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This work is devoted to investigation of water suspension of synthetic diamond pow-
ders with sizes of particles smaller than one micrometer, which is used in processing the
materials of parts of optical and electronic devices. It has been shown the influence of
various concentrations of diamond powders in distilled water on the response value of the
sensor based on surface plasmon resonance (SPR) phenomenon. For comparison, there are
performed investigations using the conductometric method. Experimental results show
high sensitivity of the SPR method (840 ang. min-ug~!-ml) to the low concentrations of the
powder from 2 up to 50 ug/ml. The conductometric method is spurious. Experimental
results are in a good agreement with the suspension model based on the approaches by
Maxwell-Garnett and mathematical formalism of Jones scattering matrices (relative error
of measurement results is no more than 5 %). The obtained results can be useful in
applications for technological processes in enterprises of optical and electronic industry.

Keywords: diamond powders, water suspensions, concentration determination, surface
plasmon resonance, conductivity.

WccnemoBana BogHASA CYCIIEH3HS CHHTETHUYECKUX AJMA3HBIX [IOPOMIKOB C pasMepaMM’ dac-
TUL, MEHee MHKPOHA, KOTOpPAad HCIOJbL3yeTcs IIpu o0paboTKe MaTepHaJsOB JeTajeil OIITHYec-
KHX U 9JeKTPOHHBIX npubGopos. IloxkaszaHo BaAMAHUE PA3JHNYHBIX KOHIIEHTPAIMHM aJIMAa3HBIX
IIOPOINKOB B AWCTUINPOBAHHON BOJe Ha BEeJIWUYMHY OTKJINKA CEeHCOPA HAa OCHOBE SBJICHUS
IMOBEPXHOCTHOrO IIasMouuoro pesomanca (IIIIP). s cpaBHeHHSA HapasiebHO IPOBOANINCD
WCCJIELOBAHNSA KOHIYKTOMETPUYECKUM MeTOmAOM. IIoKasaHa BBICOKAS UYBCTBUTEIBHOCTL Me-
roga IIIIP (840 yroi. MuHE-MKr MJ) K MaJBIM KOHIEHTPALMAM IIOPOIIKA OT 2 1O
50 Mrr/ma. KougykToMeTpruecKnii MeTO[ OKasajicAd HeMH(POPMATUBHLIM. OKCIePUMEHTAL-
HLIe PEe3yJALTATHI XOPOIIO COTJIACYIOTCA € MaTeMaTHUYECKON MOeJLI0 CYCHeH3WM Ha OCHOBe
noaxoxa Makceesra-TapuerTa n MmatemMaTuuecKoro GopMaansmMa MaTPUIL paccesHusa J;KoHca
(oTHOCHUTEILHASA MOTPEIIHOCTL Ppe3yJabTaTa uaMepeHusa 5 % ). PesyanTaTol mcciaeloBaHus
MOTYT OBITHL TOJIE3HELI A WCIIOJL30BAHUA B TeXHOJOTHUYECKUX MPOIleCCaX Ha MPeAIpUATHAX
ONITUYECKON M 2JIEKTPOHHON MPOMBIIIIEHHOCTH.

IlepcnekTUBHMA MeTOJ BH3HAYEHHS KOHIEHTPAIil HAHOPO3MIPpHMX aJMA3HUX IIO-
pomkis y BogHux cycnensiax. I'.B. JJoposxuncvra, I'.B.JJoposcuncvruil, B.II.Macnos.

