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ABSTRACT
The advancement of materials science and application in complex multicomponent systems is increasingly dependent on highthroughput
studies that can efficiently explore the vast compositional space of materials. However, traditional sample preparation methods often strug
gle to keep pace with modern characterization techniques and data analysis capabilities. To address this challenge, we present a vacuum
deposition chamber designed to produce gradient thin films. This chamber enables the deposition of singlecomponent films with thickness
gradients or multicomponent films with continuous compositional gradients in a single experimental run. Our approach features a custom
designed moving shutter mechanism, which allows precise control over the deposition process and eliminates the need for multiple samples
with discrete compositions. This significantly reduces research time and minimizes inconsistencies associated with the production of several
individual samples. As a proof of concept, we deposited singlecomponent gradient films of pentacene and diindenoperylene, which are widely
studied in thin films for organic optoelectronic applications, and their corresponding binary gradient film. Xray reflectivity measurements
confirm the linear thickness gradients in the former and the linear compositional gradient in the latter samples.
Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0251290

I. INTRODUCTION

The technological progress of the recent decades would not
have been possible without the development of new materials.
Often, the materials with the optimal characteristics for applica
tions are complex multicomponent systems with rather nontrivial
composition–property dependencies. The compositional optimiza
tion of new materials necessitates the highthroughput screening
of a multitude of compositions, which must be investigated to elu
cidate the nonlinear and nonmonotonic dependencies.1 In this
regard, datadriven material science has the potential to revolution
ize materials discovery and development by efficiently exploring
vast material spaces and providing insights that may not be appar
ent through traditional methods. It enables researchers to accel
erate the identification of new materials with desired properties
for specific applications. Such highthroughput datadriven studies
comprise two key elements: the combinatorial preparation of suit
able sample libraries spanning wide compositional ranges and the

highthroughput screening of the structure and properties of the
synthesized samples.2–4

The first approaches to datadriven material screening were
proposed over half a century ago,5,6 but neither received the deserved
attention nor development at that time due to the lack of suitable fast
sample investigation methods and data analysis techniques. Over
the past few decades, there have been significant advances in the
spatial resolution and throughput of various experimental meth
ods, which have led to a renaissance of these ideas. For instance,
xray scattering methods are widely used in modern material science
for structural investigations due to their large penetration depth,
high spatial resolution, and wide range of probed length scales.7
Grazingincidence techniques, such as grazingincidence small and
wideangle xray scattering (GISAXS/GIWAXS), are particularly
useful for structural studies of thin films.8,9 Modern xray optics
enable the tight xray beam focusing down to submicrometer sizes,
thereby providing excellent spatial resolution, which is highly ben
eficial for spatially resolved investigations of the sample libraries.

Rev. Sci. Instrum. 96, 053905 (2025); doi: 10.1063/5.0251290 96, 0539051

Published under an exclusive license by AIP Publishing

08
M
ay
20
25
12
:20
:38



Review of
Scientific Instruments

ARTICLE pubs.aip.org/aip/rsi

The enormous brilliance of modern xray sources, such as
diffractionlimited synchrotron sources,10,11 significantly reduces
measurement times without compromising resolution. Comple
menting these experimental advancements, machine learning (ML)
based techniques have emerged to support rapid data analy
sis across a variety of experimental methods,12,13 including xray
scattering.14,15 The software developed for the analysis of grazing
incidence scattering data and xray reflectometry provides almost
instantaneous onthefly processing of the measured data.16–20 Thus,
the combination of fast sample screening methods with MLbased
data analysis provides a basis for highthroughput studies calling for
suitable sample preparation techniques.

