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Physical Vapor Deposition Method for the High-Throughput Synthesis
of Solid-State Material Libraries

Samuel Guerin and Brian E. Hayden*

School of Chemistry, UniVersity of Southampton, Southampton, SO17 1BJ, UK

ReceiVed September 8, 2005

A method that combines coevaporation of pure elements from multiple finite-size sources on temperature-
controlled substrates with independently controlled source shutters has been used for the synthesis of solid-
state material combinatorial libraries. The source shutters are positioned to achieve a controlled gradient of
the deposited elements across the substrate and are fixed during the course of deposition. Choice of the
shutter position and the rate of deposition for each source allow the direct synthesis of continuous and
controlled materials of varying composition. There are significant advantages of the method over alternatives
which rely on sequential deposition and subsequent heat treatment to produce thin film materials. The
parameters governing the creation of gradients have been identified and defined. Simulations and experimental
data have been compared in the case of a single source. Results are presented for the synthesis of a ternary
alloy library to demonstrate the methodology.

Introduction

In the past 15 years, combinatorial methods of synthesis
and screening have revolutionized the discovery of active
compounds in pharmaceutical research and development, and
more recently, attention has been turned to the development
of combinatorial and high-throughput (HT) methods for the
discovery of inorganic and solid-state materials. A promising
method of controlled synthesis has been to use physical vapor
deposition (PVD) to produce libraries of thin film materials.
However, as early as 1965, there was some interest in
synthesizing inorganic thin films of two or three elements
for which the elemental composition varied spatially across
the substrate,1-3 with the objective of synthesizing a range
of compositions for further characterization. Methods of
coevaporation of elements from various sources in a vacuum
were applied in these investigations and continue to be
applied directly4-7 or with specific modifications5,6,8-12 to
optimize the synthesis for high-throughput applications.

As in the case of screening, the synthetic methodology
can be “fast sequential” or truly parallel, and both limits have
been applied to the synthesis of thin film materials with a
two-dimensional spread of compositions using PVD methods.
Sequential PVD methods have been developed most recently
and can broadly be divided into two groups. The first of
these employs the use of a series of combinatorial shadow
masks, either binary, quaternary, or “user-defined” masks,8-11,13

with sequential deposition of material in each mask arrange-
ment. More recently, the sequential synthesis of inorganic
thin film libraries has been achieved using a moving shutter,
placed in the vicinity of the substrate, to achieve a gradient
of a given material. Subsequent deposition of the other
elements is carried out using the same method to create a
layered material of varying net composition. Most often, this
approach is followed by a heat treatment to achieve a mixing

of the elements.8,12,14-19 An improvement, in which subatomic
or monoatomic layers of the various elements are deposited
sequentially, has been reported.13,19-24 This allows direct
intimate mixing of the elements and fine control for the
synthesis of inorganic materials, such as perovskites of
variable composition, but has the inherent disadvantage of
any atomic layer methodology in that it is time-consuming
for producing bulk thin film material.

A parallel method of PVD synthesis employs the simul-
taneous deposition of the component elements from multiple
sources. The first such reported method in 1965 by Kennedy
et al.1 was developed for the rapid determination of ternary-
alloy phase diagrams and employed the use of three off-
axis e-beam sources for deposition on a triangularly shaped
substrate. The compositional spread of material, or graded
profiles, were obtained by taking advantage of the natural
profile of the sources which, using the right conditions, can
give an uneven deposit of each element across the surface.
The compositional spread of the three elements was obtained
controlling the relative rate of evaporation of each element.
This and subsequent approaches employing co-deposition
take advantage of the deposition profile of off-axis PVD
sources for simultaneous deposition using relative deposition
rate to control compositional ranges without the use of masks,
either moving, fixed, or shadow masks.1-6

We describe a method for the synthesis of combinatorial
libraries using a novel, parallel co-deposition method. The
method not only has the advantages of speed, simplicity, and
with control of the compositional ranges, but also the
simultaneous deposition of the elements to form the material
has a number of important advantages over the sequential
method. These include the synthesis of wide ranges of
composition in nonequilibrium phases ideal for high-
throughput screening and the synthesis of, for example,
mixed oxides, hydrides, and nitrides.* Corresponding author. E-mail: beh@soton.ac.uk.
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Experimental Section