Hocaig:KeHo BOOHY CYCIIEHBil0 CHHTETHUYHMX AJIMASHHUX IIOPOIIKIB i3 posmipamm uvacTu-
HOK MeEHIIle MiKpoHa, K& BUKOPHCTOBYEThCH IIPU 0OpoOIli mMaTepianiB meraseil onTUYHHX i
eneKTpoHHuX mnpuaagie. Iloxkasamo BIJIMB pPiSHMX KOHIEHTPAIIM aiMasHUX IIOPOIIKIB y
OIUCTUJILOBAHIN BOAi Ha BeJIMYMHY BiATIYKY CeHCOpa HA OCHOBI SBHIIIA IIOBEPXHEBOIr'O ILIA3-
mouHOTO pesomancy (IIIIP). Jliasa mopiBHAHHS IapajeJbHO MPOBOMUJINCH JOCTIKEHHS KOH-
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AYKTOMETPUYHIM MeTOZoM. IIoKasaHo BUCOKY uyTauBicTs Meromy ITIIP (840 xyT. XB-MKI 1-M)
OO0 MaJux KOHIeHTpami# mopomkry Bix 2 mo 50 mir/ma. KoHaAyKTOMeTPUYHHNI MeTOL BH-
BuUBCA HeinpopmaTuBHuUM. EKclIepuMeHTaNbHI pesyibTaTu go0pe y3romKyHOThbCH 3 MareMma-
TUYHOIO MOIEJLII0 cycieHsii Ha ocuoBi migxoxy Makcseana-I'apuerra i maremaTuusoro ¢op-
Masdismy mMarpunp posciropamua I[ixoHca (BigmocHa moxubKa pesyJsbrary BUMiproBaHHS b %).
Pesyabratu mocaigiKeHHS MOMKYTh OyTH KOPHCHI OJd BUKOPUCTAHHS Yy TEXHOJOTIUHMX IIPO-
mecax Ha MiAIPHEMCTBAX ONTHUUYHOI TA €JeKTPOHHOI IIPOMHCIOBOCTI.

1. Introduction

Enhancement of productivity in surfaces
precision polishing of opto-electronic ele-
ments can be provided only when using the
new compositions of suspensions consisting
of abrasive powders and colloidal systems
containing nanoparticles. Optimization of
characteristics of such systems (dispersion,
concentration) is a topical task [1]. Due to
its exclusive hardness and cutting capabil-
ity, diamond became the most efficient
abrasive material in grinding and polishing
the precision parts. Application of diamonds
as nanoparticles in the colloidal systems
aimed at polishing is caused by their high
hardness, chemical durability and high heat
conductivity [2]. To provide precision proc-
essing of surfaces, it is necessary to use
stable water suspensions with minimal sizes
of aggregates and the maximal specific sur-
face [3]. Due to a great amount of func-
tional surface groups, the nanosized dia-
monds are inclined to form aggregates of
primary and secondary kinds, which lower
stability of the suspensions [4]. With in-
creasing the number of particles in the sus-
pensions, the quantity of contacts between
them increases, too, which can cause forma-
tion of bonds between the primary aggre-
gates, and these bonds can provoke worsen-
ing the sedimentation stability. The un-
steady suspension is inapplicable in using
for mechanical processing [5]. Therefore, it
is purposeful to apply the suspensions with
a minimal concentration of nanoparticles in
the unit volume.

The available methods for controlling the
concentration and dispersion of the suspen-
sions allow determining the sizes of
nanoparticles and their size dispersion [6,
7]. Of the most practical applicability are
the methods for the dispersion control based
on measurements of light scattering, using
optical and electron microscopy, ultrasonic
and electroacoustic spectrometry, nuclear
magnetic resonance and some others. Major-
ity of them are of lab type and need consid-
erable time expenses as well as preparation
of samples for analysis [8].

To determine the concentration of the
colloidal solutions, methods of photometry,
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microscopy and method of suspension dehy-
dration are usually used. But these methods
possess essential deficiencies, namely: low
sensitivity and accuracy of measurements,
and dehydration procedure requires destruc-
tion of the suspension.

Therefore, it seems necessary to develop
an alternative method for determining the
low concentrations of particles in water sus-
pensions. As this method for studying the
water suspensions, we chose the optical one
based on the phenomenon of surface plas-
mon resonance (SPR). Diagnostic facilities
operating due to this phenomenon possess
very high sensitivity to the low concentra-
tions (0.01-2 ng/ml) [9, 10] in studied lig-
uid and gas-like substances, high accuracy
of measurement results [11, 12] and are
mainly applied in medicine [13].

The aim of this work is to investigate
possibilities of controlling the low concen-
trations of diamond powders in distilled
water with high sensitivity and productivity
by using the SPR method.

2. Experimental

2.1. Model of the effective medium that
describes concentration of a solid-phase fine-
dispersed filler in a heterostructural matrix

To determine concentration of nano-dia-
mond powder in water suspension, we apply
the model of heterostructure. This heteros-
tructure consists of a liquid matrix and a
solid-phase fine-dispersed filler. When the
values of relative permittivity for the ma-
trix and filler are known, the model enables
to determine the composition percentage for
this heterostructure. As a matrix, we con-
sidered distilled water, and as a filler —
nano-sized diamond powder. When describ-
ing this system, the most widely used are
techniques based on the Wiener limits,
Maxwell-Garnett and Bruggeman ap-
proaches. When using this model, it is in-
troduced the conception of “effective me-
dium” with the effective dielectric permit-
tivity, the value of which lies between the
values of dielectric permittivities inherent
to the matrix and filler.

