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much less than 10 min, the Cu surface is usually
not fully covered [SEM images of graphene on
Cu with different growth time are shown in
fig. S3 (15)]. The growth of graphene on Cu
foils of varying thickness (12.5, 25, and 50 mm)
also yielded similar graphene structure with re-
gions of double and triple flakes, but neither
discontinuous monolayer graphene for thinner
Cu foils nor continuous multilayer graphene for
thicker Cu foils, as we would have expected
based on the precipitation mechanism. Accord-
ing to these observations, we concluded that
graphene is growing by a surface-catalyzed pro-
cess rather than a precipitation process, as has
been reported by others for Ni (5–7). Monolayer
graphene formation caused by surface segrega-
tion or surface adsorption of carbon has also
been observed on transition metals such as Ni
and Co at elevated temperatures by Blakely and
coauthors (20–22). However, when the metal
substrates were cooled down to room temper-
ature, thick graphite films were obtained because
of precipitation of excess C from these metals, in
which the solubility of C is relatively high.

In recent work, thin Ni films and a fast-
cooling process have been used to suppress the
amount of precipitated C. However, this process
still yields films with a wide range of graphene
layer thicknesses, from one to a few tens of lay-
ers and with defects associated with fast cooling
(5–7). Our results suggest that the graphene
growth process is not one of C precipitation but
rather a CVD process. The precise mechanism
will require additional experiments to understand
in full, but very low C solubility in Cu (23–25)
and poor C saturation as a result of graphene sur-
face coveragemay be playing a role in limiting or
preventing the precipitation process altogether
at high temperature, similar to the case of im-

peding of carburization of Ni (26). This provides a
pathway for growing self-limited graphene films.

To evaluate the electrical quality of the syn-
thesized graphene, we fabricated dual-gated FETs
with Al2O3 as the gate dielectric and measured
them at room temperature. Along with a device
model that incorporates a finite density at the
Dirac point, the dielectric, and the quantum ca-
pacitances (9), the data are shown in Fig. 3. The
extracted carrier mobility for this device is ~4050
cm2 V–1 s–1, with the residual carrier concentra-
tion at the Dirac point of n0 = 3.2 × 1011 cm–2.
These data suggest that the films are of rea-
sonable quality, at least sufficient to continue
improving the growth process to achieve a ma-
terial quality equivalent to the exfoliated natural
graphite.
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Superconductivity at the
Two-Dimensional Limit
Shengyong Qin, Jungdae Kim, Qian Niu, Chih-Kang Shih*

Superconductivity in the extreme two-dimensional limit is studied on ultrathin lead films down to
two atomic layers, where only a single channel of quantum well states exists. Scanning tunneling
spectroscopy reveals that local superconducting order remains robust until two atomic layers,
where the transition temperature abruptly plunges to a lower value, depending sensitively on the
exact atomic structure of the film. Our result shows that Cooper pairs can still form in the last two-
dimensional channel of electron states, although their binding is strongly affected by the substrate.

Studies of two-dimensional (2D) super-
conductivities have been generally limited
to the regime where the superconducting

order parameter behaves as a 2D wave func-

tion but the underline electrons are still three-
dimensional (1–11). Recent advancements in
materials synthesis have enabled the growth of
epitaxial superconductor thin films with unprec-

Fig. 3. (A)Opticalmicro-
scope imageofagraphene
FET. (B) Device resistance
versus top-gate voltage
(VTG), with different back-
gate (VBG) biases, and ver-
sus VTG-VDirac,TG (VTG at the
Dirac point), with a model
fit (solid line).

5 JUNE 2009 VOL 324 SCIENCE www.sciencemag.org1314

REPORTS

 o
n 

O
ct

ob
er

 2
1,

 2
01

2
w

w
w

.s
ci

en
ce

m
ag

.o
rg

D
ow

nl
oa

de
d 

fr
om

 

http://www.sciencemag.org/


edented control in crystallinity, atomic smooth-
ness, and film thickness, thus opening up new
opportunities in investigations of 2D supercon-
ductivity (7–16). Studies of superconducting prop-
erties of ultrathin Pb films on Si or Ge substrates
by transport, magnetic, and spectroscopic mea-
surements have revealed several new aspects of
2D superconductivity (7–11), such as quantum
oscillations of the superconducting order param-
eter as a function of the film thickness (7, 8).
Moreover, D. Eom et al. discovered that su-
perconductivity remains surprisingly robust, even
for films as thin as 5 monolayers (ML) (8).
However, even in such thin films, there still
exist several quantum well channels (17). It is
unclear how much mixing between them occurs
and how such mixing influences superconduc-
tivity. Consequently, some very interesting ques-
tions arise: Could it be possible to engineer a
superconducting thin film with only one quan-
tum well channel? Moreover, what will be the
superconducting properties at this ultimate
limit, and in particular, to what extent does the
robustness of superconductivity remain at this
limit?