Since the pioneering studies, numerous techniques have been
developed to prepare multiple samples on a single substrate, simpli
fying screening and alignment processes. Such sample libraries can
be discrete, consisting of multiple separated samples/sample regions
with uniform compositions, or gradient, with continuously chang
ing composition/preparation conditions across the sample.3 Dis
crete samples are preferable when a physical isolation of the samples
is required, for example, for electrophysical characterization.21,22
Such isolation can be easily achieved using solventbased sample
preparation methods, such as spincoating, dropcasting, or inkjet
printing.22–24 On the other hand, solventfree methods such as phys
ical or chemical vapor deposition (PVD/CVD) are more suitable for
the deposition of gradient samples. These samples can also be eas
ily converted into discrete sample libraries by using a shadow mask
for separating different regions. The gradient approach allows quasi
continuous probing of the structure and properties of a material as
a function of its composition, with the spatial (i.e., compositional)
resolution defined by the probe size. Although the compositional
resolution is still limited to the gradient slope within the probe size,
with the available spatial resolution of the modern techniques it
is still superior in comparison with the compositional/conditional
variability during consequent sample preparation. In the case of
PVD, which we mostly focus on, three main approaches have been
developed.

The first one comprises an offaxis deposition using multi
ple sources with partially overlapping material beams.5,25–27 This
approach does not require any moving parts in the evacuated
deposition chamber and allows easy combination of several com
ponents. At the same time, the samples prepared this way have a
limited compositional range, and potentially inhomogeneous thick
ness and unclear composition distribution defined by the exact
material beam profiles. Consequently, it requires either complicated

simulations25,26 or additional analysis by xray photoelectron spec
troscopy (XPS) or energydispersive xray spectroscopy (EDX)25,27
to reconstruct the thickness and composition distribution within the
sample.

Another approach makes use of extended material sources with
fixed shadow masks, producing almost perfect linear gradients.28,29
However, this method requires elongated and uniform sources, i.e.,
vast amounts of material, which is quite challenging in the case of
complex chemical synthesis of the material.

The approach with moving shadow masks allows a high degree
of control over the direction and the span of the composition
gradient.7,30–37 Typically, the approach involves a single shadow
mask located in close proximity to the substrate surface and moving
linearly during deposition from a single material source. The sec
ond and subsequent materials are deposited sequentially during the
next cycles of shadow mask movement. One of the limitations of
this method is that the components cannot be codeposited simulta
neously, instead forming wedges of different materials. Annealing
of the samples is then required to facilitate vertical interdiffusion
of the materials. However, annealing may not always be possible or
could result in incomplete mixing unless each wedge is thinner than
a single monolayer. The latter requirement is easily met for organic
molecular deposition due to the low deposition rate and relatively
large unit cell dimensions. Hence, in this case, the period of the shut
ter movement can be set much shorter than the time required for the
deposition of a single molecular layer.

In this work, we present an approach for the deposition of
multicomponent molecular thin films with compositional gradi
ents in single runs, utilizing a specially developed vacuum deposition
chamber. The developed moving shutter system with two shut
ter blades allows simultaneous codeposition of different materials,
resulting in their immediate mixing without the need for subsequent
annealing.Moreover, the developed approach allows for the simulta
neous probing of different compositions without requiring multiple
sample preparations, thereby avoiding the potential for uninten
tional variations in sample preparation conditions. The combination
of a welldefined gradient composition and the high spatial reso
lution of modern material investigation methods shown in Fig. 1
makes such samples ideal candidates for highthroughput compo
sitionally resolved studies of structure–property correlations in thin
films.

While the focus of this work is on binary systems, the chamber
can of course also be used for singlecomponent samples with a lat
eral gradient in thickness, which is also extremely useful for many

FIG. 1. Possible techniques to access the structural and electronic properties of the gradient thin films: (a) specular xray reflectivity (XRR), (b) grazingincidence wideangle
xray scattering (GIWAXS), and (c) absorption spectroscopy in the UV–vis range.
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thicknessdependent phenomena.21 To some extent, such samples
can also substitute in situ studies of film growth. However, it should
be noted that the growth processes are highly complex and in non
equilibrium, and many features can only be observed in real time
during the growth.38–41

II. CHAMBER DESIGN
A. Overall layout

A photo of the chamber is shown in Fig. 2(a). The chamber
consists of a main spherical evaporation chamber and a cylindrical
loadlock chamber connected with a sliding UHV gate valve. The
sample can be transferred between the chambers by using a transfer
rod and is mounted in the main chamber on a fouraxis manipu
lator allowing alignment of the sample in respect to the evaporated
material beams. The bottom part of themain chamber represents the
core component of the developed design: the evaporation block with
a moving shutter shown in Fig. 2(b) and described in detail below.
All the components are mounted on standard ConFlat (CF) flanges
of different sizes.

