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Abstract—The research of non-invasive method for
condensate resistance measurement uses a substrate with a
single-contact area. The novelty of this measurement method
lies in the use of electrical current of electrons emitted during
the process of electronic emission from an evaporator.
Therefore, there is no need of any additional current or voltage
source. This study develops a mathematical model describing
the performance and dependencies of this method of
measurement. The adequacy of this mathematical model was
investigated experimentally. For this purpose, the results of
direct measurement of substrate condensate resistance were
used.

Index Terms—Thin film devices,
electrical resistance measurement.

vacuum technology,

I. INTRODUCTION

In order to measure the thickness of conductive and semi-
conductive condensate layers in early formation stages, it is
necessary to monitor and control condensate conductivity or
resistance. The in-situ measurement (i.e. during layer
formation stage) of conductive film surface resistance
provides valuable information which helps to control the
evaporation process and to determine the end point of real-
time processes. Conductive film surface resistance can be
measured by several methods.

The four-point probe method is one of the most widely
used methods in the thin film resistivity measurement [1].
DC or AC voltage can be used in this method [2] and its
value can be controlled by computer [3]. However, the
contact dimension of the probe used, the distance between
the contacts and the size of the test area affect the
measurement results [4], [5]. During the measurement the
probe is pressed against the plate part on which the
conductive material is deposited, and this is the reason why
this method is difficult to use in real time. The Van der
Pauw measurement method is more suitable for real-time
systems, as here four areas prepared for the contact are used.
This method uses low 1.5 V-4.5 V voltage and the current
of less than 1 pA [6]. A transformer and a 1 kHz frequency
source can be used for galvanic isolation from the
evaporator circuit [7]. This method is also suitable for the
resistance measurement of ultra-thin films [8]. Space charge
affects the results of resistance measurement during
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condensation and this influence must be eliminated [9]. On
the other hand, the space charge can be used for resistance
measurement [10] adapting low-energy electron beams [11],
[12]. Therefore, it is preferred to measure the electrical
resistance of vacuum-deposited condensates by a non-
invasive method, which uses a flow of electrons emitted
from the hot evaporator [13]. Experiments utilize direct
stabilized voltage for evaporator heating. As the evaporator
is powered from a direct current source, electromagnetic and
electrostatic fields resulting from the heating current do not
divert the electron flow away from the measurement probes
and substrates. This helps to reduce the measured voltages
and therefore, decreases the probability limits for the
method under discussion. For our experimental research, we
started to use additional electron source (electrically heated
thin tungsten filament), which was installed near the
evaporator [14].

For the comparison and analysis of experimental results,
an additional direct measurement of the electrical resistance
of vacuum-deposited condensates was applied. The setup
consisted of a substrate with two contact areas and
galvanically isolated source of stabilized current. This
condensate resistance measurement method is based on the
stabilized current, which flows through the substrate used to
deposit the material being evaporated. However, resistance
can be measured only after the saturation stage of the
current stabilizer ends. Therefore, for this research,
experiments involved reduced stabilized current allowing to
maximize direct measurement limits for condensate
resistance.

Il. THE EXPERIMENTAL ANALYSIS OF CONDENSATE
RESISTANCE MEASUREMENT

Experiments utilize three substrates P1, P2, and P3
located one beside the other (Fig. 1). The evaporator is
heated by 5 VV DC. An additional electron source is installed
at the same height with the evaporator and is powered by
20 V DC. The experimental circuit diagram shows those two
sources as an equivalent electromotive force (EMF) source
E. Its voltage is measured by an additional circular metal
probe P installed near the substrates. After setting the
evaporation parameters, the shutter is opened and the vapour
flow reaches the substrates. The resistance of substrate P1 is
measured directly. By wusing AD210JN operational
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amplifier, substrate P1 is galvanically isolated from the
system’s common earth. The contact areas of Pl were
connected to the stabilized current source Es (Fig. 1), which
had the output voltage of 6.7 V during the experiments. The
substrate had current is, and the voltage drop Uy on the
condensate of substrate P1 was measured during condensate
growth.