The Wiener limits [14] describe boundary
values of the relative effective dielectric
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permittivity in the model of a the layered
structure [15]. As diamond powder nanopar-
ticles in water suspension are distributed
chaotically, this approach is applicable only
to determine the range of possible values
for the effective permittivity of this sus-
pension. More efficient approaches are those
by the Maxwell-Garnett and Bruggeman
that successfully describe media with cha-
otic distribution of filler in the matrix. The
main condition for applicability of the Max-
well-Garnett approach [16] is small size a of
the nanoparticles as compared with the dis-
tance between them b, and, as a conse-
quence, their low volume concentration f in
the main mass of substance (Fig. 1).
Medium within the framework of the
Maxwell-Garnett model possesses dielectric
permittivity that is related with permittivi-
ties of components by Exp. (1). The model
based on the Bruggeman approach [17] is
valid in the case when volume fractions of
the components f; and f, correspond to the
values lying between 1/3 and 2/3, i.e.,
when the concentrations are sufficiently
high
€ — €9 €1 — €9 (1)
g, — 2¢5

€ — 2¢g,

where f is volume fraction of nanoparticles
in suspension; ¢ is relative dielectric permit-
tivity of suspension; €; and ¢, are relative
dielectric permittivities of mnanoparticles
and matrix substances, respectively.

As in accord with the set task it is nec-
essary to control low concentrations of dia-
mond powders in distilled water by using
the SPR method, we applied the Maxwell-
Garnett method for this modeling.

As initial data for this modeling, we
used relative dielectric permittivities inher-
ent to water and diamond at the respective
wavelength. For the SPR method, the wave-
length 650 nm is usually considered as an
optimal one, from the viewpoint of reaching
the maximum sensitivity [18]. However,
electromagnetic radiation in the infrared
range is characterized by an enhanced ther-
mal influence on the studied sample, which
causes its heating and, as a consequence,
increase in the absolute temperature error
in the measurement results.

Therefore, it seems purposeful to per-
form measurements by using the wave-
lengths from the visible range, which can be
provided by commercial lasers operating,
for instance, at wavelength of 650 nm. At
this wavelength, the relative dielectric per-
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Fig. 1. Model of composite considered within
the frames of Maxwell-Garnett and Brugge-
man approaches [15].

mittivities of distilled water and diamond
are 1.7726 and 5.8047, respectively [19,
20].

Estimation of the SPR sensor response,
i.e., the angular shift of the reflection char-
acteristic minimum R(0), was performed by
plotting the theoretical curve R(0) for a the
multilayer system “prism (glass) — metal
layer — dielectric (analyte) — ambient me-
dium” illuminated with p-polarized mono-
chromatic incident radiation for the follow-
ing analytes: distilled water and the water
— diamond suspension. In this system, the
prism provides necessary conditions for
SPR observation: total internal reflection at
the boundary of metal layer — analyte.
Near the surface of the metal layer with the
optimal thickness of 50 nm, surface plas-
mons are excited by p-polarized monochro-
matic light with the wavelength of 650 nm
[21, 22]. For modeling, as a material of the
metal layer we chose gold, since it provides
the least half-width of the reflection charac-
teristic due to its high conductivity (however,
this half width is a little wider than that of
silver. Besides, silver is quickly oxidized in
water and, therefore, used in the SPR sensors
for analyzing only air compositions).

The reflection characteristics R(0) are
calculated as functions of the angle of inci-
dence by using the Fresnel formulae and
mathematical formalism of the Jones scat-
tering matrixes [15] and the method de-
scribed in [23]. The sensor response is de-
termined as a difference between the values
of angular positions for the reflection char-
acteristics minima of distilled water and re-
spective suspension.

