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Photolithographic patterning of the charge-density-wave conductor Rbg 30MoQO3
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Abstract

We report on the first photolithographic patterning of a charge-density wave (CDW) film. Electrical transport measure-
ments on 2 um structures patterned in Rbp.aoMoO; films reveal the expected Peierls transition near 180 K. Nonlinear
current-voltage characteristics demonstrate the sliding of CDWs. Patterned structures permit unprecedented studies of
mesoscopic, phase-coherent CDW transport as well as the exploration of devices based on CDWs,
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1. CDW conductors

Electrical conductors with a chain-like structure may ex-
hibit a phase transition to a collective ground state with
charge-density waves (CDWs) [1]. At low temperatures, the
lattice of atoms is distorted and the electrons condense into
a ground state with a periodic modulation of the charge den-
sity. This Peterls phase transition [2] has been observed in
a variety of inorganic CDW materials such as NbSez, TaS;
and the blue bronzes Ao.3oMoOs with A = K, Rb, Cs [3.,4].

Below a certain threshold field Er, CDWs are pinned to
impurities in the crystal and electrical transport is only due
to single quasiparticles that are thermally activated above
the excitation gap. Above Er, collective transport occurs
when CDWs slide along the 1D chains. This shiding of
CDWs has shown remarkable phenomena such as ac cur-
rent oscillations induced by a dc electric field and strongly
nonlinear electrical properties. Collective CDW transport
displays many similarities with transport in superconduc-
tors, with the role of current and voltage reversed. For
example, a current-frequency relation exists for the collec-
tive CDW current, analogous to the ac Josephson relation
between voltage and frequency in superconductors.

Most dynamic CDW properties can qualitatively be un-
derstood within the Fukuyama-Lee-Rice (FLR) model [5].
In this model, the CDW is viewed as an elastic medium that
interacts with impurities. Within the FLR phase-coherence
length the elastic medium is undistorted by the impurities.
The coherence length is typically of the order of microns
along the CDW chains and much smaller in the directions
perpendicular to the chains. Finite size effects are expected
to occur when sample dimensions become smaller than these
phase coherence lengths. Measurements on crystals with
very small cross sections (S < 1 um?) have shown an in-
crease of Er [6-8] and a decrease of the Peierls temperature
T, [6] with decreasing S. A controlled study of CDW dy-
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namics on these short length scales, however, has not been
performed.

2. Thin films of CDW conductors

Experiments on CDWs so far have been performed on
bulk crystals. Recently, we have reported on thin-film
growth of the CDW oxide Rbo1oMoOs [9]. With stan-
dard lithographic techniques, (sub)micron CDW structures
of arbitrary shape and well-defined dimensions can now be
obtained to study phase-coherent CDW transport. A thin-
film technology not only permits the study of well-defined
structures, but also of completely new artificial structures.
Deposition of CDW materials can be combined with deposi-
tion of either normal metals, superconductors or insulators
tQ form multi-layers or to fabricate CDW junctions. Such
mesoscopic structures open up a new line of research in the
field of CDWs. The first theoretical predictions on meso-
scopic CDW conductors have just appeared [10].

A thin-film technology of CDW conductors may also be of
importance for applications. Thin-film devices with Joseph-
son junctions are important in applications of superconduc-
tivity. Such devices are unexplored for CDW systems due
to the absence of CDW thin films. Possible applications
may use the strongly nonlinear behavior of CDW materi-
als at low fields and the fact that CDW polarization leads
to extremely high dielectric constants ranging from > 10°
at low frequencies to ~ 10° at microwave frequencies. The
first three-terminal CDW device has recently been fabri-
cated [11], but integration in applications seems difficult
since it was made out of a bulk crystal.

3. Thin—ﬁlm growth of Rbo,aoMOOs

We use pulsed-laser deposition for the fabrication of thin
Rbo.3ao MoO; films [9). Al films are granular with most
grains oriented such that the CDW-.axis (=b-axis) is par-
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allel to the substrate surface. Grain size increases with in-
creasing substrate temperature and decreasing deposition
rate. Surface corrugation increases with increasing deposi-
tion temperature and is substantial (of the order of the film
thickness for films grown at temperatures 440-500 °C).

On Al;03(012) substrates, disk-like grains of submicron
sizes are formed at substrate temperatures of 375-400 °C.
At higher deposition temperatures, the grains have a more
elongated shape. At 440 °C these grains are about 1 pm
long, but at 500 °C large elongated grains with sizes up to
100 um have formed. Grains are randomly distributed on
the substrate surface. X-ray analyses demonstrate that the
b-axis is also randomly oriented within the surface plane.

On SrTiO, substrates, we find hetero-epitaxial growth.
On SrTi03(100), elongated grains are oriented in two per-
pendicular directions along the principal axes of the sub-
strate surface lattice. The b-axis runs parallel to the long
axes of these grains. Depending on the deposition rate, films
grown at 375 °C have grains with sizes of 0.1 by 0.5 ym?
to 0.3 by 1 um?. Films grown at 440 °C have larger grain
sizes ranging from 0.2 by 1 um? to 1 by 5 um?. By using
SrTiO3(510) substrates, the majority of the grains can be
oriented in one direction if they are grown at 375 °C. The
submicron grains have an elongated shape and their long
axis runs along the [001]-axis of the SrTiO3(510) substrate.