The transition temperature (Tc) as a function
of the film thickness (Fig. 1) shows oscillations
for L > 5 (where L is the number of atomic
layers) that have been reported previously, as
well as new data for the thinnest films down to
L = 2, which is the last Pb film that can be stable
according to the quantum growth principle (18).
More notably, L = 2 also corresponds to the
single quantum channel regime: Along the (111)
crystal direction, kF = 0.45 p/d, where kF is the
Fermi wave vector, and d is the spacing be-
tween lattice planes, giving rise to the condi-
tion of kFL ~ p for the existence of a single
quantum well channel. As the film thickness
decreases, one first observes an increase of the
quantum oscillations of Tc, followed by a dra-
matic drop of Tc to substantially lower values
at the ultimate limit of 2 ML. In addition, we
find that there are two different types of L = 2
films, which differ in subtle atomic recon-
structions but have a substantial difference
in Tc.

The fabrication of pristine ultrathin films
requires a careful preparation of the substrate,
resulting in a Pb-Si reconstruction template
containing a mixture of

ffiffiffi

3
p

×
ffiffiffi

3
p

and
ffiffiffi

7
p

×
ffiffiffi

3
p

structures (fig. S1) (19–22). This procedure re-
sults in a uniform 2-ML Pb film on the tem-
plate (Fig. 2A). There are two types of 2-ML
Pb films (labeled as type I and II); each type
resides on an individual terrace. A zoom-in view
shows that type I has an underlying 1 × 1 atomic
structure with a moiré pattern periodicity of ~3.0
nm (Fig. 2B), whereas type II has an underlying
ffiffiffi

3
p

×
ffiffiffi

3
p

atomic structure (oriented 30° with

respect to the 1 × 1 structure) with a moiré
pattern periodicity of ~4.4 nm (Fig. 2C).
Moreover, the underlying 1 × 1 structure in type
I has the same surface lattice parameter (3.50 T
0.10 Å) as the bulk Pb to within 3%, whereas
the

ffiffiffi

3
p

×
ffiffiffi

3
p

structure in type II has a lattice
parameter of 6.50 T 0.15 Å, which is very close
to that of the Si

ffiffiffi

3
p

×
ffiffiffi

3
p

structure, implying the
existence of a pseudomorphic strain.

Although in this image, type I is more abun-
dant, investigations over more than 100 terraces
show that there is no preferential abundance of
either type. Most notably, we never observe a
mixed phase of type I and II on the same terrace.
Often, type II contains small holes of 2- to 6-nm
in diameter that extend down to the substrate. On
type I film, however, holes are formed at the
descending edge of the terrace. Such holes ex-

Fig. 1. Superconducting transition
temperature (Tc) as a function of
film thickness. As the film thickness
decreases, an increase of the quan-
tum oscillations of Tc was observed,
followed by a dramatic drop of Tc to
substantially lower values at the
ultimate limit of 2 ML. At L = 2, two
different kinds of films result in two
different Tc values. The data point
at L = 3 is absent because it is
thermodynamically unstable to
form a film of 3 ML. The old data
(8) were acquired on films grown
on Si(111) 7 × 7, whereas the new
data (2, 4, and 5 ML) were acquired
on films grown on a new Pb-Si(111) template. Determination of Tc and error bars are described in the
supporting online material.
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structure. (D) Tunneling spec-
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of films, revealing the same
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positions to EF. a.u., arbitrary
units.
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pose the substrate template atomic structure, and
they allow one to conveniently determine the
thickness of the film.

Despite this structural difference, these two
types of 2-ML films have almost identical elec-
tronic structure in the normal state (23). Tunnel-
ing spectroscopy (Fig. 2D) reveals the same
quantum well states (QWS) level spacing and
relative positions to the Fermi level (EF). This
result indicates that the electron density is
similar for the two types of films, implying a
similar atom density. However, such measure-
ments are not sensitive enough to tell if there is
a small difference (i.e., a few percent) in
electron density between these two structures.

