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High-stable mass standards prepared as magnetron sputtered super-smooth metal layers
deposited on single crystal substrates were attested. The thin film standards were found to
meet the requirements to government standards: they are homogeneous, long-lived, and
can be attested by several independent methods. Using the standards, the measurement
accuracy is provided not worse than 1 ng in the range from 1 to 17 ng, and not worse

than 8 ng in the range from 17 to 3800 ng.

HccnemoBalbl BBICOKOCTAGUIBHBIE DTAJOHBI MACC, IIOJYYEHHBLIE METOJOM MAarHEeTPOHHOI'O
OCAKJACHNS CBEPXIVIQAKNX CJIOEB METAJJIOB Ha MOHOKPUCTAJNJNYECKHE IMOAN0MKN. ToHKOILIe-
HOYHBIE 3TAJOHBI OTBEUAIOT TPEeOOBAHUAM, IIPEIbABIAEMBIM K I'OCYZAPCTBEHHBLIM CTAHJAPTHLIM
obpasiamM: OJHOPOJHEI, CTaGUIbHEL BO BPEMEH! M JOIIYCKAIOT aTTeCTALMI0 HECKOJbLKIMY HE3aBH-
cuMbiMu MeTogamMu. OfeciieueHa TOUYHOCTb HM3MEPEeHMI Macchl B auamnasoHe or 1 mo 17 Hr He
xyxe 1 Hr, a B guamnasore or 17 go 3800 Hr He xyxxe 8 HI.

1. Introduction

Development of nanotechnology, extra-
pure materials physics and other scientific
fields demands quantitatively measuring
chemical elements content in the nano-gram
range of mass. Sensibility of modern X-ray
methods applying the total external reflec-
tion effect and X-ray optical arrangement
with a secondary target allows registration
of fluorescent signal from so small quanti-
ties of substance [1, 2]. However, the quan-
titative measuring the chemical element
trace impurities is complicated by an ab-
sence of mass State Standards (SS) for this
range. A commonly used way to prepare the
standards for trace impurities is dilution of
SS solutions. But the mixtures are usually
inhomogeneous, and because of segregation
are applicable only in fresh state, i.e. their
useful life time as SS is limited; addition-
ally, the preparation of the test samples de-
mands a lot of time.
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For the test sample preparation, various
concentration techniques are used [3]: ad-
sorption, drying, ete, which are directed to
obtain the impurity mass enough for meas-
uring with prescribed accuracy. Of great
importance for such measurements is the
choice of a substrate on (or in) which the
preparation is contained, because it is this
that specifies the background level, conse-
quently, the mass threshold of detectability.
Moreover, the adsorption coefficient vari-
ations, or insufficient adhesion of the
preparation to the substrate lead to decreas-
ing slope of the “signal-impurity mass”
plot, and to rising scattering of the calibra-
tion function. Besides, the correct mass of
impurity in the standards can be rarely
measured by an independent method.

Stable nano-layers of metals on sub-
strates can be obtained by magnetron scat-
tering method using the deposition technol-
ogy of X-ray mirrors [4, 6, 7]. These objects
are stable for several years, and they can be
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applied as standard samples ("nano-
weights™) for nano-impurity analysis. The
mass of such a super-smooth film on the
substrate is determined by positions and in-
tensities of interferential oscillations of
X-ray reflection coefficient [4, 5]. These os-
cillations are observed experimentally be-
ginning from 1 nm film thickness [5] and
can serve for the substance mass inde-
pendent determination by the film thickness
(d) and density (p). Actually, such measure-
ments are possible with good accuracy for films
with thickness higher than 5 nm, where more
than three orders of oscillations are observed,
so as the accuracy of p - d value determination is
not worse than 3-5 %.

The aim of the present work was prepa-
ration and investigation of high-stable
standards of mass in the range from 1 to
1000 nanogram.

2. Sample preparation and
attestation methods

Objects of studying were mass high-sta-
ble standards such as various thickness co-
balt films deposited onto silicon substrates.
The mass of cobalt was regulated both by
the film thickness and the sample area.

Cobalt films were prepared by dec-magne-
tron sputtering in argon atmosphere under
0.2 Pa pressure. As a target, a cobalt
(99.5 %) disc of 100 mm diameter was
used. The single-crystalline Si (100) target
with thickness 0.46 mm and surface rough-
ness heights <0.2 nm was multiply exposed
over the target; the constant exposure time
and the fixed position over the target center
were set. The constant velocity of the sub-
strate motion was provided by a step motor
connected with the substrate holder. A
deposition rate and exposure time were cho-
sen in such way as to obtain ~20 nm metal
film after 500 cycles of the deposition.
Every sample was covered by an amorphous
carbon 2 nm layer to avoid oxidation and to
strengthen the sample surface.