4. Photolithography on Rbg.acMoQO; thin films

Standard photolithography is done with SR1813, a posi-
tive resist sensitive to near-UV light. When spin coated at a
speed of 5000 rpm, this resist is 1.3 um thick in the middle
of the samples. Since our substrates are small, typically 5
by 5 mm?, a substantial part near the sample edges has a
thicker resist layer. After applying the resist, the sample is
baked at 90 °C during 30 minutes. A thick resist layer is
chosen because of the large surface corrugation of our films
and because the resist serves as an etch-mask for the pat-
terning of the films. Exposures are made through a glass
mask with a Karl Susz aligner. The resist is then developed
in a water-based AZ-developer for 45-75 s. Dry argon ion
milling is done in a home-made set-up with a Kaufmann
source. During etching, the sample is water cooled. Blue
bronze is typically etched at a rate of 300-450 nm per hour.
This rate is about a factor 5 slower than the etch rate of
evaporated gold films.

We {ound that it is difficult to use lift-off masks; i.e.,
to first apply resist and evaporate metal contacts at the
places where the resist is developed. When developing the
resist, large parts of the Rbo.30MoO3 film peel off from the
substrate. Probably, the water in the developer affects the
Rbg .30 MoOj; film. Better results are obtained when using
an etchmask as is illustrated in Fig. 1. The film is first
covered with a metal. Resist is applied to the film-metal
sandwich. Upon removal of the metal by use of dry etching,
contacts are formed at those places where the resist has been
developed. Subsequently, the remaining resist is removed in
acetone for 5 minutes. In this way, the Rbg.30MoOs film
is never in contact with water. Figure 2 shows the voltage
probes of a completed sample. The inner voltage probes are
2 pum apart; the outer voltage probes 26 um apart. Current
contacts (not shown) are placed 86 pm to the left and right

8) CwWAu on a blue bronze film

b) after spin coating resist,
exposure and development

c) after etching and resist removal

d) after prolonged ecching

e) after CwAu and resist deposition,
e and development

L

1) after etching and resist removal

Figure 1: Fabrication process for photolithographic pattern-
ing of (a-c) metal structures on top of a Rbo 3o MoO3 thin
film (Fig. 2) and (a,b,d-f) a Rbo.3o MoO3s wire with metal
contacts (Fig. 3).

of the outer voltage probes.

A general problem for the processing is the bad adhesion
of Rbp.aoMoO3 to the substrate. The adhesion of the metal
to the Rbp.30MoO; film is generally also poor. We have
tried several ways and combinations of metals to overcome
this problem. In-situ laser-deposition of gold directly af-
ter the Rbo.30 MoO3s deposition did not work since films are
no longer single-phase Rbg.acMoQOs. In-situ gold contacts
can be made at room temperature, but these do not show
any improvement over ex-situ e-beam evaporated gold con-
tacts. To contact oxides, a 2-10 nm thick layer of Ti is often
used. We found that the Ti reacts with Rbp 30 MoO3. Struc-
tures fabricated with Ti do not show a Peierls transition.
Our best results are obtained using a sandwich of 15-30 nm
Cu covered with 150-300 nm Au. Wires can be ultrason-
ically bonded to this Cu/Au sandwich although adhesion
is still not very good. The contact resistance between Cu
and the Rbg 30 MoOj; films i1s smaller than the resistance of
Rbo.3p MoO3 perpendicular to the CDW axis. (When using
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top contacts, the current initially has to flow perpendicular
to the CDW chains.) We can therefore only give an upper
bound for this contact resistance. At room temperature this
upper bound is 10 € per 100 by 100 pm?,

e
10 um
Figure 2: An SEM picture of a fabricated copper-gold struc-
ture (sample A) on top of a Rbo.ap MoOs thin film showing
the voltage probes which are situated in the middle of two
current probes (not shown).

A disadvantage of structures with evaporated contacts on
a nonstructured film is that the current flow is not well de-
fined. We have also fabricated 2.5 um wide Rbg.30MoQO3
wires such as shown in Fig. 3. The current can now be in-
jected at both ends of the wire; voltage probes can be placed
at any place in between these current contacts. The fabrica-
tion of these Rbg 30 MoQ; wires is analogous to that outlined
above. To avoid contact with water, the Rbg 36 MoO3 films
are first covered with the Cu/Au sandwich. Structures are
then obtained by etching first through the Cu/Au sandwich
and subsequently through the blue bronze film. Etching is
stopped when the resist and then the Cu/Au underneath the
resist is removed on the places where Rbg.30 MoO; remains.
For a Rbg 30 MoO; film of 450 nm thick, etching of the resist
takes about as much time as the etching of Rbg.30MoO3, so
that a Rbo 30 MoOj structure on a cleaned substrate is ob-
tained. In a second lithography step, the metal contacts
on top of the Rbg.30 MoO; wire are defined using the same
procedure as sketched in Fig. 1.

