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Abstract 
The object of the study was aluminum substrates for creating sensor devices based on anodic aluminum 

oxide, which underwent mechanical processing in the form of grinding and straightening. The subject of the 
study was the detection of residual mechanical stresses and other surface defects to assess the quality of this 
processing using the scanning Kelvin probe technique. The technique applied allows for the effective detec-
tion of residual plastic deformations of aluminum substrates resulting from their mechanical processing with 
a resolution sufficient to detect mechanical stresses associated with individual roughnesses.

Keywords: aluminium substrates, thermomechanical treatment, scanning Kelvin probe, defect, roughness  
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Выявление скрытых дефектов алюминиевых подложек 
для сенсорных устройств после термомеханической 
обработки с помощью сканирующего зонда Кельвина
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Объектом исследования являлись алюминиевые подложки для создания сенсорных устройств  
на основе анодного оксида алюминия, прошедшие механическую обработку в виде утонения, 
рихтовки и химической очистки поверхности. Предмет исследования – выявление остаточных 
механических напряжений, внутренних и поверхностных дефектов для оценки качества  
данной обработки методом сканирующего зонда Кельвина. Показано, что данный метод позволяет 
эффективно выявлять остаточные пластические деформации алюминиевых подложек, являющиеся 
следствием их термомеханической обработки, с разрешением, достаточным для выявления 
механических напряжений, связанных с отдельными шероховатостями.

Ключевые слова: алюминиевые подложки, термомеханическая обработка, сканирующий зонд 
Кельвина, дефект, шероховатость      
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Introduction

When creating sensor devices based on nanopo-
rous anodic aluminum oxide (AAO) and other func-
tional systems, including that using the high-aspect 
nanostructured materials, the quality of not only the 
surface, but also the entire volume of the plate used 
as a substrate to form the anodic oxide plays a major 
role [1–5]. During the anodic oxidation process, alu-
minum parts undergo several successive processing 
stages: cleaning, thermomechanical treatment, etch-
ing, anodizing, and high-temperature annealing [6]. 
At the same time, the final surface treatment of the 
original aluminum plates, including electrochemical 
polishing, does not exclude the presence of unde-
tected hidden defects in the form of residual plastic 
deformations, which, due to their unevenness, cre-
ate mechanical stresses not only in the near-surface 
areas of the substrate. Such stresses are local and 
their detection requires mapping of the entire sub-
strate surface, which should be carried out using a 
non-destructive, contactless method due to the high 
requirements for surface cleanliness in order to form 
anodic aluminum oxide with a porous structure 
which is identical in geometric parameters over the 
entire area.

This is especially important when creating pho-
tonic devices such as the Fabry–Perot interferometer, 
achromatic phase plates, and IR- and UV-to-visible 
converters [7–9].

One of the effective contactless techniques is the 
scanning Kelvin probe method, based on the regis-
tration of the contact potential difference (CPD) be-
tween the surface area of the sample and the sensi-
tive element of the electrometric probe, which acts as 
two plates of a dynamic capacitor [10]. The method 
is characterized by an exceptionally high surface 
sensitivity, while the output measurement signal of 
a Kelvin probe is multiparametric [11] and reflects 
the parameters of both the chemical (composition 
heterogeneity, oxidation, presence of adsorbed sub-
stances and contaminants) and mechanical (presence 
of various crystal lattice defects, crystallographic 
orientation, presence of mechanical stresses and their 
sign, etc.) state of the surface. Because of that, addi-
tional information about the object of measurement 
is required to interpret the visualized image of CPD 
spatial distribution [12]. The aim of this study was to 
analyze the applicability of Kelvin probe technique 
for determining and distinguishing various types of 
defects induced by thermomechanical treatment of 

aluminum substrates used for precise applications 
like growing AAO structures and to advance meth-
ods of highly sensitive non-destructive testing of alu-
minum substrate surface.

Methods and equipment

The object of study in this work was aluminum 
substrates used for the manufacture of sensor devices 
based on anodic aluminum oxide.