The superconducting properties of these two
types of films, on the other hand, are different.
Figure 3A shows tunneling spectra acquired
at various temperatures for type I films. The
superconducting gap is clearly visible at 3.4 K
and gradually disappears as the temperature is
raised to 6.0 K. These spectra can be fitted with
the Bardeen-Cooper-Schrieffer (BCS)–like den-
sity of states (DOS) to obtain a temperature-
dependent superconducting gap D(T), which
allows us to obtain a Tc of ~ 4.9 K for the type
I film (19, 24). However, tunneling measure-

ments of the type II film (Fig. 3C) did not show
any superconducting gap until the temperature
drops to 3.5 K, at which point a small gap is
observed. Because the Tc is very close to the
lower temperature limit of our scanning tunneling
microscopy (STM), we did not measure enough
temperature-dependent data points to fit for the
Tc value. Nevertheless, we estimated the Tc to be
~3.65 T 0.15 K.

To further illustrate spatial variation of the
superconducting property, we plotted the 2D
mapping of the second derivative of the current-
voltage (I-V) curve near the steepest slope of the
gap-opening regions. Figure 3E shows a large-
area STM image, and Fig. 3, F and G, shows
d2I=dV 2 mapping at biases of –0.89 and 0.89
mV, respectively. Not only does such a second
derivative spectroscopic image reveal the large
superconductivity contrast between type I and II
films, but also it further shows that super-
conductivity on the same terrace is very
uniform, with clear boundaries at the terrace
edges.

On such films, one can occasionally find a
local region containing coexistence of 4 and
5 ML (Fig. 4A), which allows us to probe the
transition region from the ultimate 2-ML limit to

thicker regimes that have previously been inves-
tigated. On the same sample (and on several
subsequently prepared samples), we were not
able to find any region with 3-ML film. Even
4-ML regions are quite rare and only can be
found when they are connected to 5-ML re-
gions. We take these results as indication of
thermodynamic instability at these film thick-
nesses due to quantum size effect, a subject of
extensive investigation in recent years (12–18).
The findings here are consistent with earlier
studies, except that they are in an even thinner
regime.

The temperature-dependent normalized con-
ductance spectra acquired on 4- and 5-ML films
(Fig. 4B) clearly show that the gap in 4-ML
films is always deeper than that in 5-ML films
at all temperatures. Using the same fitting
method, we get the temperature-dependent gap
D(T), which was fitted with BCS theory, and we
were able to obtain a Tc value of 6.7 K for the
4-ML film and 6.3 K for the 5-ML film (Fig.
4C). The contrast in Tc between 4- and 5-ML
films illustrates the continuation of the quantum
oscillations in the superconducting gap reported
earlier, except that here the oscillation amplitude
is further enhanced in the thinner regime (Fig. 1).

N
or

m
al

iz
ed

 c
on

du
ct

an
ce

0.4

0.6

0.8

1.0

1.2

-10 -5 0 5 10

6.0K

4.7K

4.5K

4.2K

3.9K

3.4K

Sample Bias (mV)

A

-10 -5 0 5 10

B

Sample Bias (mV)

N
or

m
al

iz
ed

 c
on

du
ct

an
ce

4.7K

4.5K

4.2K

3.9K

3.4K

0.4

0.6

0.8

1.0

1.2

-10 -5 0 5 10

3.8K

3.5K

Sample Bias (mV)

N
or

m
al

iz
ed

 c
on

du
ct

an
ceD

0

0.2

0.4

0.6

0.8

1.0

0 1 2 3 4 5 6

∆ 
(m

eV
)

C

Temperature (K)

-2

2

10
-6

A
2V

-2

-2

2

10
-6

A
2V

-2

0

4

 nm

E F G

Fig. 3. (A) Normalized conductance spectra acquired at various temperatures
for type I films. The superconducting gap is clearly visible at 3.4 K and gradually
disappears as the temperature is raised to 6.0 K. (B) Normalized conductance
spectra (nonblack colors) taken by STM were fitted using the BCS-like formula for
the tunneling conductance (black). (C) The energy gaps (D) for several
temperatures were obtained from (B) and plotted as blue squares. The blue
curve is a fitting of these energy gap data using a BCS-like gap equation to obtain
a Tc of ~4.9 K for the type I film. (D) Tunnelingmeasurements of the type II 2-ML

