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Using the dynamic shadow mask technique, one can
fabricate clean structures in ultrahigh vacuum (UHV) with
lateral dimensions down to the nanoscale. For this, a
perforated membrane is moved with high precision in close
proximity to the substrate during exposure to a molecular
beam. After the earlier demonstration of the technitde,
more powerful, dedicated instruments were recently devel-
oped?>® The working principle of the dynamic shadow mask
technique is compatible with the basic principles of combi-
natorial discovery: parallelization and variatibrn this
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Figure 1. Schematic diagram of the setup. The approximate lengths
are distance sample to fine maskuth (or larger, depending on
the required edge definition and mask type); distance sample to
large mask, 2 mm; and distance sample to evaporator, 20 cm.

tion to metallic or semiconducting electrod€3! The
interface between the electrodes and the active layer(s) has
to have the right electronic and chemical propefti€sand

work, we focus on the setup and general fabrication strategies"€€ds to be thermalyand mechanically stable. Fabricating

of the dynamic shadow mask technique in combination with
a combinatorial methodology.As applications, we are

structures in UHV offers the best possible control over the
composition? Systematic studies under such well-defined

targeting thin film devices incorporating organic material. conditions may be crucial, even in cases in which the long-
Such structures have high potential in electronics and term goal is to have a cheaper fabrication method for mass

optoelectronics. With this approach, in addition to being able Production:* The additional ability of fabricating structures
to choose among a large number of potentially suitable with lateral dlmer_15|ons in thg nanometer range provides
molecules, one can tune the device properties by changingbetter access to single cryst_alllne I_ayer.s with no defects.and
other parameters, such as doping, film thickness, and allows one to prototype devices with high density and high

crystalline ordef:? A further crucial problem is the connec-  SP€€d- . . _
In Figure 1, a schematic overview of the setup is shown.

It consists of four main parts: (i) the material source; (ii) a
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large shadow mask that acts as a shutter with continuous
lateral movement for “global” variatidhof device properties
over the whole sample; (iii) a fine-patterned shadow mask
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for the definition of arrays of devices; and (iv) an ultra precise (a) E
positioning unit which moves the sample in close proximity
to the mask, with a gap that can be as small asnl These 3
main components are briefly described as follows (additional
information can be found in ref 5):
(i) The material source is a commercial, multiple-crucible
e-beam evaporaté? modified with resistive heated crucibles
for organic materials and additional getter sources for alkali
metals. The evaporation rate is calibrated with a quartz S 6

microbalancé’ Numerous metals, insulators and (organic) (b) %
semiconductors can be evaporated. J
(ii) The “global” shadow mask is actuated by a solenoid. Figure 2. Layout of a thin film device fabricated with a square

Static friction is avoided by using a flexure design. With aperture. (a) Top view. Different materials are evaporated at
this design, the relation between the current in the solenoid different mask positions: (1) bottom electrode, (2) layer(s) of active

and the position of the “global” mask is stable and was Material, (3) top electrode, and (4) optional capping layer for device
calibrated and checked in situ with a CCD camera. Currently, Protection. (b) Cross section of (a) (along the dotted blue line in

this mask allows variation of the exposure in one direction (&) with probes for electrical measurements (5, 6). The current
P ' passes through the active layers in the small overlapping electrode

With a more sophisticated design,variations in two area, indicated by the red dotted lines in (b) and circle in (a). The
dimensions can be obtained. edges of the active area can be tempered to minimize field

(iii) Different types of fine patterned masks were em- €nhancement effects.