The prepared mass samples were investi-
gated by X-ray fluorescent analysis (XRF)
using energy-dispersive spectrometer
SPRUT-K (AO Ukrrentgen, Ukraine) with
Si(Li) X-100 detector (Amptek, USA) in the
arrangement with Ge secondary target. An
X-ray tube BS-22 with shooting-through type
Ag anode was applied. The arrangement aper-
ture is 8-1076 (tube anode — irradiator, irra-
diator — sample, sample — detector). The
tube regime: U =35 kV, I =250 um, and
exposure time 300 s. The same method was
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Fig. 1. Experimental (--) and calculated (—)
reflectivity curves for 16.8 nm thickness Co
film obtained after 500 deposition cycles and
coated by a 2.2 nm protection carbon layer.

used for determination of the sample irradi-
ated area. A square of 2 mm on side was
cut out of usual paper and placed into the
sample-holder instead of a sample. The irra-
diated area was determined by the variation
of Ca-Ko fluorescence line intensity on
moving the paper relative to the sample-
holder in vertical and horizontal directions
with 1 mm step.

The homogeneity of the film was set by
the sample position in the holder. The sam-
ple position was controlled using an inbuilt
camera recorder with accuracy not worse
than +0.2 mm by each coordinate. The sam-
ple high homogeneity allowed reducing the
surface area by cutting to obtain mass
standards less than 50 ng.

Determination of p - d value for the sam-
ples was carried out using three inde-
pendent approaches. The first one allowed
determination of Co layer thickness and
density independently on each other by posi-
tions and intensities of X-ray reflectivity
oscillations [4, 5]. The X-ray reflectivity
angle dependence was measured using
small-angle X-ray reflection method with
DRON-3M diffractometer in Ca—Ko radia-
tion (A = 0.15406 nm). The reflection spec-
trum was modeled using X-ray Calc pro-
gram by calculating the X-ray reflectivity
according to Fresnel formulas. Visual fit-
ting of calculated and experimental spectra
allowed determination of Co layer thickness
and density. In Fig. 1 experimental and cal-
culated X-ray reflectivity curves are shown
for Co film of 16.8 nm thickness obtained
for 500 deposition cycles.

Cobalt mass for the thinner films was
calculated using a formula:
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where Hpgy, is experimentally determined
Co thickness after 500 cycles of deposition;

Pco is experimentally determined cobalt
density; n is the number of deposition cy-
cles; S, is the area of n-th sample.

The minimum thickness of the deposited
film corresponded to seven cycles of deposi-
tion, and with S, = 0.28 em? area it provided
cobalt mass 53 ng (according to Eq.(1)). For
preparation of less mass standards, the sam-
ple with minimum thickness film was cut
using diamond knife into rectangles with
areas 0.03, 0.04, and 0.09 cm?2.

The second approach consisted in deter-
mination of p - d value by XRF method by
the film signal (Co—Ka) intensity [8]:

-1 (2)
(M8 | &S 5
d=|——+—— -Inl---),
sing  siny Iz8,

where ugg and H88 are mass coefficients for
cobalt absorption of the secondary target
line Ge—Ko and the analytical line Co—Ka of
the film, respectively; ¢ is an incident angle
of the secondary target radiation onto the
sample; v is the exit angle of fluorescent
radiation recorded by detector; I gg is Co—Koa
analytical line intensity at d#eo; 1G9 is the
same line intensity for the sample with "in-

finite” thickness.
And at last, the third approach consists

in determination of p - d value by film ab-
sorption of the substrate Si—-Kow fluorescent
signal [8]:

sy O
p.d{“ggﬂ&) 1o 1)

sing  siny Ig‘t'i }

where uéio is cobalt mass coefficient of absorp-
tion of the substrate analytical line Si—Ko; I g"i

is intensity of the substrate Si—Ko analyti-
cal line taking into account the partial ab-
sorption of the radiation by the film; ISl is
the intensity of the same line in the absence
of the film.