The subject of the study was the identification 
of residual mechanical stresses and other surface de-
fects to assess the quality of processing of relatively 
thick original aluminum plates. The high chemi-
cal homogeneity of the aluminum plates material 
(99,99 % Al) made it possible to interpret the results 
of scanning primarily as indicators of mechanical 
state of the surface.

The material was represented by aluminum 
plates of 0.6 mm thickness. To obtain a high-quality 
anodic aluminum oxide the roughness of aluminum 
plate surface should be at least class 10. To meet this 
requirement the aluminum strip was thinned using a 
rolling mill (Figure 1a). The rolling mill rolls have a 
surface finish class of at least 13, which assures the 
high quality of the aluminum foil surface after roll-
ing (Figure 1b). A special attention was paid to the 
cylindricity deviation of a working surface of rolls 
and to the perfect matching of rolls’ dimensions in 
pair. These parameters, along with the small runout 
of the rolls relative to the mounting necks, determine 
the minimum permissible thicknesses of the foils ob-
tained from aluminum bars after rolling. The rolling 
process was accompanied by the use of a lubricant 
based on mineral oil ("spindle oil") and kerosene in 
a 1:1 proportion. During the operation of the roll-
ing mill, the following parameters were ensured: 
roll runout relative to the mounting necks – no more 
than 5 µm, cylindricity deviation of the rolls’ work-
ing surface – no more than 3 µm, discrepancy of the 
rolls’ dimensions in a pair – no more than 5 µm, sur-
face cleanliness of the rolls – no worse than class 
13...14.

After rolling to the required thickness (≈ 100 µm) 
the aluminum band was cleaned from rolling lubri-
cant traces using solvents (petrol, acetone) and final-
ly by an isopropyl alcohol in an ultrasonic bath. The 
band prepared in this way was then cut into pieces 
measured 10 × 10 cm. Since after rolling and cut-
ting the band into pieces the latter are not flat, then 
to impart their flatness the pieces were subjected to 
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straightening in a device consisting of straighten-
ing plates with working surfaces facing each other 
polished to 13th grade of cleanliness, heaters, and a 
device for clamping the plates (Figure 2). The device 
for thermal straightening and flattening of aluminum 
substrate samples provided the following parame-
ters: heating temperature – 130–170 ºС, compressive 
force – (10–20) ∙ 106 N/m2.

а

b

Figure 1 – General view of a rolling mill (a), and a view 
of rolls with high surface quality and low cylindricity 
deviation (b): 1 – rigid base with electric motor inside; 
2 – rolls; 3 – roll rotation system; 4 – roll holder mounting 
housings; 5 – roll neck mounting devices; 6 – adjustment 
of gap between rolls

An important feature of straightening plates is 
that their coefficient of thermal expansion is approxi-
mately 2.5 times less than that of aluminum. The 
aluminum sample was placed between straightening 
plates, preheated to 150–250 °C, and the plates were 
compressed together. Due to the different coefficients 
of thermal expansion, during subsequent cooling in 
a clamped state the aluminum sample is subjected to 

plastic deformation uniformly in all directions, and 
the sample acquires a flat shape. 

Figure 2 – Рhoto of the device for straightening and flat-
tening of aluminum substrate samples: 1 – straighten-
ing plate holder; 2 – straightening plates; 3 – heaters; 
4 – pressure control gauge

The methodology for studying the surface of 
aluminum substrates used for the formation of an-
odic aluminum oxide is based on the method of 
measuring the CPD with a dynamic capacitor (the 
Kelvin-Zisman technique). The technique is based 
on the phenomenon of the occurrence of electrostatic 
potentials difference between a conducting probe 
and a plate which surfaces have different values of 
the electron work function (EWF) φS and φP while 
ensuring conditions for the unimpeded exchange of 
charge carriers between them [10]. In accordance 
with the condition of thermodynamic equilibrium, in 
such case the Fermi levels will be equalized which 
leads to the emergence of an electrical potential dif-
ference. Kelvin–Zisman technique assumes using an 
active feedback in a form of compensating voltage 
source UCPD connected in series with a dynamic ca-
pacitor formed by sample’s surface and probe’s tip 
which brings the current between surface and probe 
to zero. The equilibrium condition is:

therefore:

where e is elementary charge.
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The UCPD value describes the electrical poten-
tial difference between the surface of the sample 
under study and the probe’s tip. It is important 
that in Kelvin–Zisman method the probe’s output 
signal is determined by the mean EWF value of 
the sample surface φS in the area under study, and 
not by its minimum value as when using emission 
methods [13]. Since typical defect sizes for nano-
structured surfaces are much smaller than the linear 
dimensions of the probe, such hardware averaging 
of the signal provides an integral assessment of the 
defects density in the area of study whereas emis-
sion methods provide a less diagnostically signifi-
cant extreme estimate. Therefore scanning EWF 
measurements based on CPD registration with a 
Kelvin probe could be used to reveal surface de-
fects of sensor components made of nanostructured 
materials and access the concentration (surface 
density) of these defects. In last decades, several 
researchers attempted to link the EWF to a certain 
physical properties of a material like Young’s mod-
ulus [14] and yield strength [15], Young’s modulus 
and hardness [16] of metals and alloys, and also a 
surface corrosion potential [17], with a mixed suc-
cess. In particular, in the research work [14] there 
were proposed a theory-based mathematical model 
that numerically links the EWF φ with the Young’s 
modulus E by a form of power-law dependence E 
~ αφ6 where α is the Madelung constant. For real 
samples, however, all the mentioned and other fac-
tors (hardness and Young’s modulus difference, 
surface contaminations, chemical composition 
variations, corrosion etc.) exist simultaneousely 
and in unknown proportion which does not allow 
one to directly link the numerical walues of EWF 
or CPD with the values of specific physical param-
eters of the surface. 

One should take into account that the value of φP 
in (1) is unknown since it cannot be determined by an 
independent method and can change under the influ-
ence of environmental factors, mainly due to the ad-
sorption of various substances on the probe’s tip. As 
these changes are relatively slow, the φP value may 
be considered constant all over the time of scanning 
when measuring surface CPD with a Kelvin probe. 
In this case, the difference in the measured values 
of the electrostatic potentials in two adjacent points 
will be:

The equivalence of CPD and EWF differen-
cies indicates that visualized CPD distribution map 
provided by scanning Kelvin probe technique objec-
tively reflects the inhomogeneities of EWF distribu-
tion and can be used to compare the degree of defec-
tiveness (or surface defect density) of different areas 
of the sample surface. If the vast part of the surface 
under study is considered defect-free then any part of 
a surface where CPD deviates from the mean CPD 
value for a given sample can be considered as a host 
for defects of some origin.

It should be noted that output signal of a scan-
ning Kelvin probe is virtually independent of a 
probe-to-sample gap, which only affects the spa-
tial resolution of the probe and the signal-to-noise 
ratio [18], so particular features of CPD distribution 
map shouldn’t be treated as geometric deviations of 
the surface shape. The research was performed using 
a laboratory model of a microprocessor based mea-
suring transducer of electrostatic potentials with high 
spatial resolution for monitoring the microstructure 
of the mesh web, developed within the framework of 
Event 2.3 of the Union State program "Monitoring-
SG" (Figure 3) and used in the BNTU Semiconduc-
tor Technology Research Laboratory, and a propri-
etary software [19]. 

Figure 3 – Microprocessor based scanning measur-
ing transducer of electrostatic potentials (Kelvin probe) 
that was used in the research: 1 – sample holder at-
tached to scanning system; 2 – sample; 3 – electrometric 
probe; 4 – Kelvin probe driver and signal preamplifier;  
5 – microprocessor based measuring transducer

(3)�U U U
e e eCPD CPD CPD

P S P S S S� � �
�

�
�

�
�

1 2

1 2 2 1
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Results and discussion

The obtained spatial CPD distributions of the 
samples under study are given on Figures 4–6. The 

coordinates along the X and Y axes are given in mil-
limeters; Z axis that reflects the CPD values on the 
three-dimensional representation of the CPD distri-
bution is scaled in millivolts. 