films. The superconducting gap did not show until the temperature dropped to
3.5 K. We estimated the Tc to be ~3.65 T 0.15 K. (E) Large-area STM image of
2-ML Pb film. The two terraces labeled with “II” are type II films, and the rest of
the terraces are type I. (F and G) d2I=dV2 mapping at 4.0 K (128 × 128 pixels
with a pixel resolution of 10.1 nm) at sample biases of –0.89 and 0.89 mV,
respectively. First, a large superconductivity contrast between type I and II films
was revealed; next, the superconductivity on the same terrace was shown to be
very uniform, with clear boundaries at the terrace edges.
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Consistent with this interpretation are the loca-
tions of the QWS of these two thicknesses (Fig.
4D), where one observes that 4-ML films contain
a QWS peak closer to EF.

Theoretically, a simple jellium model
predicts that quantum oscillations of the
DOS (and, thus, many electronic properties)
would increase in amplitude toward thinner
thicknesses (17). It is interesting to see that
quantum oscillations of the Tc follow the
same trend. This trend persists down to 4-ML
films where two quantum channels still exist.
However, such a robust superconducting
behavior takes a substantial dive at 2 ML
when only one quantum channel exists.

The observation of persistent supercon-
ductivity in all but the last stable film (2-ML
film), as shown in Fig. 1, is in sharp contrast
with results obtained from transport and mag-
netic susceptibility studies (7, 9). Starting from
large film thicknesses, Tc shows an overall
decreasing trend with the thinning of film
thickness. In these studies, phase coherence of
the superconducting order parameter over large
scales is required in manifestation of super-
conductivity, and such phase coherence can
easily be affected by scatterings. The gradual
degradation of superconductivity was attributed

to scattering from roughness at interfaces with
the substrate and the covering materials (these
other studies were performed ex situ on films
covered with a protective layer) (7, 9). On the
other hand, our probe is of local nature and is
sensitive to the magnitude, rather than the phase,
of the order parameter. Moreover, we take
special care in the preparation of the substrate,
and the Pb film surface is maintained intact in
ultrahigh vacuum throughout the measurement
stage.

Still, two key questions remain: Why does
the Tc drop at 2 ML, and why are the Tc values
different for type I and II? We believe that the
answer might lie in the fact that even such a
pristine film needs to be supported on a sub-
strate. Film-substrate interactions can play an
important role in influencing the superconduc-
tivity, especially in the 2-ML limit when there
is only a single quantum channel of electronic
states to support the formation of Cooper pairs
or local superconducting ordering. As we
described earlier, there are two different atomic
arrangements for the 2-ML films: In type I, the
underlying 1 × 1 atomic structure has the same
lattice parameter as the bulk Pb, whereas in type
II, the

ffiffiffi

3
p

×
ffiffiffi

3
p

atomic structure assumes a
similar lattice constant as the Si

ffiffiffi

3
p

×
ffiffiffi

3
p

structure. This result indicates that the type II
film is under tensile strain laterally. The phonon
spectrum and the interaction of phonons with
the electrons should be considerably different
(25–27), resulting in a further reduction of Tc.
For films of 4 ML or thicker, the atomic struc-
ture is close to the bulk atomic structure. With
two or more quantum channels of electronic
states to support the formation of Cooper pairs,
the effect of substrate can be markedly reduced.
If this conjecture is correct, one might be able to
fine tune the strength of superconducting or-
dering in the single-channel limit by engineering
the film/substrate interface.
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Fig. 4. (A) STM image of 4- and 5-ML films. (B) Temperature-dependent normalized conductance
spectra acquired on 4- and 5-ML films. The gap in 4-ML film is always deeper than that of 5-ML
film at all temperatures. (C) Fitting with BCS temperature-dependent superconducting gap D(T ) for
4- and 5-ML and type I 2-ML films. The data consist of results from three independent runs and are
labeled with different symbols. Tc values of 6.7 K for the 4-ML film and 6.3 K for the 5-ML film
were obtained. (D) Tunneling spectra with a larger bias range acquired above Tc for 4- and 5-ML
regions, showing QWS.

www.sciencemag.org SCIENCE VOL 324 5 JUNE 2009 1317

REPORTS

 o
n 

O
ct

ob
er

 2
1,

 2
01

2
w

w
w

.s
ci

en
ce

m
ag

.o
rg

D
ow

nl
oa

de
d 

fr
om

 

http://www.sciencemag.org/