Experiments have been carried out in an ultrahigh vacuum
(UHV) system, base pressure 1× 10-10 mBar consisting of
two cryopumped PVD chambers, an ion-pumped surface
analysis and reaction chamber, and a turbomolecularly
pumped LPCVD chamber specifically designed to carry out
high-throughput synthesis of thin film materials. Facilities
for mask transfer and a fast entry port are incorporated, and
the synthesis and analysis chambers are interconnected by a
series of ion-pumped transfer tubes for substrates of up to 4
in. in diameter. The experiments described here have been
carried out in a PVD chamber incorporating six off-axis
sources, three e-beam and three Knudsen, cryopanels and
shields, a manipulator with heating in the range 300-900K,
quartz crystal monitors for e-beam sources, and a number
of shutters for the control of material deposition. Shutters
and source temperatures are computer-controlled to allow
automated deposition of predetermined thicknesses and
composition gradients of the thin film materials.

The substrates were (∼32 mm)2, either silicon or silicon
nitride-covered silicon (200 nm LPCVD Si3N4 on 50-nm
thermally grown SiO2). The deposited materials used were
Pt, Au, Ru, and Pd (99.5% from Goodfellow) and Sb, Ge,
and Te (99.999% from Alfa Aesar). The thermal evaporators
used were standard K-cells (Tmax ) 1400°C, crucible volume
40 cm3), high-temperature K-cells (Tmax ) 2000°C, crucible
volume 10 cm3), or an e-beam evaporator (crucible volume
40 cm3, model SIHF-270-single earth from Temescal). The
crucibles and crucible liners used were either pyrolytic
graphite, pyrolytic boron nitride (Sintec Keramik), alumina
(Almath Crucibles) and graphite, or Fabmate (Kurt Lesker).

Results and Discussion

Point sources are difficult to apply to the simultaneous
deposition of graded materials, since one must rely on the
variation of flux as a function of distance; the result is a
serious constraint of deposition geometry and substrate size.
Practical PVD sources have finite dimensions, usually in the
range 1-3 cm, and this has been used to advantage when
preparing graded materials. The imposition of fixed shutter
to partially shadow the source can be optimized to produce
fluxes which vary across the substrate, and this shadowing
effect, analogous to the preumbra shadowing of a finite light
source, can be used to control a deposition profile. Depending
upon the shutter’s position within the molecular beam, the
gradient can be controlled from the natural profile of the
source (which has been optimized to give profiles that are
as uniform as possible without using rotation of the substrate)
to a fully controlled gradient. The position of the shutter
between the substrate and the source is crucial to achieve
controlled deposition profiles. If chosen correctly, placement
of the shutter in the orthogonal plane controls the profile
through a partial masking of the source. Each source profile
is controlled independently using its own shutter so that each
material can be evaporated with its own gradient. We refer
to such deposition as “wedge” growth, and these fixed
shutters as “wedge” shutters because of the deposition profile
they achieve. Using the wedge growth method on several
sources simultaneously and controlling the intrinsic source

fluxes allows the deposition of a thin film of variable
composition as a function of position across the sample.
Sources may be combined out of plane, and mixed composi-
tions of a large number of elements are achievable. This
methodology is ideal for high-throughput thin film materials
synthesis.

Modeling the Finite PVD Source. To establish the
conditions required for optimal wedge growth, deposition
has been simulated for a number of geometries for a single
finite size source. The simulation was implemented using
Visual Basic 6, and assumes that the flux at the sample (y)
is given byy ) A/r2 whereA is the power factor andr is the
distance between a point on the source and a point on the
substrate. Simulations are presented for a source providing
constant flux across its finite face, although this can be
modified to include variations across the face of the source
in the cases of, for example, locally heated e-beam sources.
The simulation is carried out in two dimensions, since it
provides sufficient detail to predict the wedge growth. Figure
1 shows the detailed geometric arrangement, defined lengths,
and positions of a typical “off-axis” source. It should be
noted, however, that similar effects are achieved with an on-
axis source. The origin to which distances are referenced
(0, 0) is defined as the center of the substrate face.

