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Abstract. We present a method for determining the concentration of organic contaminants on the silica
surface by using lateral force maps and surface topology images obtained with scanning probe micro-
scopy. In this study, we optimized the scanning frequency to increase image contrast and facilitate in-
terplrleting glata obtained. We also proved experimentally that the sensitivity of the method reaches
107 g/em”.
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INTRODUCTION

Monitoring the surface cleanliness of semiconductor and dielectric substrates finds wide
application in micro- and nanoelectronics [1-3], diffractive optics [4, 5], and nanophotonics
[6]. This is necessitated by adsorbed contamination, which causes changes in electro-physical
surface properties [7, 8], deteriorates the adhesion of applied process layers [9, 10], increases
the thickness of surface oxide during thermal oxidation [11], and thus deteriorates the operat-
ing characteristics of the fabricated element or results in its failure.

Micro- and nanominiaturization of fabricated structures leads to higher requirements for
the cleanliness of substrate surfaces. Today the allowable carbon-atom concentration for fa-
bricating semiconductor devices is 10'? atoms/cm? [12]. The value is that low because carbon
atoms have a significant effect on local surface conductivity. According to [11, 13, 14], those
organic-compound molecules that, even under clean-room conditions, come from plasticizers
in plastic products (such as polyethylene packaging for substrates and Petri dishes) present
carbon contamination that is hardest to remove. Therefore, monitoring such contamination is
a priority.

Using modern techniques based on mass spectrometry [15, 16] and multiple internal ref-
lection infrared spectroscopy [1, 17] to assess the concentration of organic contaminants
makes it possible to attain the required sensitivity. But those techniques do not yield informa-
tion on how the molecules are distributed across the surface, although that information is
needed in the case of nonuniform contamination.
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Studies [18-20] present AFM (atomic force microscopy) methods based on the registra-
tion of lateral forces (LF) acting on the atomic force microscope’s probe that is in constant
con-tact with the surface. Probe scanning along a line in two directions rules out the forces
caused by surface roughness. Thus, LF maps obtained from the measurement result from the
action of adhesion bonds between the probe and the surface, and the bonds energies character-
ize the chemistry of the phase boundary. This can be used for assessing the concentration and
distribution of surface contaminants.

Thus, this paper aims to study the local tribological properties of substrates with the AFM
method of lateral forces in order to realize the method for determining the concentration of
organic contaminants.

THEORETICAL ANALYSIS

Molecules of organic contaminants adsorb on the surface and interact with electronic
states at the surface. The energy of that interaction corresponds to the van der Waals forces
and depends on the structure of adsorbed molecules [21].

Dioctyl- and dibutyl phthalate are the most commonly used industrial plasticizers. The
presence of C=0 and —OH groups in the molecular structure of these cyclic hydrocarbons de-
termines their strong polarity, and the polarity causes the surface and the contaminant to bond.
The energy of that bond is, in this case, determined by the hydrogen bridges formed with the
—OH groups of the native oxide as well as by the orientation interaction between the dipole
and the surface. The value of the orientation interaction can be calculated with the expression
[22]:

Ey = _@’ ()
r

where pi, p» — dipole moments of a contaminant molecule and the —OH group, respectively;

r — length of the O---HO hydrogen bond.

The energy of the O---HO hydrogen bond is 21.5 kJ/mol [23]. Therefore, given the orien-
tation interaction calculated with (1), the aggregate bond energy of the substances in question
reaches 50 kJ/mol, a value close to a stable chemical bond that is difficult to break. Therefore,
the force that acts on the surface from the AFM probe during the measurement and that equals
dozens of nanonewtons cannot cause dioctyl- and dibutyl phthalate molecules to desorb.

AFM methods make it possible to register only the molecular concentration of contami-
nants — that is, the methods cannot measure the concentration of carbon atoms in atoms per
square centimeter. That dimension is comparable with the dimension of the mass concentra-
tion of organic contaminants under ISO 14644-10-2013 in grams per square centimeter
through the use of the expression [24, 25]:

Cc, M
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where C,, — mass concentration of organic contaminants; C, — concentration of carbon
atoms; N, — Avogadro constant; Nc — number of carbon atoms in a contaminant molecule.