2.2 Materials and measuring equipment

We performed measurements of the an-
gular shift inherent to the reflection char-
acteristics of 7 samples of water — dia-
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Table 1. Technical performances of SPR-re-
fractometer "Plasmon-6"

Performances Unit of Value of
measurementparameter|
Range of angle ang. deg. 38-70
measurements
Angular resolution ang. sec. +3
Maximum angle ang. deg. 17
of scanning
Time for measuring s <8
reflection characteristic
Minimal time for one
measurement:
in the Multiple mode s 1
in the Slope mode S 0.2
Number of optical
channels

mond powder suspensions with various con-
centrations of diamond nanoparticles,
namely: 2.5, 5, 10, 20, 30, 40 and 50 ng/ml
(ppm). The mean size of the particles was
smaller than one micrometer. In addition,
we carried out measurements by using the
conductometric method for determination of
specific conductivity for each suspension.
Our experimental facility consisted of SPR—
refractometer “Plasmon-6", a peristaltic
pump and thermostat developed in
V.Lashkaryov Institute of Semiconductor
Physics of the NAS of Ukraine. The main
technical performances of this refractome-
ter are summarized in Table 1.

The operation surface of a sensitive ele-
ment in the SPR refractometer consists of a
gold layer with the thickness of 50+2 nm
deposited on a substrate made of optical
glass F1. Surface plasmons are excited in
this layer by p-polarized light from a semi-
conductor injection laser diode emitting the
wavelength of 650 nm. The necessary condi-
tions for excitation of the surface plasmons
are provided by varying the angle of light
incidence onto the surface of the sensitive
element.

Angular dependence of intensity of light
reflected from the sensitive element surface
R(0) is the main initial characteristic of the
device. To provide real-time determination
of the angular shift of minimum inherent to
the reflection characteristic, when distilled
water is substituted with suspension sam-
ples, there foreseen are two modes of opera-
tion in this device: Multiple and Slope [18].
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In the Multiple mode that was chosen for
these experiments, we performed periodical
measurements of R(0) characteristic to de-
termine the angular shift of its minimum
AB. The measured characteristics minimum
was approximated by the polynomial of the
second power to reduce the measurements
error caused by a finite step of angular
scanning when measuring this charac-
teristic. Then, we determined the angular
position of the minimum inherent to the
approximating polynomial 0,,;,, which is re-
lated with the measurement results.

The SPR refractometer, pump and reser-
voirs with suspension samples were placed
into the thermostat and kept at temperature
of 20°C. When measuring the conductance,
the conductometer and reservoirs with the
samples were also placed into the thermo-
stat at the same temperature. Step-by-step
substitution of water with suspensions in
the device measuring cell was carried out
using the peristaltic pump. The analytes
were pumped through measuring cell with
velocity of about 5041 ul/min. The volume
of this cell with input pipes was 50 pl,
which provides performing the express
analysis (no longer than 2 min).

Measurements with the conductometer
were aimed to show the advantages of the
SPR method. Instrumental errors of the
measurements with the conductometer EZ-1
and SPR refractometer "Plasmon-6" were
respectively +1 uySm/ecm and 18 ang. sec.
For each studied sample, we performed the
series of 10 sequential measurements to re-
duce the methodical error in the measure-
ment results.

3. Results and discussion

The values of measured angular shift for
the minimum of reflection characteristic,
concentrations of the set and calculated
using the Maxwell-Garnett model as well as
specific conductance of the studied water
suspension samples of nano-sized diamond
powder are summarized in Table 2. Indi-
cated in the parentheses is the calculated
concentration with account of the correction
described below.

The data in Table 2 clearly show that the
conductometric method of measurements is
not informative and, consequently, cannot
be used for determination of the low concen-
trations of indissoluble impurities in liquids.

The plot of dependence inherent to the
measured angular shift of the reflection char-
acteristic minimum on concentration of the
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Table 2. Results of measurements and calculations

No of | Set concentration, | Response of the SPR Calculated Measured conductance,
exp. ug/ml sensor, ang. sec. concentration, pug/ml wSm/cm
1 2.510.1 1143 1.31£0.1 (2.5210.10) 51
2 5.040.1 21483 2.5+0.1 (5.07+0.10) 5+l
3 10.040.1 4013 4.7£0.1 (10.09+0.10) 5+1

4 20.0+0.1 73+3 8.6+0.1 (19.17+0.10) 5+1
5 30.0+0.1 112+3 13.240.1 (31.21+0.10) 5+1
6 40.010.1 14443 17.31£0.1 (39.45+0.10) 5+1
7 50.0+0.1 18143 21.4+0.1 (50.28+0.10) 5+1
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Fig. 2. Linear correlations between concentra-
tion of diamond powder in suspension and
angular shift of reflection characteristic
minimum under SPR conditions for experi-
mental data (filled circles) and for those cal-
culated using the model (open circles).

nano-sized diamond powder in suspensions
(Fig. 2) has a linear character and can be
approximated by function y(x)= 0.281x -
0.808 with the matching factor R2 = 0.999.