For the purpose of describing the deposition conditions
and properties, the following points and distances have been

Figure 1. Schematic representations of a single off-axis source
and the substrate showing the parameters relevant to the control
for the production of graded thin film materials.
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defined. All distances are given in millimeters unless
otherwise stated.A refers to the substrate size. A1 and A2

are the two extremities of the substrate.B is the offset of
wedge shutter with respect to the axis center of the source.
In Figure 1, the wedge shutter is shown in the position Bmin.
C is the source size and C1 andC2 are the extremities of the
source.D is the offset of the source with respect to the
substrate.E is the distance between the source and the wedge
shutter, andF is the distance between the wedge shutter and
the substrate.

Four points of interest can be defined for the position of
the wedge shutter inx with respect to the projected flux of
the source. They correspond to the intersection of the wedge
shutter with the line of sight of the extremities of the source
and substrate (lines AC). Those four points have been defined
as Bmin, B1, B2, and Bmax, The position of the wedge shutter
corresponding to these positions can be calculated from
geometric considerations.

Bmin is defined as the point at which the wedge shutter
cuts the line A2C2, and its position inx with respect to the
center of the source is given by

Bmax is defined as the point at which the wedge shutter
cuts the line A1C1, and its position inx with respect to the
center of the source is given by

B1 is defined as the point at which the wedge shutter cuts
the line A1C2, and its position inx with respect to the center
of the source is given by

B2 is defined as the point at which the wedge shutter cuts
the line A2C1, and its position inx with respect to the center
of the source is given by

A further point of interest, H, can be identified and is
defined as the intersection of the two source flux lines A1C2

and A2C1. The coordinates of point H (Hx, Hy) with respect
to the point of origin (the point of origin being the center of
the substrate face 0, 0) are given by

Wedge growth of various qualities is achieved by using
an wedge shutter that cuts the direct path between the source
and the substrate, that is, the quadrilateral defined by
A1A2C2C1 in the 2D projection (Figure 1). Simulations show
that the triangle defined by H, C1, and C2 gives the region
in which the wedge shutter cutting the source flux will give
rise to linear gradients across theentire substrate. For a

wedge shutter which cuts the flux in all other positions,
incomplete or no wedge growth is obtained. In summary,

For F > Hy, Bmin > B1 > B2 > Bmax if:
B > Bmin uniform film (natural profile of unimpeded

source)
Bmin > B > B1 partial gradient across sample (plateau

+ gradient)
B1 > B > B2 linear gradient across whole sample
B2 > B < Bmax partial gradient across sample (gradient

+ no deposition)
Bmax > B no deposition

For F < Hy, Bmin > B2 > B1 > Bmax if:
B > Bmin uniform film (natural profile of unimpeded

source)
Bmin > B > B2 partial gradient across sample (plateau

+ gradient)
B2 > B > B1 partial gradient across sample (plateau+

gradient+ no deposition)
B1 > B > Bmax partial gradient across sample (gradient

+ no deposition)
Bmax > B no deposition

Table 1 shows the results of a simulation for a specific
growth geometry, calculating the expected deposition profiles
for the wedge shutter moving across the full range of the
source flux to the sample. The fixed values (in mm) used
wereA ) 22, C ) 20, D ) 162, E ) 150 ,andF ) 350.
This gives Bmin ) -38.3, B1 ) -44.9, B2 ) -52.3 and
Bmax ) -58.9. “Maximum flux” is defined as the maximum
percentage of source material deposited on the substrate with
respect to the amount of material that would have been
deposited had no wedge shutter been used. “Minimum flux”
is defined as the minimum percentage of material deposited
on the substrate with respect to the amount of material that
would have been deposited had no wedge shutter been used.
The “normalized gradient” corresponds to the percentage

Bmin ) 1
2 [(A - 2D)E + CF

(E + F) ]