5. Electrical transport of patterned Rbyg30MoO;
structures

To date, we have not measured electrical transport
through a single grain yet. We have measured over 10 films
grown at different substrate temperatures and deposition
rates. In this section we will present results of the two sam-
ples shown in Figs. 2 and 3. Both films have been grown at
440 °C. The scanning-electron microscopy picture of sam-
ple A is shown in Fig. 2. The 600 nm thick film has been
deposited on a SrTiO3(100) substrate at 1 nm/s. SEM pic-
tures of a higher magnification show that there are 5 grains
in parallel and 2 to 3 grains in series between the 2 pum
contacts. Sample B is the sample of Fig. 3 and has been
grown on an AloO3(012) substrate at a rate of 0.15 nm/s.
Its thickness is 300 nm.

Figure 4 shows the quasi-particle resistance of sample A

—y
200 pm

Figure 3: A photograph of a 200 pm long and 2.5 um wide
Rbo .30 MoOs wire (sample B). Gold contacts at the ends are
used for current injection. The voltage probes connected to
the Rbo.aoMoO; wire are spaced 26 um apart.

measured as a function of temperature. The resistance
is measured in the four-terminal configuration described
above with standard lock-in techniques. The data clearly
show the expected increase below the Peierls temperature
of 180 K. The dashed line is the exponential tempera-
ture dependence with a gap according to the BCS model:
R « exp[A(T)/kgT]. The fit parameter A(0)/kp is 410 K
for this sample. For sample B a similar fit yields A(0)/kp =
400 K. For films grown at 375 °C, we find a lower value of
the zero-temperature gap whereas for films grown at higher
temperature a higher value is found (460-470 K). A reduc-
tion of A(0) due to finite size effects may be expected but
our data at this moment show too much scatter to be con-
clusive in this respect. More data is needed.

At room temperature, the resistivity is a few mQcm. In a
bulk crystal the resistance initially decreases with decreas-
ing temperature. In our films, we find a slight increase of
the resistance. The corresponding energy barrier in this
thermally activated activation process ranges from 250 K
for films grown at low temperatures to about 50-100 K for
films grown at high temperatures. In Fig. 4, the energy bar-
rier in the high-temperature region is 50 K. We ascribe the
thermally activated behavior above the Peierls transition to
the granular nature of our films.

The granular nature may also be responsible for the
smearing of the Peierls transition itself as observed for all
our samples. The inset of Fig. 4 shows the results for sam-
ple A. The variable d(In(R))/dT is commonly used to visu-
alize the Peierls phase transition; in crystals a clear dip in
d(In(R))/dT is observed at Tp. Our samples merely show a
kink near 7.

We have measured the current-voltage characteristics at
various temperatures. Simultaneously, we have recorded
the differential resistance (dV /dJ) with a lock-in technique.
The ac amplitude was 3 % of the full dc current-scale. For
sample B, the result measured at 50 K is shown in Fig. 5.
The current-voltage characteristic is clearly nonlinear. It
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Figure 4: The four-probe resistance across the 2 um voltage
probes of sample A vs. temperature showing the Peierls
transition around 180 K. Inset: the same data plotted as
d(In(R))/dT versus T, illustrating the behavior near the
Peierls transition.

is difficult to define a threshold field since the nonlinear-
ity appears very smoothly. In bulk crystals, a well-defined
threshold field is observed if current is injected homoge-
neously. If we define the threshold field as illustrated in the
inset of Fig. 5, its value is about 50 V/cm. For sample A, the
threshold field is around 100 V/cm. These values are much
higher than reported in literature. A bulk Rbo.30 MoO3 sam-
ple with a cross section of 90 nm by 110 um has shown a
threshold field of 4 V/cm [8]. Since grains are only a few
100 nm’s wide, we can not exclude that our high threshold
fields are due to finite-size effects. However, it may also
be that the high threshold fields are due to depinning from
grain boundaries. The observation that the threshold field
decreases with decreasing number of grains between voltage
contacts is consistent with this picture.

6. Conclusion

We have presented the first results on patterning of a
film of a CDW compound. Films consist of single-phase
Rbo.30M0Q3 and have a granular structure with grain sizes
typically of the order of 1 um. With standard photolitho-
graphic techniques, devices are fabricated containing a few
grains. The quasi-particle resistance measured as a function
of temperature clearly reveals the expected Peierls temper-
ature around 180 K. Below the Peierls temperature, the
resistance increases in accordance with the opening of an
excitation gap. The value of the zero-temperature gap is
suppressed for films with the smallest grain sizes. We clearly
observe nonlinear current-voltage characteristics, indicative
of the sliding of CDWs. The threshold field is higher than
expected, probably due to the depinning from grain bound-
aries.
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Figure 5: (a) Two-terminal current-voltage characteristics
of sample B measured at 50 K across the voltage probes.
Inset: the corresponding differential resistance plotted as a
function of the electric field.
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