The mass concentrations of dioctyl- and dibutyl phthalate calculated with (2) that corres-
pond to 10" atoms/cm” are equal to 2.7-10""" and 3-107"" g/em?, respectively. For this reason,
the value 107" g/em? is the required sensitivity level for the present method.
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EXPERIMENTAL TECHNIQUE

Experimental research into local tribological surface properties as a function of the con-
centration of organic contaminants necessitates forming surfaces with varying degrees of con-
tamination, a procedure that consists of three stages.

The first stage consists in cleaning substrate surfaces to the degree of production-grade
cleanliness. This is accomplished through rough and final cleaning. Rough cleaning, which
serves to remove primary contaminants from the surface, was accomplished with the chemical
technique of boiling substrates alternately in alkaline and alcohol solutions such as NaOH and
C;HgO for ten-minute periods. Final cleaning was accomplished by using Solurus 950,
a plasma cleaning system from Gatan, in Ar/O, plasma with a gas ratio of 75/25%, respective-
ly, as recommended by the manufacturer. The substrates were irradiated for 4 min at 50 W,
the maximal generator power.

The second stage consists in contaminating, by using a special device, the cleaned surfac-
es with dibutyl-phthalate molecules to the concentration corresponding to the monomolecular
level, under the method described in [5].

In the third stage, final plasma cleaning is repeated to adjust the degree of surface clean-
liness by changing the irradiation time, ranging from 0 to 4 min in increments of 0.5 min.

The lateral forces of the prepared specimens were then studied in contact mode with
Solver PRO-M, a scanning probe microscope from NT-MDT.

Measurements in contact mode are characterized by the high possibility of the probe sur-
face becoming contaminated (Fig. 1a; the contamination is shown with arrows). Because of
this, before each measurement took place, the probe was cleaned with Ar/O, plasma under the
same conditions as those for the substrates. Figure 1b shows the cleaning results. Large con-
taminant fractions are not observed in the figure, which indicates that the initial surface prop-
erties were restored.
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(@ (®
Figure 1. SEM images of the CSC12 AFM probe: (a) before and (b) after cleaning

The specimens were 1 cm® SiO, NanoInk wafers used in dip-pen nanolithography. A fea-
ture of those wafers is low surface roughness, making it possible to minimize the torsional
deflection of the cantilever caused by the local inclination of the surface and thus minimize
the error of LF measurement.
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RESULTS AND DISCUSSION

Figure 2a shows an AFM image of an LF map obtained by scanning, at a frequency of
0.5 Hz, a 1x1 um area on the surface of a substrate that has gone through the full cleaning
process. The area in the image exhibits a uniform structure and does not have sharply con-
trasting fragments. But when the scanning frequency was increased to 1 Hz, the LF map de-
veloped well-pronounced grains (Fig. 2¢) corresponding to roughness protrusions (Fig. 2d).
At the same time, the roughness values did not change in relation to the map obtained at
0.5 Hz (Fig. 2b). This rules out differences in the surface structure in different substrate areas.
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Figure 2. AFM images showing the surface of a cleaned substrate, obtained at 0.5 Hz (a shows an LF map
and b, the surface relief) and 1 Hz (¢ shows an LF map and d, the surface relief)

The maximal LF value at 1 Hz (Fig. 2¢) corresponds to the maximal photodetector cur-
rent, 73.8 pA, on the gradient scale. Figure 2¢ shows that the value increased by 7.7 pA —
about 11% of the initial value — in relation to that in Figure 2a. The change cannot be coinci-
dental because scanning takes place in constant-force mode.

Thus, the only possible cause of both the grains and the increase in the torsional deflec-
tion of the cantilever when the scanning rate is increased is the action of the capillary forces
due to the viscosity of the adsorbed water film; and the homogeneity of the structure confirms
indirectly that the surface is clean to a degree conforming to production-grade cleanliness.

