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Introduction

Conventional process of thermal evaporation of solids
in vacuum involves certain sequence of the technological
steps:

initial heating with degasation of evaporator and
material(s) in it;

heating up to the desired temperature;

stabilization of the evaporation rate via the
temperature control;

exposing the substrate to the vapor (usually shutter is
used for this reason)

closing the exposure, when the desirable structure and
properties of condensate are reached.

Thickness is one of the essential properties of the
deposited thin film. Quartz oscillators and optical
interferometer are the most common instruments for in-situ
measurements of thin films thickness. However, the surface
properties of an oscillator or other measurement probe in
most of the cases differ significantly from these, which are
at the actual substrate [5]. Therefore above-mentioned
thickness measurement methods are limited in sensitivity,
especially at the early condensation stages.

One of the common cases for the thickness control of
atomic layers deposition is exposure time and vapor
pressure control, i.e. open-loop control. The easiest way to
control the vapor pressure is to control the temperature of
the evaporator. This temperature is influenced by the mass
of the material being evaporated and the heat exchange
between the evaporator, material and supporting structures
[1]. The thermal time constant of the joulic evaporator is
comparatively small (20-30 ms), therefore changes in
heating current have prompt effect to the temperature of
evaporator and, as a consequence, to the vapor pressure.

Obviously, to be accurate in deposition of atomic
layers that are thought to be the carrier of the breakthrough
potential in today’s electronics [2], new methods of
thickness control are needed. In this work we disclose the
control ideas that were successfully used during our
experiments of early stages deposition [3]. They involve the
control of an evaporation rate that would be directly related

with the vapor pressure, control of the thin film resistance
and system for recording the deposition history.

Control of the evaporation rate

The structure of the evaporation rate (vapor pressure)
control system is presented at the Fig. 1. The temperature of
evaporator / is measured in the indirect way: by measuring
the thermo electronic current density with the probes 2 and
3. The contents of the substance that reaches the probes are
the electrically neutral and ionized particles of the
evaporated material and the electrons, emitted by both the
evaporator and the evaporating material. The density of an
electric field at the area of the probes 2 and 3 is dependant
on the construction of the evaporator, value and dynamic
properties of the current that heats the evaporator, spatial
configuration of the grounded parts inside the vacuum
camber and the strength and configuration of external
electric and magnetic fields. The electromagnetic field is
created by the heating current, which ranges from 30 to 300
A. The charged particles that move from the evaporator to
the probes are being deflected by this field. Therefore the
density of an electric field in the area of the probes 2 and 3
and the substrates 4 has an alternating character and reaches
its maximum value, when the heated current crosses the
zero value.

The right place for position of probes 2 and 3 in the
vacuum chamber is chosen by the experiment, evaluating
the actual influence of external electrical and magnetic
fields. If probe is close to the evaporator or has large area (it
is useful when the evaporation temperature is
comparatively low), it has to be cooled or is to have
sufficient mass in order not to start emitting the electrons by
itself. The measurement of the thermo emission current by
the probes 2 and 3 is synchronized with the control of the
heating current. The power switch delays the beginning of
each half-period of the 50 Hz current, making the time
interval, which is sufficient to measure the current density
of the thermo electronic emission. Simultaneously the
voltages on the substrate and the supplementary probes are
measured.



The evaporation rate control system performs two
functions: a) degasation of the evaporator and the
evaporated material; b) stabilization of the evaporation rate.

At the beginning of the process the temperature of the
evaporator is low, and the emission does not start. At this
moment the temperature of the evaporator is measured
indirectly: by the measurement of the voltage drop over the
evaporator U, and the heating current i,. The value of the
average temperature of the evaporator is calculated by the
following equation [8]:
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where T; — ambient temperature, U, — voltage drop over the
evaporator, i, — value of the heating current, 7, — value of
the “cold” evaporator, measured at the first half period, ¢,
o, — temperature coefficients of evaporator material
resistivity.

With increase of evaporator temperature 7, gases
separate from the heated material. Part of these gas
molecules becomes ionized, and is recorded by the probes 2
and 3 as characteristic high-frequency time pattern. When
this is sensed by the programmable temperature controller,
it temporally switches off the power, until the gases will be
pumped out. This is repeated several times, until no gases
separation is observed.
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Fig. 1. Structure of the evaporation rate control system

When the temperature of an evaporator reaches the
value T,, at which the thermionic emission starts, in the
substance that reaches the probes, electrons are dominant.
An intensity of these charged particles is dependant on the
evaporator temperature and its construction. The surface
temperature of the evaporator is calculated from the values
U, and U, that are measured at the probes 2 and 3
correspondingly with the following equation:
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where k;, — constructive coefficient, evaluating the spatial
position between the evaporator and the probes, e — charge
of electron, kz — Bolcman constant.

This way the temperature 7, is measured when the
heating current is zero. After the degasation and initial
heating is finished, the temperature controller enables the
operation of the shutter controller.