Both main and loadlock chambers are equipped with view
ports, which allow realtime observation of the sample inside, the
moving shutter and the crucible outlets. Improved visibility during
operation can be achieved by using an external light source.

B. Vacuum system
Both main and loadlock chambers are equipped with separate

Pfeiffer Balzers TPU 170 turbo molecular pumps coupled to rough
ening pumps. The main chamber is additionally fitted by a Riber
ion getter and a titanium sublimation pump. The pressure is mon
itored by separate cold cathode Pfeiffer Balzers ion gauges in both
chambers. This makes the chamber UHVcompatible. At the present
commissioning stage, when the chamber is frequently vented and
exposed to air and moisture, the base pressure reaches 10−8 mbar
but can be significantly improved by a bakeout.

To ensure that the vacuum is preserved in case of a power
outage, both chambers are equipped with gate valves between the
chambers and the turbo pumps. The main chamber valve is pneu
matically actuated; hence, it automatically closes in the absence of
electrical power. This feature enhances the reliability of the system
and maintains vacuum conditions even in unexpected situations.

C. Evaporation block
The main feature of the chamber is an evaporation block

mounted on a custommade CF200 cluster flange on the bottom of
the main chamber depicted in Fig. 2(b). The cluster flange, manufac
tured by VACOM Vakuum Komponenten & Messtechnik GmbH,
has four CF40 flanges arranged symmetrically around its center.
Each of the flanges is tilted inward, focusing the outlets toward the
same point at the center of the spherical main chamber. Two of the
flanges are currently equipped with lowtemperature effusion cells
(OLED402WKSHM, CreaTec Fischer & Co. GmbH), allowing
deposition of singlecomponent and binary blend films. Each cell
utilizes a Ktype thermocouple, connected to Eurotherm 3508 PID
(ProportionalIntegralDerivative) controllers for precise tempera
ture regulation. The effusion cells are suitable for the evaporation of
organic materials, such as small molecule organic semiconductors
(OSC), but they can be replaced by other effusion cells expanding
the application area to almost any material class. The evaporation
block can be further upgraded with a third effusion cell that would
enable highthroughput studies of ternary blends.

The uniformity of the material beam at the sample position
is crucial for creating the expected linear compositional gradient.
The main factors affecting the material beam profile are the open
ing angle of the crucibles used and the distance between the crucible
and the sample position.42 The latter is defined by the UHV cham
ber geometry, so we optimized the crucible geometry to achieve
uniform material distribution on the length scale of 50 mm (the
standard sample size, see Sec. II D for details). At present, we use
custommade aluminum oxide crucibles with 5mmdiameter (maxi
mum possible diameter for the used effusion cells) and 15 mm depth

FIG. 2. (a) Photo of the developed
OMBD chamber with main compo
nents highlighted with colored boxes:
1—sample holder manipulator, 2—main
deposition chamber, 3—loadlock cham
ber, and 4—evaporation block with mov
ing shutter driven by a stepper motor.
(b) Sketch of the evaporation block with
two effusion cells mounted on the bot
tom plate and a moving shutter com
posed of two blades. The red arrows
show the direction of the shutter blades
movement.
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that give an opening angle of about 30○ depending on the filling
level. This opening angle provides an almost uniform material beam
profile with 3% thickness deviation at the sample position (about
300 mm upstream from the crucible opening), see supplementary
material, Fig. S1 for details.

The deposition rates are monitored in situ using a quartz crystal
microbalance (QCM) from INFICON (gold coated crystal, 6 MHz
nominal frequency), which is placed in close proximity to the sam
ple for accurate and realtime thickness determination. The crystal
is connected to an INFICON OSC100B oscillator and controlled
with an INFICON SQM160 digital controller. The QCM readings
for each material are calibrated to the real deposited thickness with
XRR measurements of the corresponding singlecomponent pure
material films.