3. Results and discussion

The results of the sample attestation are
shown in Fig. 2. For the sample of 16.8 nm
thickness, the parameter p - d determined by
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Fig. 2. Variation of p-d (g/cm2107%) pa-
rameter depending on the number of deposi-
tion cycles for the sample attestation by three
independent methods: (e) by positions and in-
tensities of X-ray reflectivity oscillations; (m)
by film fluorescence radiation intensity (Co—
Ko line); (O) by substrate fluorescence radia-
tion intensity (Si—-Kao line).

positions and intensities of X-ray reflectiv-
ity oscillations was p - d = 13.44-107% g/cm?2.
The two other methods gave the similar val-
ues for the same sample: 13.87-107% g/cm?
— by the intensity of film fluorescent ra-
diation; and 14.04-1076 g/em2 — by cobalt
film absorption of the substrate fluorescent
radiation. Thus, the relative inaccuracy of
the p-d determination does not exceed
2 %. As the cycle number decreases, the
p - d value calculated by Eq.(2) drops line-
arly that is explained by a linear depend-
ence of fluorescent radiation intensity on
chemical element mass, cobalt in our case.
The plot linearity indicates the strict con-
stancy of the mass deposition rate, even in
the cycle number range n = 1+10, that cor-
responds to mass less than 10 ng. The third
approach gives higher values p - d than the
two previous. At that, the dependence is
obviously non-linear: drastic increase ob-
served for small thicknesses loses its rate
with cycle number increase and at n = 500
the curve practically coincides with the two
others. Probably, this behavior is connected
with a failure in strict planarity of the film
external boundary in the beginning stage of
growth [5] thereupon the taken model of
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Fig. 3. The calibration function for determi-
nation of substance mass in the range from
5 ng to 3800 ng.

substrate radiation absorption by the flat
film becomes inadequate to the object. This
is explained by non-homogeneity of the
coating obtained under low number of depo-
sition cycles where areas uncoated by Co
film remain on the substrate. As a result, a
portion of fluorescent radiation is absorbed
by the coating, while the rest gets into the
detector without any hindrance. As the
coated area increases, more and more of the
substrate area is screened by the cobalt
film, and the rate of the dependence in-
crease lowers until the whole substrate be-
comes coated by the film.

It is necessary to note that the first cer-
tification method as well does not take into
consideration the presence of the uncoated
areas on the substrate as in the case of very
thin samples. The model used for calcula-
tion assumes the film thickness homogene-
ity over whole substrate surface. As a result
under calculation of thicknesses less than
50 nm, the chemical element mass and vol-
ume are overestimated. From our point of
view the most reliable results in the range
of small thicknesses gives the second ap-
proach, as it is less sensitive to the coating
inhomogeneity. In Fig. 8 a calibration func-
tion built by the results of measuring the
film Co—Ko fluorescence intensity is shown.
The mass of cobalt was calculated by Eq.(1).
Numerical values of Co—Ko line intensities
are given in Table.

The mass threshold of detectability was
determined for i-th sample as m,;, =
3mi@/la, where Ip; and I; are integral

intensities of background and analytical sig-
nals, respectively, and m; is cobalt mass in
i-th sample. The applied method standard
deviation S2 determined from the calibra-
tion function scattering was 8 ng. This al-
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Fig. 4. Calibration functions plotted by re-
sults of measurements of magnetron Co films
deposited onto Si substrates (¢), and ones
plotted for water solution SSs with gelatin
fixing (*) and without any fixing (H).

lows certifying mass values in the range
from 1 to 17 ng with accuracy not worse
than 1 ng which corresponds to the thresh-
old of detectability, and in the range from
17 to 3800 ng — with accuracy not worse
than 8 ng.

Comparison with water solution stand-
ards. As it was mentioned above, a gener-
ally used method for preparation of the
trace impurity standards is dilution of SS
water solutions. Analysis of detectability
thresholds for the trace impurities in such
SS are discussed in detail in [9]. In the
framework of the present work, the object
of studying was a water solution SS PM-24
(Fe, Co, Ni, Cu), background — HNO,;, MCO
0244:2001 (GSO 4146). Using dilution of
the solution by water redistillate, the stand-
ard mixtures were obtained with Fe, Co, Ni,
and Cu chemical element contents in the
concentration range from 3.3 to
330 ng/cm3. After that, 1 em3 of the solu-
tion was dried on 3525 ULTRALENE (SPEX
SamplePrep) ultrathin films. The experi-
ment was carried out both without any fixa-
tion of the residual on the film, and with
fixation by addition of gelatin into the solu-
tion. Comparison of calibration functions
plotted by the results of the present work
with ones from [9] is given in Fig. 4. The
good correlation of the results indicates
that application of high-stable Co films as
mass standards is similar to application of
water solution SS. Additionally, it is worth
to note that the cobalt films as SS have a
number of substantial advantages. First,
under drying water solutions it is difficult
to achieve the sample homogeneity. As the
liquid is evaporated, the solution is gradu-
ally concentrated, so the material is non-ho-
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Table. Co nano-film parameters and results of testing by fluorescent Co—Ka radiation intensity