The system of condensate conductivity control

Conventional methods of the thin films resistivity
measurements employ the well-known four-point network
method [4-10], which requires an external power supply.
This is rarely acceptable at the initial stages of the
condensate formation because of the limited sensitivity: the
voltage is limited to the tens of millivolts in order to avoid
an influence to the condensate formation properties [9].
The purpose of our conductivity control system is shutting
down the exposure, when the desired value of the
condensate conductivity is reached. The condensate
conductivity is measured by the non-invasive method,
which employs the charges, which are present in the vapor
stream [1]. The structure of the conductivity control system
is presented at Fig. 2. Here the supplementary substrate
with two pre-deposited contracts is used as a measurement
probe. It can also be the dedicated area at the actual
substrate. One of the contacts is connected to the ground,
and another is connected to the voltage measurement
device, with input resistance r,. We use the instrument
with the 10 MQ input resistance.
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Fig. 2. System of condensate conductivity control

When the shutter controller (Fig. 2) is enabled, it
opens the shutter, and the substrate and the measurement
probe are exposed to the vapor. It was experimentally
determined that when the conductive condensate is being
deposited over the substrate, the voltage U, on the contact a
varies with the varying conductivity of the condensate [1,3].
One of the possible time patterns of U, is shown on the Fig.
2. There are four intervals (they can differ if different
surface effects take part): during the interval AB the
unstable nucleation is taking the part; at the BC interval the
nano-sized clusters of condensate are starting to form. The
CD interval can be related to the growing islands of the
condensate, which forms continuous thin film at the interval
DE.



After our early experimental observations [3],
decrease of U, at the interval DE is unambiguously related
with the increase of the condensate conductivity. Therefore
the dynamics of U, at the DE interval was employed for
condensate conductivity increase rate measurement and
shutter control.

The peak value of the U, time pattern is detected and
remembered by the shutter controller. When the value of
the signal starts to decrease, the time measurement is
started. The final point for the time measurement is the
value of 20-25% from the peak U,. Here two control
scenarios are possible: a) if the condensate resistance is
sufficient, the shutter is closed; b) if more conductivity is
needed or certain amount of conductive monolayers is to be
deposited, measured time interval A¢ is used to calculate the
time of the remaining exposure.

System of recording the history of deposition

Described surface processes and measurement signals
were investigated using the servo-controlled shutter, which
enables to “freeze” the deposition stages (Fig. 3). The idea
is to partially cover the substrate during the exposure to the
vapor in such a way that different areas of the substrate
would represent different stages of the condensate
formation. This enable the following ex-situ examination of
the samples.

The construction of the shutter is shown on the Fig. 4.
The stepping motor 2 is mounted on the body /, which is
firmly attachable to the substrate holder. The helical drive 3
moves the shutter 4. It is able to cover the substrate 5 in 80
different positions. In parallel to the substrate 5 the
measurement probe, made of the same material as a
substrate and having two pre-deposited contacts, is fixed.
The voltage U, is measured on the contact 7, and the
contact 8 is connected to the common ground.
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Fig. 3. Stepwise coverage of the substrate allow to record the
history of deposition

Programmable logic controller with the ability to
generate the pulses for shutter movement with the period
from 0.02 s was employed to drive the shutter. The pulse
rate was set individually for each experiment to match the
required linear motion of the shutter.

Minimum step length, achievable by the shutter of
described design, is 0.1875 mm. However, due the need to
have well-defined areas, representing the history of the
deposition, the step length was increased to 1 — 2 mm. In
such a way we avoided the possible diffusion of the vapor

behind the shutter, which leaves 0.1 mm gap to the
substrate.

At the beginning of an exposure, when the main
shutter is opened, the stepping shutter 4 (Fig. 4) is open,
and substrate 5 is exposed to the vapor. Then, in certain
time intervals, shutter 4 is being moved over the substrate 5,
covering certain areas of it. The “history” of condensate
formation is preserved on the covered area of the substrate.

Fig. 4. Design of stepping (servo controlled) shutter

We performed several experiments of Cr deposition,
using described system of historical record, simultaneously
recording the value of Up [3]. The Fig. 5 displays typical
time pattern of Up with the time moments, where the
shutter was moved to the next position marked. To have an
easier navigation during the ex-situ analysis we reduced the
number of recorded historical stages to 10, each having
1.875 mm.

Atomic force microscopy (AFM) was used for surface
features evaluation. It gave us an opportunity to make the
relationship between the U, time pattern and sample surface
features to be evident.
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Fig. 5. Time pattern of Up value with the shutter movements
marked
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At the Fig. 6 the sequence of AFM images from the
historical stages that are marked in Fig. 5 as clear step, step
2, step 3 and step 4 are shown. After superposition of these
images with the results of x-ray photoelectron spectroscopy
(XPS) we found the layer-island mode of chromium
deposition. This fact slightly conflicts with our schematic
model of pure island deposition mode as described earlier.
However, informativity of U, time pattern is without any
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