Substrates P2 and P3 were intended to measure the
resistance of the deposited condensate on them using
electron emission current (non-invasive method). The
substrate P3 has two contact areas; one of them is connected
to the system’s earth, and the other is connected to the data
collection board (DCB) through INA128 operational
amplifier installed within the vacuum chamber beside the
substrate. The contact area of the substrate P2 is also
connected to DCB through the operational amplifier. The
substrate P2 has no second contact area. In the process of
the experiment, substrate voltages Uy, and Uz are measured
respectively. Substrates P2, P3, and measurement probe P
are connected to resistances rn = 11 MQ.
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Fig. 1. Experimental circuit diagram for resistance measurement of
growing condensate.
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During five series of experiments, the stabilized current is
reduced from 0.6 pA to 0.07 4A in order to maximize the
limits of direct measurement of condensate resistance.
Figure 2 shows the experimental results at is = 0.07 pA.

The signals measured during experiments were filtered
using the FFT simple window filter. To avoid a window
edge effect, the signals were supplemented with mirror
flipped reflection, and the middle up to 2N filled with a
steady-state value. After filtering, all signals converted into
positive values.

At is = 0,07 pA, experiments resulted in two times wider
range of directly measured resistance compared to
experimental results provided in [14], where is was 2 pA.
This also allowed to start measurements within the range of
higher values of condensate resistance (in Fig. 2, section
suitable for resistance measurement denoted as H).

Figure 2 shows voltages Uy, and Uyz of non-invasive
measurement probes with one and two contacts. It is
apparent that reduction of the stabilized current is allowed to
start direct measurement of the signal from the point, where
an extreme signal appeared in the two-contact substrate.
This helps to identify parameters of the mathematical model
of non-invasive measurement method more precisely.
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During experiment, non-invasive method of resistance
measurements using two-contact substrate generated a bell-
shaped signal (Fig. 2). The extremum can be used for
solving control tasks. However, each value of such signal
voltage corresponds with two different values of condensate
resistance.
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Fig. 2. Voltage changes in each one of the substrates and probe P during
condensate growth.
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It was noticed that a substrate with one contact area gives
the signal identical to that of a two-contact substrate at the
initial stage of the condensation process. Later, this signal
continues to increase. After the extremum appears in the
two-contact substrate, voltage increase in the single-contact
substrate starts to slacken at the same time. Therefore, this
signal can be unambiguously related to the condensate
resistance.

I1l. MATHEMATICAL MODEL OF CONDENSATE RESISTANCE
MEASUREMENT OF THE SUBSTRATE WITH SINGLE-CONTACT
AREA

Origin of the signal Up, (Fig. 2) in a single-contact
substrate can be explained by a mathematical model,
developed in this section of the paper.

+i5

Contact area AL”A o
Fig. 3. Schematic circuit diagram of the condensate resistance

measurement model, where contact area A is grounded through the
measurement resistance rr,, and there is no area B.

Structure of the condensate resistance measurement probe
and the principle of condensate growth is the same as it was
in the previous model of growing condensate resistance
measurement [15], just contact area A of the probe is
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grounded through the measurement resistance rm, and there
is no area B (Fig. 3). Surface area of this contact area in a
model is assumed to be zero, i.e. its impact is not evaluated.
As there are no other current sources in this circuit, it means
that ia = ig.

Condensate resistance is denoted as r, in the
mathematical model. For model development, condensate
strip is divided into sub-strips of the length dx (Fig. 3). The
equivalent resistance of the electric charge flow ie denoted
as re. During the model development, electromotive forces
of both the evaporator and the additional electron source
were taken as equivalent EMF, which denoted as E.

Potential ux of the sub-strip with width dx relates to the
distance x from the area A as follows

I I

p
=-——E.
re 12

dZUX p
—x -y (1)
dx? e 12

Characteristic roots of the differential equation (1) are as
follows

-
12 L
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Common solution of the differential equation (1) is as
follows
uy =GP/t +Ce P/ L E, ®)
Expression of the current ix in the substrate has also been
obtained
i, =b/r,x(C xe®t —C,xe ). (4)
Coefficients C; and C; depend on initial conditions in the
contact area A. In this case, the distance x = 0 and ux = ua
(Fig. 3, Fig. 4) because potential of this area equals voltage

drop on the resistance rm, which has a current ia. Then,
initial conditions obtained from (3) are as follows

—ipgxr, =C+Cy+E. (5)
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Fig. 4. Generalized schematic circuit diagram of the condensate resistance
measurement model.