Figures 3a and 3b show AFM images of a substrate surface cleaned with Ar/O, plasma
for a period of ¢ = 2.5 min.

Dark spots on the LF map (Fig. 3a) correspond to the minimal torsional deflection of the
cantilever for this area of the surface. In this case, the maximal photodetector current corres-
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ponding to the maximal cantilever deflection equals 134 pA, a value 2 times higher than the
current for the clean surface (Fig. 2a). This indicates a 2-fold decrease in the minimal canti-
lever deflection. The location of dark spots on the LF map corresponds to the regions of the
largest heights in the image showing the surface relief (Fig. 3b). This presents the conclusion
that the dark spots correspond to molecular contaminants that act as a lubricant between the
probe and the substrate surface.

When the scanning frequency is increased to 1 Hz (Fig. 3c), the range of the registered
torsional deflection significantly broadens because of the absence of adsorbed water mole-
cules on the surfaces of molecular-contaminant islets. This causes the color contrast of the
image to increase and thus simplifies analyzing the organic-contaminant concentration, which
is characterized by the volume of protrusions in the relief images (Fig. 3, » and d), corres-
ponding to the dark areas on the LF maps. Contaminated regions can be allocated by the thre-
shold principle: the higher the image contrast, the sharper the threshold.

Because a further increase in the scanning frequency does not improve the image contrast
significantly but instead increases the wear of the probe, it is inadvisable.
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Figure 3. AFM images of contaminated surfaces, obtained at 0.5 Hz (a shows an LF map and b,
the surface relief) and 1 Hz (¢ shows an LF map and d, the surface relief)

To determine contaminant concentrations with LF maps, we developed an application
program to allocate light spots in relief images so that the spots geometrically correspond to
the dark spots on LF maps and to determine the volume of the areas so allocated. To calculate
contaminant concentrations, we used the equation:

pV,
C = , 3
a= g 3)
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where p — adsorbate density, and it is equal to 0.982 g/cm’ for dibutyl phthalate; S — surface
area of the measured surface; V, — volume of the allocated areas.

Figure 4 shows the relationship between the concentration of organic contaminants and
the irradiation time. The relationship was obtained with the present method. For each conta-
mination level, concentrations were measured in three surface points, and their averages were
recorded on a plot. From the relationship in Figure 4, it follows that the concentration ranges
between 10" and 107* g/ cm®. Note that the lower limit of this range is determined by the con-
siderable sparsity of contamination observed for this concentration rather than by the sensitiv-
ity of the AFM method. The sparsity necessitates increasing both the scanning area and the
number of points where the measurement is taken from the surface, and this significantly
complicates the measurement process.
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Figure 4. Relationship between the concentration of an organic contaminant and the time of irradiation in Sola-
rus 950, obtained with the present method: the symbol ° denotes experimental values, and the continuous line
shows the approximations of experimental data

For a cleaning time ranging from 0 to 1 min, the measured concentration remains con-
stant and equals 10™® g/cm?. This means that the present method has a low sensitivity when
the degree of contamination corresponds to the monomolecular film of the adsrobate. But sur-
faces with that amount of contamination are not of interest to modern micro- and nanostruc-
turing technology.

CONCLUSION

In this paper, we looked into a method for determining the concentration of organic con-
taminants on the surfaces of semiconductor and dielectric materials, consisting of two stages.
The first stage consists in making maps of lateral forces that act between the probe of the
scanning probe microscope and the surface under study as well as in registering the typology
of the same surface section. The second stage consists in analyzing both the maps and typolo-
gy to determine the mass concentration of contaminants.

We have proved experimentally that the optimal frequency for scanning a surface is 1 Hz.
Scanning at 1 Hz increases image contrast and facilitates interpreting data. The sensitivity of
our method reaches 107" g/cm®, a value that meets the modern requirements of micro- and
nanostructuring technology.
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