed in the PPMS, Quantum Design. The sample(s),
(tms)2Se container, and TEM grid were enclosed in the cus-
tom-designed copper container. The resistance below 1 MΩ
was measured using a built-in resistance bridge in the ac mode.
The excitation current was limited to 10 μA. High-resistance
samples were characterized by a Keithley 6517B in the two-
probe configuration. Voltage�current curves were measured
using Keithley 2612A source-measure unit in the pulsed mode
to minimize heating. The threshold for voltage measurement
was set to 10 mV.
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