Bmax) - 1
2 [(A + 2D)E + CF

(E + F) ]

B1 ) - 1
2 [(A + 2D)E - CF

(E + F) ]

B2 ) - 1
2 [(2D - A)E + CF

(E + F) ]

Hx ) AD
A + C

Hy )
(E + F)A

A + C

Table 1. Results of the Simulation Showing the Effect of
Moving the Wedge Shutter Position (Figure 1) on the Profile
of the Deposited Material for the Case of a Single Source

B
mm

max
flux, %

min
flux, %

mormalized
gradient, % predicted profile

-59 0 0 0-0 no deposit
-58 5.86 0 0-100 no deposit+ gradient
-57 12.69 0 0-100 no deposit+ gradient
-56 19.51 0 0-100 no deposit+ gradient
-55 26.32 0 0-100 no deposit+ gradient
-54 34.08 0 0-100 no deposit+ gradient
-53 40.86 0 0-100 linear gradient
-52 47.63 4.00 8.4-100 linear gradient
-51 54.39 11.00 20.22-100 linear gradient
-50 61.13 17.98 29.42-100 linear gradient
-49 67.87 24.96 36.77-100 linear gradient
-48 74.59 31.92 42.80-100 linear gradient
-47 82.26 38.87 47.26-100 linear gradient
-46 88.96 45.82 51.51-100 linear gradient
-45 95.64 53.74 56.19-100 linear gradient
-44 97.77 60.66 62.05-100 linear gradient
-43 98.18 67.57 68.82-100 plateau+ gradient
-42 98.59 74.47 75.53-100 plateau+ gradient
-41 99.00 81.3 82.18-100 plateau+ gradient
-40 99.41 88.24 88.76-100 plateau+ gradient
-39 99.70 95.10 95.38-100 plateau+ gradient
-38 100.00 97.55 97.55-100 natural profile of source
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difference between the maximum and minimum amounts
deposited across the sample. Note that the deposition (the
way this normalized gradient is deposited) does not always
take place in a continuous gradient (labeled linear gradient)
across the sample.

Comparison of Modeled PVD Profile with Experiment.
Figure 2 shows the results of simulations and corresponding
experimental data for the deposition of gold on a SiN
substrate. Results are shown in the direction of deposition
(i.e., the main diagonal of the square substrate where the
Au content had the most variation). In the direction orthogo-
nal to this line, the deposition profile will reflect that of the
natural source profile, which in this case is very nearly
invariant. The source was a Knudsen cell with dimensionC
) 20 mm,A ) 26 mm,E ) 350 mm,F ) 150 mm, andD
) 162 mm. B was set for the 2 examples atB ) -51.8 mm
for sample 9, andB ) - 45 mm for sample 12. It is clear
that there is good correlation between simulated and experi-
mental data.

The effect of moving the position of the wedge shutter on
the profile of the deposited material can be seen in Figure
3. Four depositions of the same material varying only the
position of the wedge shutter and the time of deposition have
been performed. It is clear from the four graphs that as the
position is increased from 60 to 75%, the profile of the
deposited material varies from a plateau+ gradient to a
gradient+ no deposit with a region between where a full

wedge is obtained. This is in agreement with the model
proposed and with the simulations summarized in Table 1.
It should be noted that increasing the position of the wedge
shutter from 60 to 65% still gives rise to a plateau+ gradient
region; however, the plateau is smaller for the 65% wedge
shutter position, and accordingly, the gradient is larger.

Multiple PVD Sources. One considerable advantage of
producing the deposition profile in this way is that not only
is the profile controllable, but also it can be defined for a
number of sources independently for simultaneous deposition
of multicomponent materials. The maximum number of
sources that can be used for co-deposition depends only on
the geometry, the size of the vacuum chamber, and the
physical size of sources. We have designed a HT-PVD
materials fabrication system which incorporates two HT-PVD
growth chambers. One of these has four sources arranged in
4-fold symmetry, and the second has six sources arranged
in 6-fold symmetry. Using this method in the second
chamber, up to six elements can be deposited simultaneously
with control of composition and thickness. Each element can
be deposited with a gradient varying from the limits of
0-100% to that constrained by the natural profile of the
source over the substrate (i.e., 97-100%). The gradient of
each source can be adjusted independently of the other
sources. To obtain the desired gradient, the shutter is moved
to the appropriate position before evaporation; therefore, there
are no moving parts during evaporation. To achieve the
required final spread of composition, the evaporation rate
of each source is set appropriately and kept constant during
the deposition cycle.