The observed difference between the ex-
perimental and theoretical results can be re-
lated to process of creation of conglomerates
in suspension at longer distances from the
sensitive element than that of surface plas-
mon field decay (A/2.7 = 240 nm). It can re-
sult in reducing the nanoparticles concentra-
tion in the sensitive zone and, as a conse-
quence, to the reduced value of angular shift.

To estimate the difference between ex-
perimental and theoretical results, let us in-
troduce a conglomeration coefficient K,
defined as a ratio of concentrations calcu-
lated using formula (1) and those set ex-
perimentally. Our analysis shows that K,
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Fig. 3. Dependence of conglomeration coeffi-

cient K., on concentration of diamond pow-

der in water suspension.

depends on concentration, and the plot of
this dependence is well approximated by the
logarithmic function y = 0.139:In(x) + 1.909
with the matching factor R2 = 0.984 (Fig. 3).
Thus, the conglomeration coefficient can be
expressed via the concentration value (2).

K,,,(Cp = 0.139 - In(C)+1.909,  (2)

where K_,, — conglomeration coefficient;
C, — calculated concentration of diamond-
water suspension, pug/ml.

The relationship between concentration,
calculated using the Maxwell-Garnett model,
and the SPR sensor response is expressed by
the linear plot (Fig. 2) that can be approxi-
mated by function y(x)=0.119-x - 0.011
with the matching factor R2 = 0.999. Substi-
tuting the approximation function into for-
mula (2), one can obtain formula (3) for the
conglomeration coefficient.
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Fig. 4. Dependence of sensitivity of SPR sen-
sor on concentration of diamond-water sus-
pension.

K on(A0) = 3

=0.139 - In(0.119 - A6 — 0.011) + 1.909,
where K_,, — conglomeration coefficient;
A — measured value of the SPR sensor

response, ang. sec.

With account of formula (2), one can
write the expression for calculation of the
nanoparticle concentration in the suspension
(4). The concentration wvalues calculated
using this expression are summarized in pa-
rentheses in Table 2.

C(AB)=(0.119 - A® - 0.011) - K, (A), (4)

where C is concentration of diamond-water
suspension, ug/ml; K., — conglomeration
coefficient; AO — measured value of the
SPR sensor response, ang. sec.

This expression enables to calculate the
minimal concentration of filler in the ma-
trix and sensitivity of the SPR refractome-
ter (Fig. 4).

As the level of noise track in the signal
measured with "Plasmon-6" is close to
0A,,)ise = +3 ang. sec., then, for the signal-
to-noise ratio equal to unity, the minimal
concentration of the filler in the matrix
that can be measured by this device is
1.8 pg/ml. The relative error of these meas-
urements within the concentration range
from 2 up to 50 ug/ml is less than 5 %,
which is considerably less than the rela-
tive error of the conductometric method
(20 %). With increasing the nanopar-
ticles concentration in the suspension,
the sensitivity of SPR sensor grows from
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840 up to 1007 ang. min-g lml, which is
related with increasing the effective dielectric
permittivity inside the area of surface plas-
mon decaying field [24].

4. Conclusions

It has been shown the capability to control
the low concentrations of diamond powders in
distilled water by using the method of surface
plasmon resonance with the high sensitivity
and accuracy. The SPR sensor sensitivity
within the range of diamond nanoparticle
concentrations in suspension between 2 and
50 ug/ml reaches the values from 840 up to
1007 ang. min-g 1-ml. The growth of sensitiv-
ity is related with increasing the effective
dielectric permittivity within the area of sur-
face plasmon decaying field, when the concen-
tration of the nanoparticles is increased.

It has been offered the formula for calcu-
lation of the diamond nanoparticle concentra-
tion in water suspension by using the meas-
ured value of the SPR sensor response.

The relative error of the concentration
value calculated according with this formula
is less than 5 %.

The offered SPR method is express, since
investigation of one sample does not exceed
one minute.

The conductometric method is not infor-
mative, because in the range of the nanopar-
ticle concentrations between 2 and 50 ug/ml
the measured conductivity of suspension is
the same: 51 uSm/em. Consequently, it can-
not be used to determine the low concentra-
tions of indissoluble impurities in liquids.
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