The desired gradient distribution of the components is ensured
by a specially designed moving shutter, which consists of two con
nected steel blades moving synchronously along the gradient axis
back and forth. The blades are mounted on a steel frame shown
in Fig. 2(b), which allows calibration of the height and distance
between the blades. The bottom base of the frame is supported by
brass rollers that allow uniaxial translation movement of the whole
shutter. The shutter is brought into motion by a Scotch yoke (slot
ted link mechanism). The rotating part of the Scotch yoke is driven
by a stepper motor with 200 steps per rotation (ST4118D1804B,
Nanotec Electronic GmbH & Co). The latter is located on the axis
outside the evacuated volume. The torque is transmitted into the
chamber by a barrelbased rotary feedthrough. This design is sim
ple to implement and highly reliable as it does not require the
placement of motors/drives within the evacuated UHV volume or
using translational feedthroughs. The motor is coupled with an
MAKERFACTORY MF6402405 stepper motor driver module and
controlled by an Espressif ESP32WROVERE microcontroller that
uses a custom software written in Arduino IDE. This ensures precise
control of the shutter movement.

To maintain the constant linear speed of the shutter required
for linear compositional/thickness gradient, the step delay τ of the
stepper motor as function of the angular position φ is calculated as

τ = T
4
∣sin φ∣ dφ, (1)

where t = 0 corresponds to the extreme position of the shutter
(φ = 0○ or 180○), T is the desired period of the movement, and dφ= 2π/200 is the angular step in radians. A period of T = 1 min
provides a sufficient degree of intralayer component intermixing at
the used evaporation rates of about 2 Å/min and can be easily main
tained by the currently used stepper motor controller, which adjusts
the step delay according to Eq. (1).

D. Sample handling
The sample holder is designed to accommodate two substrates

with the size of 52 × 10 mm2 next to each other with their long
dimension (y axis) along the gradient (shutter movement) axis, as
shown in Fig. 3. The sample holder is made of steel and has four
polytetrafluoroethylene clamps to hold the substrates. It also has a
crossshaped pin on one of the short sides to mount it in a corre
sponding socket on the end of a transfer rod, as shown in Fig. 3. The
sample holder is fixed inside the socket in the vertical position and is

FIG. 3. Sketch of the sample handling system. The sample stage comprises a cop
per block with steel rails and is mounted on a manipulator with three translational
and one rotational degree of freedom. The steel sample holder has counterrails
to fit into the sample stage, a cross pin to fit into the transfer rod, and clamps to
mount the substrates (not shown in the figure). The transfer rod head has a socket
for the cross pin and is mounted on a transfer rod with one translational axis.

expelled out of the socket by a spring on the pin tail in the horizontal
position. The transfer rod has a single translation with a large range,
which allows transferring the samples from the loading window in
the loadlock to the sample stage at the center of the main chamber.

The sample stage is mounted on a manipulator with three
translational (x, y, and z) and one rotational (θ) degrees of freedom,
shown in Fig. 3, allowing sample holder transfer from the transfer
rod and precise positioning of the sample with respect to thematerial
beams. The sample stage consists of a massive copper block with two
steel rails on opposite edges of one of the block sides. The sample
holder can freely slide between the copper block and the rails in the
horizontal direction. By rotating the sample stage after inserting the
sample holder, one can take it out of the transfer rod and retract the
transfer rod back into the loadlock chamber. The sample stage is
then brought by the manipulator to a calibrated position in the area
inside the chamber, where the material beams cross.

The copper block on the sample stage can be heated by a resis
tive heating coil and cooled down by liquid nitrogen vapor, whereby
Ktype thermocouples attached to the block enable temperature
monitoring. The tight thermal contact between the copper block and
the sample holder is provided by the springloaded rails on the sam
ple stage described above. This provides the possibility to control the
substrate temperature during the growth, which affects the structure
and morphology of many types of thin film materials. In addition,
this offers the option to anneal the substrate before the deposition or
the sample after the deposition.