Figure 4 shows a typical ternary composition spread of
Pd, Pt, and Au. Each element was deposited using an electron
beam source. The three elements were arranged in a 3-fold
symmetry (120° apart). Figure 4a, 4b, and 4c show the
relative atomic percentages of palladium, gold, and platinum,
respectively, measured by energy dispersive spectroscopy
(EDS). The deposition was carried out on a (32 mm)2 square
silicon substrate. The substrate temperature during deposition
was 300K. A contact mask was used on the substrate to
obtain a 10× 10 matrix of the various compositions. This
mask has been used in this laboratory for the synthesis and
subsequent screening of model electrocatalysts on micro-
fabricated arrays of electrodes.25 Figure 4d is a classical
ternary plot showing the different compositions that have
been synthesized in the 10× 10 matrix. The active area of
the Si substrate on which the elements were deposited is 19
mm × 19 mm. Each opening in the contact mask is 1.2×
1.2 mm2 with a separation of 0.8 mm. Therefore, for such
an array, it can be expected that in the case of deposition
profiles which cover the entire range of compositions, the
uniformity of each field within the library is 6.3% and
represents the largest compositional variation within a field.
Deposition profiles which cover a limited range of the
compositional range or a reduction in the field size will result
in concomitantly lower ranges of composition within the
field.

One of the main advantages of this approach for the
synthesis of thin films is the possibility to “zoom into” a
region of interest. Figure 5 shows the position of 100 fields

Figure 2. Graphs showing the results of the simulation of the
deposition profile from a single PVD Knudsen source. The
associated dimensions wereC ) 20 mm,A ) 26 mm,E ) 350
mm, F ) 150 mm, andD ) 162 mm (see Figure 1). Simulations
are shown for the cases ofB ) -51.8 and-45 mm. Experimental
data of thin films of gold deposited on a silicon nitride substrate
synthesized with these parameters is also shown.
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as measured by EDS in a ternary plot for two different Ge,
Sb, and Te ternary libraries (nos. 773 and 777). Library 773
was synthesized with a large spread of compositions ranging
from 1 to 60 at. % of Ge, 3 to 75 at. % of Sb, and 2 to 81
at. % of Te. By varying the position of the wedge shutter
and the power of the evaporation sources, it is possible to
change drastically the compositional domain covered over
the surface of the substrate. Library 777 in Figure 5 was
synthesized in this way to provide a much more detailed
library in a particular compositional range of interest. This
time, the compositional spread ranges from 6 to 32 at. %
for Ge, 7 to 58 at. % for Sb, and 13 to 72 at. % for Te.
Clearly, the compositional range within screened fields in
the no. 777 library will be significantly smaller than in no.
773. This ability to control the composition spread provides
important versatility in HT synthesis. In addition, confine-
ment of the controlled compositional region to (∼25 mm)2

allows this methodology to be combined with arrays of
microfabricated micro electro-mechanical systems (MEMS)
for HT materials screening.

Another important aspect of the technique is the reproduc-
ibility of the synthesis method. Figure 6 shows two ternary
plots of two libraries, nos. 773 and 789, both deposited under
identical conditions. It is clear form the spreading of the
points on the ternary plot that both arrays cover the same
domain of compositional spread. An important aspect of this
reproducibility is that the synthesis of the two libraries was
nonconsecutive, and 15 other libraries were deposited in the
week between their synthesis. Furthermore, the conditions
of deposition (i.e., the power and wedge shutter position)

had been altered for library synthesis: for example, library
no. 777 was synthesized between nos. 773 and 789 with quite
different parameters.