Figure 4 – Spatial contact potential difference distribution of a sample with a nominal surface roughness of 200 nm: 
a – visualized map of contact potential difference distribution; b – 3D graph of contact potential difference distribution

а b

Figure 5 – Spatial contact potential difference distribution of a sample with a nominal surface roughness  
of 300 nm: a – visualized map of contact potential difference distribution; b – 3D graph of contact potential difference 
distribution

а b

In general, the results of the studies showed 
that CPD values do not depend on the magnitude of 
the surface roughness and amount to an average of 
240 mV in the non-deformed areas of all the stud-
ied samples. At the same time, in the areas of plastic 
deformations after straightening all samples demon-

strated a significant decrease in the recorded CPD 
values to 40–80 mV, which corresponds to an in-
crease in the relative EWF values by 160–200 meV. 
Typical in this regard is the spatial CPD distribu-
tion map of an aluminum plate with a roughness  
of 200 nm shown in Figure 4a.
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The image demonstrates the ''stepwise'' change 
in CPD values  corresponding to several successive 
stages of rolling. The better observation and analysis 
of these effects is provided by the three-dimensional 
representation of spatial CPD distribution shown in 
Figure 4b. The prominent irregularities (fluctuations) 
of CPD values characterized with a small amplitude 
and high spatial frequency can be attributed to the 
resolution of individual roughnesses by a high-reso-
lution Kelvin probe, the peaks and valleys of which 
are also concentrators of mechanical stress. This ef-
fect is more clearly manifested for surfaces with a 
greater roughness height and step, which can be ob-
served in the images of Figures 5 and 6. Therefore 
the visualized potential map to a certain extent re-
flects the geometric relief of the surface, in this case 
in the form of surface roughness.

In addition to relatively large areas of mechani-
cal stress where EWF values an increased, there are 
several local points on the visualized the maps where 
EWF values differ sharply from that of the surround-
ing surface, both to the higher and to the lower side. 
Most obviously such points can be traced on a vi-
sualized map given on Figure 4a, in particular in 
the central part of the sample. The arbitrary (either 
positive or negative) sign of EWF shift, high locality 
and apparent lack of correlation between position of 
these points and sites of possible residual mechanical 
stresses after the rolling and straightening allows us 
to suggest that these local EWF irregularities repre-
sent point surface contamination that caused a local 

change in the surface EWF due to the interaction of 
the adsorbed contaminant with the aluminum sur-
face, and not the mechanical defects.

It is significant that creation of a complete vi-
sualized CPD distribution map of the whole surface 
made it possible to identify various types of defects, 
including those that appear at the microscopic level 
(individual roughnesses, surface contamination). 
Additionally, the overlapping defects such as not 
completely coinciding areas of work hardening after 
several rolling stages, are clearly distinguishable and 
can be easely identified in the macroscopic image.

Conclusion

The results of the studies showed that the scan-
ning Kelvin probe method allows for the effective 
detection of residual plastic deformations of alumi-
num substrates resulting from their thermomechani-
cal processing. The achieved spatial resolution of 
the scanning Kelvin probe probe was sufficient for 
resolving individual roughnesses which acts as mi-
croconcentrators of mechanical stresses. The mul-
tiparametric nature of the scanning Kelvin probe 
signal in the conditions of simultaneous presence of 
various types of defects does not allow for determin-
ing an unambiguous link between the results of local 
contact potential difference measurements and spe-
cific quantitative characteristics of the surface. On 
the other hand, studies carried out on a macroscopic 
scale using high spatial resolution scanning allow us 

Figure 6 – Spatial contact potential difference distribution of a sample with a nominal surface roughness of 400 nm: 
a – visualized map of contact potential difference distribution; b – 3D graph of contact potential difference distribution

а b
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to identify and qualitatively characterize (typify) de-
fects of various natures (in the particalar case that 
where residual plastic deformations after several 
successive stages of rolling, individual roughness, 
and local surface contamination) and to determine 
their exact location.
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