III. RESULTS AND DISCUSSION
A. Thickness vs composition gradient

The linear movement of the shutter blades results in a lin
ear material amount gradient, as will be confirmed in Sec. III B
for singlecomponent films. In the case of mixed multicomponent
films, most material properties depend not on the specific volume
ratio of components, but on their molar ratio. Given the linear
amount distribution of the components, one can easily calculate the
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molar fractions of the components as a function of the position on
the sample. Let the partial thicknesses of the components A and B be
described as

hA = Al − y
l

,

hB = By
l
,

(2)

where A and B represent the maximum thicknesses of the compo
nents A and B, respectively, y is the coordinate along the gradient
axis, and l is the length of the gradient region, as shown in Fig. 4(a).
Then, the molar fraction of the components A and B with the molar
masses μA and μB, and densities ρA and ρB, respectively, can be
expressed as

xA = l − y
χy + l − y ,

xB = χy
χy + l − y ,

(3)

where χ = BμBρA/AμAρB. For χ = 1, it results in linear dependencies
along the gradient axis, while for χ ≠ 1, it deviates from the linear
behavior, as shown in Fig. 4(b). Nevertheless, Eq. (3) allows the cal
culation of the actual molar fractions for any value of χ (e.g., any
nominal thicknesses A and B, and any material with arbitrary molar
masses and densities). For example, for mixed PEN:DIP films (which
we use as an application example; see details in the following) with
equal nominal thicknessesA = B, the coefficient χ is 1.47. This makes
it possible to study the structure and properties of the gradient films
as a function of the molar fraction.

The sample stage and the moving shutter blade positions in our
chamber are aligned in such a way that the resulting film has 2 mm
of constant thickness of single components on each of the edges and
48 mm of a linear gradient between them. It allows us to study the
full range of compositions ranging from one pure component to
another.

B. Application example
We selected two widely studied OSC molecules, namely, pen

tacene (PEN) and diindenoperylene (DIP) as model materials due to
the abundance of reference data.38,43–45 With this application exam
ple, we aim to validate the linear thickness and gradient distribution
capability of our design.We deposited separate PEN and DIP single
component films with thickness gradients and a binary PEN:DIP
film with compositional gradient. Both materials were deposited at
a rate of about 2 Å/min for 100 min in each case. The films were
deposited simultaneously on silicon and quartz substrates kept at
room temperature. The resulting thin films were studied by means
of XRR to confirm the linear gradient distributions.

The samples were characterized with a General Electric XRD
3003TT diffractometer equipped with a CuKα1 Xray source. The
beam size was defined by a set of vertical slits to ∼1 mm (FWHM).
We scanned the sample along the gradient axis, measuring an XRR
curve every 1 mm. Figures 5(a)–5(c) shows the resulting XRR curves
for different spatial positions for all samples. At low qvalues, one
can see the Kiessig oscillations, which can be used to extract the film
thickness h, roughness σ, and scattering length density (SLD) ρ. The
Kiessig oscillations were fitted using a slab model with a single layer
on a Si substrate, employing the refnx package.46 We extracted the
film parameters for each spatial position separately. Exemplary fits
of the experimental curves are shown in the supplementary material,
Figs. S2–S4.

The resulting thicknesses and SLDs of the singlecomponent
films as functions of the spatial positions are shown in the
supplementarymaterial, Figs. S2 and S3. Due to the layered structure
of crystalline organic thin films, thickness is not continuous and the
SLD reflects the layer coverages. However, on their own, they are not
a sufficient measure of the deposited material. Hence, the most ade
quate value reflecting the actual amount of the deposited material is
the product ρh of the extracted thickness and SLD shown in Fig. 5(d).

One can see an almost perfect linear dependency of the amount
of material on the lateral coordinate, confirming the reliability of
the proposed concept. The slight deviation from linearity is due to

FIG. 4. (a) Schematic of the deposition process. Two molecular beams are interrupted by the shutter moving backandforth with constant speed. The resulting film has
a compositional gradient along the y axis in the range from 0 to l. (b) Deviation of the molar fractions from the linear dependencies for different values of the gradient
parameter χ defined in Eq. (3).
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FIG. 5. (a)–(c) XRR curves from PEN (a) and DIP (b) singlecomponent films with a thickness gradient, and a PEN:DIP (c) film with the compositional gradient measured
at different spatial points along the gradient axis. The curves are shifted vertically for better visibility. (d) and (e) Extracted dependencies of the product of (d) the scattered
length density ρ and film thickness h, and (e) the film roughness σ for the singlecomponent thin films as functions of the coordinate. (f) Extracted dependency of the
outofplane lattice spacing d for the gradient PEN:DIP film on the coordinate along the gradient axis (gradient solid line). The solid circles show the values for thinfilm
phases of pure PEN and DIP, respectively. The theoretical unit cell dependence according to Vegard’s law with a molar fraction dependency: linear (black solid line) and
according to Eq. (3) (black dotted line). The lines are shifted vertically for visibility.