ployed: focused ion beam patterned silicon nitride mem- |ayer has a much lower conductivity, as is the case in general
brane#® and commercially available electron microscopy \yhen using organic interlayers and metallic electrodes, then
grids*® The masks, mounted on holders, can be exchangedine active part of the device is localized in the overlapping
using a UHV manipulator. Electrical two-point probes or region of the two electrodes (dotted circle in Figure 2). The
scanning probe microscopy tips can be attached to similar e maining area of the electrodes serves as connection pads.
holders, as shown in Figure 1, for in-situ characterization of aog an additional advantage of the moving shadow mask
fabricated structures. technique, the edges can be smoothed to avoid kinks in the
(iv) The sample positioning unit consists of several overlapping region, thus decreasing potential field enhance-
different components to combine high accuracy and me- ment effects. This is done by moving the mask during
chanical stiffness with experimental flexibility. In our setup, deposition or by increasing the masubstrate distance.
the fine-patterned mask is fixed, and the sample moves. ANote that the device area can be fabricated much smaller
commercial flexure stage with absolute position sefsor than the mask apertures because it depends mainly on the
allows high-precision movements in the directions parallel positioning accuracy. With this strategy, the use of very small
to the substrate surface (resolution, 0.3 nm; fuII-range apertures, which tend to C|Og rapi(ﬂﬁan be avoided.
repeatability, 3 nm; range, 19fm). An additional custom- To apply a combinatorial methodology, we used a large
built inertial slider stag® extends the travel range t0>66 array of apertures of the type described above, together with
mn?. In the vertical direction, a linear mof8rand a piezo a second “global” shadow mask that was moved over the
ceramic tube are used for coarse and fine travel, respectively,whole array area. This global mask allows one to vary one
to approach the sample to the mask. A custom-built tilting or two parametefsover the device array and so to generate
inertial slider allows angle alignment of the substrate surface structures for an entire device |ibrary_ The variation can
relative to the mask with an accuracy of some tens of jnvolve the active layer (its thickness, doping level, or
microradians. mixtures of different molecules), the electrodes (to alloy their
The components are located in a UHV system with base composition or to change their work function and chemical
pressure below k 10° mbar, and which is mounted on interaction), or the capping layer. An example of such an
vibration isolations. All in vacuo parts can be baked up to array of devices, in which one parameter was varied, is
150°C. An Ar* sputtering gun and an annealing stage are shown in Figure 3. In this example, commercially available
available for sample preparation. The fabrication of structures electron microscopy gri@s were used. The overlapping
is done fully automatically through dedicated software. region, corresponding to the circle in Figure 2, is Arh
Compared to a static mask, the ability to precisely control wide, which is a suitable size for investigations of properties
the motion of the shadow mask gives a significant increase of continuous films and allows one to reduce the influence
in the number of possible geometries. Interesting structuresof defects.
can be generated even by using a very simple patterned mask. To grow smaller structures, more precise masks with very
As an example, we chose a mask with square apertures tovell-defined edges are necessary. Silicon nitride membranes,
create an entire device. First, the bottom electrode is grown,supported by a Si frame, are suitable starting substrates for
then the mask is moved sequentially at different posififons this purpose. These membranes are flat to within nanometers
to grow the active layer(s), followed by the top electrode and can be cut with nanometer precision by focused ion beam
and, if necessary, an additional insulating capping layer. (FIB) or electron beam lithograpHy. In this work, FIB was
Figure 2 shows schematically how the different layers are used due to its flexibility and ease of use. Two examples of
positioned relative to each other in the device. If the active devices made with such masks are shown in Figure 4. In
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Figure 3. Array of Ti/Ce/Ti structures on a quartz substrate,

fabricated as outlined in Figure 2 (without capping layer), using _de-

an array of squares as a shadow mask. A global shadow mask was | 'j:im':gem'zo 0

used to create a linear variation of the thickness of tgel@yer, 2 =voltage/C,, thickness [Vium]

from 10 to 90 nm. The size of the square electrodes is<660 voltage [V]

um?, the size of overlapping region is 24 11 um?. Figure 5. Electrical transport measurements on the sample array

from Figure 3 (Ti/Gy/Ti/quartz, structures fabricated at room
temperature). (a) Two-point probe on device pads. (b) |
characteristics of different devices with differendg@hicknesses.
(c) I-V characteristics from (b) plotted as a function of the average
electric field in the device. At high fields, an exponential behavior
10um with the electric field is obtained. (For small voltages, the resistivity
C— of the Gy is ~1078 Qcm.)

tion pads that can affect the electrical connections is not an
issue. Moving from one device to the next takes a few

seconds. This is done manually, using an optical microscope
with a CCD camera (automating this procedure did not seem
appropriate, although this can be implemented). Figure 5a
Flgure 4. Examples of electrlcally connected devices fabricated shows the i image of the two- p0|nt probe Connecung a device

using FIB patterned silicon nitride membrane masks. (a) Two in the array, which was recorded from the CCD camera
devices formed using fm square apertures. (b)sgisland ’ )

sandwiched between crossing metal lines (marked with a dotted AS @n example of the application of the techniques
circle). The structure was fabricated in three steps using a stencildescribed above, we investigated the properties of a thin film
with FIB cuts as outlined in (c). The devices in (a) and (b) are device array of the type shown in Figure 3. This consists of
further connected using larger metal lines (vertical stripes) to g GCso film of variable thickness sandwiched between Ti
bonding pads (not shown). All the elements of the structures, electrodes. Ti evaporated oversds known to interact
including the large connecting lines and pads, were fabricated in . S .
situ. strongly with fullerenes and can lead to titanium carbide
formation?526 Even at room temperature;0.2 fullerene