Although the ternary plots (Figures 4-6) show the
compositions of 100 EDS analyzed fields, a screened library
may contain significantly more fields within the overall
compositional region if the figure of merit or analysis can
be carried out in a small area. This is because the composition
of the material synthesized changes smoothly with position,
and on a continuous film (or a masked film with 1000 fields,
say, rather than 100) the composition between measured
points can be calculated. The 100 analyzed (or 10× 10
masked fields) represented in the ternary plots are only
indicative of the compositional domain covered in a potential
screened library.

Co-deposition of metals at room temperature provides
large compositional ranges of alloy materials both in the bulk
and at the surface, since the materials do not require
annealing to provide mixing and are in a nonequilibrium
state. Therefore, amorphous or crystalline solid solutions can
be obtained. Thermodynamic phases and surface segregation
accompany the annealing of the sample. Either postdeposition
or during deposition, the substrate manipulator can be heated
in the range 300-1100K. Figure 7 shows a selection of X-ray
diffractograms obtained for a binary library of gold and
ruthenium. Ten diffractograms are plotted, each correspond-
ing to one field along the main diagonal of the library. The
composition varies from 100 at. % Au/0 at. % Ru to 5 at. %
Au/95 at. % Ru. There is a clear change in the intensity and
position of the peaks as the composition changes. At 100%

Figure 3. Graphs showing the effect of varying the wedge shutter position on the profile of the deposited thin film for a single source. The
percentages of wedge shutter express the position of the wedge shutter with respect to the minimum and maximum positions. The experimental
data is for platinum deposited from an e-beam source. The thicknesses have been obtained by ellipsometry.
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Au composition, the peak corresponds to the main diffraction
of Au in the (225) space group. As the Au is diluted with
Ru, the Au peak intensity decreases and continuously shifts,
while two other peaks appear which correspond to the
hexagonal phase of Ru. No other crystalline phases are
observed across the complete compositional range for the
room-temperature-deposited materials. These nonequilibrated

continuous solutions in the crystalline phase and ranges of
amorphous materials provide a powerful tool for screening
as a function of elemental composition. Annealing the thin
film produces the thermodynamic phases, which can also
be investigated but is often less useful as a materials library.
In addition, room-temperature deposition also leads to
materials with very little or no surface segregation, making

Figure 4. Compositional plots (from EDS) of an alloy synthesized by co-deposition of gold, palladium, and platinum onto a silicon
substrate, showing the relative atomic percentages across the substrate of (a) palladium, (b) gold, and (c) platinum. The spread of compositions
covered by 100 fields in a (10× 10) library of this material is shown in (d).

Figure 5. The compositional range of two ternary libraries of Ge, Sb, and Te are shown to emphasize the ability to restrict synthesis to
the compositional region of interest. The source used for Ge was a 10 cm3 high-temperature K-cell and for Sb and Te, 40 cm3 low-
temperature K-cells. Compositional data is expressed in atomic % and has been obtained by EDS.
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them ideal for the screening of surface phenomena over wide
ranges of composition.25

Perhaps an even more significant advantage of the
controlled and simultaneous deposition of elements using this
method is that when combined with an atom plasma source,
the direct HT synthesis of mixed (or doped) oxide, nitride
and hydride phases can be achieved. Restricted mobility or
stability of such materials generally precludes the application
of multiple depositions and annealing to their synthesis.

Conclusion

We report the design of a novel co-deposition method
using fixed shutters combined with e-beam and Knudsen
PVD sources to produce controlled libraries of a wide
compositional range. The deposition profile can be predicted

and controlled, and the deposition profile of each source can
be varied independently, as can the deposition rate to create
the libraries. An experimental system is described which can
be used to deposit continuous thin film or discrete masked
libraries with up to six components. An example is shown
for the deposition of a ternary alloy deposited in a (10×
10) array using a contact mask. The co-deposition method
enables the synthesis of libraries with a large compositional
range without the need for heat treatment to achieve the
mixing of the components. The advantages of this method
for the screening of nonequilibrated metal alloys and the
synthesis of mixed metal oxides, nitrides, and hydrides are
highlighted.
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