imperfect uniform flux distribution in the material beams, defined
by the crucible opening angle and finite celltosubstrate distance,
as was shown for uniform films. The thickness dependence of the
mixed PEN:DIP film shown in the supplementary material, Fig. S4,
also demonstrates a slightly nonlinear profile with a root mean
square deviation of 6% from a linear dependency.

The lateral (i.e., thickness) dependence of the roughness for
singlecomponent gradient films shown in Fig. 5(e) provides insights
into the thin film growth modes.47 In the thin regions of the films,
the roughness is highly nonmonotonous, which is characteristic
for layerbylayer growth. With increasing thickness, a transition to
the squareroot dependence characteristic for statistical growth is
observed. This behavior aligns with previous studies on PEN and
DIP thin films grown at room temperature.48,49 The roughness of
the mixed gradient film is also nonmonotonous, as shown in the
supplementary material, Fig. S4, and is in general lower for the
mixed region than for pure components on the edges. This behav
ior is well known for mixed films forming solid solutions, including
the PEN:DIP system,50 but its discussion is beyond the scope of this
paper.

We further analyzed the mixed film by measuring the
qrange from 0.33 to 0.47 Å−1, which contains the first outofplane
Bragg peak corresponding to the outofplane lattice spacing (dPEN= 15.4 Å and dDIP = 16.8 Å for pure PEN48 and DIP,49 respec
tively). The Bragg peak was fitted by a Gaussian function and the
extracted peak position q0 was converted into the intralayer dis
tance d = 2π/q0. The dependence of the lattice spacing d for the
mixed PEN:DIP thin film on the coordinate is shown in Fig. 5(f). The
measured values on the sample edges are slightly higher (lower) than
those expected for pure PEN (DIP).We assume that the main reason
is the wide beam available at our lab diffractometer, leading to aver
aging also over the mixed regions next to the sample edges. Between
the edges, the intralayer distance changes almost linearly with
slight deviation toward higher values. This deviation was observed
for several systems of molecules with different sizes forming solid
solutions44,51 and is caused by the fact that smaller molecules dis
solve more easily in the crystal lattice of bigger molecules (PEN in
DIP in this case). On the other hand, the dependence of the unit
cell parameters on the molar fraction for solid solutions follows
Vegard’s law.52 The theoretical prediction based on Vegard’s law
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with the molar fraction dependence given by Eq. (3) aligns closer
to the experimental data compared to a simple linear dependence, as
shown in Fig. 5(f).

IV. CONCLUSIONS AND OUTLOOK
The developed chamber allows deposition of thin films with

a thickness or compositional gradient. The moving shutter mecha
nism allows precise control over the component distribution, result
ing in an almost perfect linear slope of the material amount along
the sample axis. The molar ratio of the components can be eas
ily calculated for each spatial point along the gradient axis given
the material amounts on the edges. The robustness and durabil
ity of the system has been proven by the successful deposition
of several dozen samples, demonstrating its reliability for high
throughput studies. The chamber represents a significant advance
ment in the field of highthroughput material research and opens
up new possibilities for highthroughput, compositionally resolved
studies of structure–property correlations in thin films. The planned
upgrade of the developed chamber for ternary mixtures and other
material classes opens up further perspectives in highthroughput
material science. The vast amount of xray scattering data gener
ated from such samples can be subjected to analysis by emerging
MLbased approaches thus accelerating compositional optimization
for applications.4,15,19,20

SUPPLEMENTARY MATERIAL
The supplementary material for this paper provides the spec

ular xray reflectivity (XRR) data and analysis results, confirming
(1) the uniform material distribution at the sample position using
a single effusion cell with a stationary shutter, (2) a linear thickness
gradient from a single effusion cell with a moving shutter, and (3) a
linear binary compositional gradient from two effusion cells with a
moving shutter.
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