Figure 4a we used the same strategy with overlapping layers are disrupted in the carbide formatf®ff This effect
regions, as described above, but on a smaller scale. In Figurds increased at higher temperatures. Figure 5b shews |
4b, a different principle is applied: the combination of characteristics obtained for both voltage polarities, with the
different shapes generated by different parts from the samebias applied to the top electrode while the bottom electrode
stencil mask. This strategy extends the possible devicewas grounded. Although both electrodes are made of Ti, the
geometries. Complex devices can be assembled from severatwo interfaces with the & film have asymmetric behavior:
components. In both cases, the structures were electricallyone is closer to ohmic behavior; the other one indicates the
connected with larger wires to bonding pads. These large formation of a barrier for carrier injection. To allow for the
patterns were fabricated in-situ with separate, micrometer- identification of the blocking interface, a second sample array
scale patterned stencils. was fabricated. In this array, the thickness of thg f@m

To characterize structures in UHV, a large range of suit- was kept constant to an intermediary thickness of 45 nm,
able techniques could be applied. In the following, we will whereas the thickness of the top Ti electrode was varied from
focus on some in-situ characterization methods that can be0 to ~1.2 nm. This top Ti layer of variable thickness was
easily implemented using the same components as those usefbllowed by a Au layer of constant thickness12 nm. Figure
for fabrication. For electrical transport measurements, a two- 6 shows +V characteristics taken on this second array. The
point probe was constructed. It consists of two/Bs0-diam- characteristics changed considerably with varying thickness
eter palladium wires, with a spacing that fits on the square of the Ti layer and, thus, indicate the formation of a blocking
patterns shown in Figures 2 and 3. This probe, mounted oninterface induced by depositing Ti on top of thgy@Im.
an adaptor with electrical connections, replaces the fine-pat-Figure 6 also demonstrates that the blocking interface in the
terned mask (Figure 1). In this way, the probe is very easy first array of devices, from Figure 5, is the top one. We
to use; since the wires are flexible, scratching of the connec- propose that this blocking interface is caused by the partial
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-2 0 2 mask with unusual rough edge was used). The interlayer is made
voltage [V] of Ceo. Image size, 12« 12 um?, height range, 53 nm. (b) Test
Figure 6. I1—V measurements on Au/TilgTi/quartz structures  Structure with Cag-dots on Ti lines. Image size,:3 3 um?; height
at different thicknesses of the top Ti layer. Thg @lm is 45 nm range, 18 nm. (c) Grain structure of Au on quartz (image size, 600

thick. 1-V curves of devices show increasingly asymmetric x 900 nn¥; height range, 12 nm).

transport characteristics with an increase in the top Ti layer

thickness. surface potential. The high-precision positioning unit used
in this system is well-suited for performing SPM. The closed-
loop, fine-positioning stage allows drift-free imaging, which
is convenient (and time-efficient) when moving to different
positions or when changing the scanning range abruptly.
Several different modes of atomic force microscopy (AFM)
and scanning tunneling microscopy can be used, including
noncontact atomic force microscopy (nc-AFM). In this latter
mode, the resonance frequency change of the 1&vsr
detected using commercial electroni€dhe nc-AFM tech-
nigue allows fast scanning without damaging fragile struc-
tures. Additionally, nc-AFM can be easily extended to
perform Kelvin probe microscopy to characterize surface
potential distributions; this is important for the understanding
of interface formation.

In conclusion, we have presented a highly flexible UHV
fabrication and in-situ characterization method which allows
one the use of efficient strategies as established in combi-

Since in Figure 5 the blocking behavior is obtained when torial di Straiahtf d licati ol
the top electrode is negatively biased, it follows that the C natorial discovety. straightiorward appiications Involve
organic/metallic (or organic/semiconducting) multilayer de-

film behaves as an n-type semiconductor, in agreement with ~.
FET-based measurements of the type of the majority carrier V'€

in such a film?® Figure 5c shows the same-Y data for

negative bias as shown in Figure 5b, but plotted as a function Acknowledgment. We thank Prof. Mark E. Welland for

of the average field in the device (defined as the ratio hiS support and we thank Dr. Adelina llie and Mr. Masato
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at high field values (Figure 5c), whereas at low field, there Sciénce and Technology from the Ministry of Education,
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carrier injection over the barrier formed at the top interface.
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