After finding current in from (4) at x = 0 and from (5),
these values are equalized, and the following is obtained
—E:Clx(l—bxrm/rp)+C2><(l+b><rm/l’p). (6)

Initial conditions at the other end of the substrate with no
contact area in this case are found from the expression of the

current iy (4). There is no current at the point B (Fig. 3),
located at the distance x = L from the area A. Therefore, it is
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possible to write (4) as follows

ig =b/rpx(Cyxe®/t —Cpxe ) =0 (@)
Current ig (7) becomes zero only when
C xe® —Cyxe™ =0, (8)

To find coefficients C; and C; from (6) and (8), system of
equations is made:

O:C]_Xeb —C2 Xe_b,

—E:Clx(l—bxrm/rp)+C2><(l+b><rm/rp) ®)

After finding coefficients C; and C, from (9) and
inserting them into (3), expression of the condensate
potential ux is obtained

~ -E
- (eb +e‘b)+bxrm/rpx(eb —e‘b)><

X(e—b/Lx(L—x) +eb/Lx(L—x))+ E

(10)

Equation (10) is the expression of the potential ua of the
contact area A at the distance value x =0 and rp = % re

-E

b_,b
w ()

X
bxrg (e_b +eb)

Up =

+E. (11)
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Later, a test was carried out to determine how potential
changes of ua relate to the condensate resistance rp The
values of condensate voltage ua are checked both at the
initial and final stages of the condensate growth, i.e. when
the condensate resistance value r, is infinity and zero:

I|m (UA):O,

rp%oo

"mo(uA):Erm/(rE“er)" 4
rp—>

Looking at (12), it becomes obvious that equivalent
internal resistance of both thermo-electronic emission and
vacuum part can be found from the voltage expression ua,
when condensate resistance approaches to zero

e =y x(E/up-1).

During condensation, resistance rg is not constant and
significantly depends on the distribution of melted material
on the evaporator surface. Equation (13) is to be applied just
at the final stage of condensation, when condensate
resistance decreases and its value becomes of the order of
ohms. To monitor changes of this resistance during the
whole experiment, a metal probe P (Fig. 1) is installed, and
the voltage U, is measured. Then, resistance re during the
condensation process can be calculated as follows

(13)
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e (t) =ty x(E/up (t)-1).

During the experiment, condensate resistance ro(t) was
measured using direct measurement method to check the
mathematical model of the condensate resistance. However,
due to limited power voltage of the current source, this
method may only be applied after the saturation stage of the
stabilized current source ends. To check adequacy of the
model, it was needed to find coefficients ap, a1, and a, of the
function, which interpolates resistance changes within the
range from t; to t; (Fig. 5)

(14)

r;(t):exp(ao +aIn(t)+a, Inz(t)). (15)

extrapolated

150

measured

100

Resitance. M£2

In order to compare the changes of the single-contact
substrate voltage, ua was calculated using (11), (14), and
(15). Then

-E
u,(t)= ; (eb _eib)+E, (16)
1+ m X
bxr. (t) (e‘b +e° )
where
B:,lr;/rE (t) 7).

Figure 6 shows voltage Uy measured during the
experiment, and voltage ua calculated using (16).
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Fig. 5. Condensate resistance both extrapolated and measured using an electric current method.
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Fig. 6. Single-contact substrate voltage changes both measured and calculated.

Substrate contact potential measured at the initial stage of
the condensation process was not zero (Fig. 6). This can be
explained by the electrons from thermo-electronic emission
constantly hitting the finite surface area of the contact area.
This results in a steady component of the voltage. A
mathematical model does not evaluate the surface area of
this contact area. Condensate resistance in a section starting
from the point t; is measured, and therefore, its value is
known. However, the probe, whose signal was used to
calculate re(t) was placed near the substrate P2. This might
have caused calculation inaccuracies for rg(t).

IV. CONCLUSIONS

1. A non-invasion measurement method using a probe
with one or two contacts, makes it possible to measure
condensation resistance earlier than this can be done
using the traditional method.

2. In case of a non-invasion measurement method, when a
probe with a single contact is used, the signal
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monotonically increases until the steady value and is
unambiguously associated with the condensate resistance
of the tray.

3. The mathematical model of this method of
measurement demonstrated that during the measurement
time it is necessary to assess the changing-in-time
equivalent internal resistance of electronic thermal
emission and its vacuum section.

4. Within the mathematical model it is necessary to
evaluate the area of contact plates and thus eliminate the
constant component of the signal.
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