Number of | Thickness, nm Area, cm? Mass, ng Co—Ka intensity, Threshold of
cycles, n counts detectability, ng
7 0.24 0.03 5.6 198 0.94
7 0.24 0.04 7.5 224 1.11
7 0.24 0.09 16.9 340 1.64
7 0.24 0.28 52.7 929 1.87
14 0.47 0.28 105.4 1668 2.09
27 0.91 0.28 203.2 3147 2.13
44 1.48 0.28 331.2 4777 2.29
63 2.12 0.28 474.2 6723 2.33
79 2.65 0.28 594.6 8542 2.30
100 3.36 0.28 752.6 10394 2.39
230 7.73 0.28 1731.1 24457 2.34
500 16.80 0.28 3763.2 53092 2.34

mogeneously distributed over the substrate.
Second, keeping the open ampoules with SS
water solutions is not recommended by
manufacturer, while keeping the prepared
samples (after drying) is practically impos-
sible. At the same time, the solid film sam-
ples can be damaged only in mechanical
way. And, at last, the most important ad-
vantage, from our point of view, is the pos-
sibility to attest the high-stable cobalt films
by several independent methods, while the
water solution SS’s cannot be attested at all
in the range under our consideration.

The high-stable film standards are appli-
cable for measurements not only cobalt but
other elements, although as the atomic
number decreases Z<27, the measurement
accuracy will be lowered. To recalculate the
calibration function shown in Fig. 8 it is
enough to introduce a coefficient K, which
for i element is calculated as follows [8]:

S 1

Cr Mn Fe Co Ni Cu Zn

.20 | \
= Element [Mass, ng
g Mn 235
Fe
O 20t i 3
Cu 1
Zn 2
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Fig. 5. The fragment of mineral water fluo-
rescence spectrum with results of calculations
of micro-element masses: Mn, Fe, Ni, Cu, and
Zn. The sample preparation: drying 0.5 cm3
of liquid on ultrathin films 38525 UL-
TRALENE (SPEX SamplePrep). Tube regime:
U =35 kV, I =250 pA, exposure 600 s.

qi
L ey @ |
K. = qi Using the developed standards we suc-
: qu -1 Ge ’ ceeded in quantitative determination of Mn,
S W= Wy - Py Fe, Ni, Cu and Zn in the mass range from

where Sqi and qu are values of absorption
jump for i-th element and the standard, re-

spectively; uiGe and u?e are mass attenu-
ation factors of the secondary target Ge—
Ko radiation by i-th element and the stand-
ard, respectively; oy, and o, are
fluorescence yields of i-th element and the
standard; p; and p, are densities of i-th ele-
ment and the standard, respectively.
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1 ng to 15 ng by the spectrum of mineral
water (Fig. 5). The results are completely
correspond to the data obtained using the
water solution standards PM-24.

4. Conclusions

The super-smooth metal layers prepared
by magnetron deposition onto single-crystal-
line substrates are homogeneous, stable and
allow attestation by several independent
methods. Therefore these can be applied as

Functional materials, 20, 2, 2013
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mass standards in the range from 1 ng to
3800 ng. The measurement accuracy in the
range from 1 to 17 ng is not worse than
1 ng, and in the range from 17 to 3800 ng
— not worse than 8 ng.

Comparison of calibration functions plot-
ted by the measurements of water solution
SSs and the ones for high-stable Co films
showed good correspondence of the results
at indisputable advantages of the film
standards.
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BucokocradisnbHiI cTaHAZApTHI 3pa3KM MacH
Yy HAHOTPAMHOMY Aiama30Hi

I.®. Muxaiinoe, O.A. Bamypun, €.A. Byzaes,
A.I. Muxaiinose, C.C. Bopucoéa

HocaimxeHo BUCOKOCTAOIMBHI eTaJOHN Mac, OTPUMAaHI MeTOJOM MAarHETPOHHOTO OCaIKeH-
HA HAATJAJKUX I1apiB MeTaJiB HA MoHOKpHcTadiuni migrkmagku. TOHKOMMIBKOBI eTasoHm
BiIITOBiIAIOTH BUMOTaM, AKi BUCYBaIOTLCA M0 AePIKABHUX CTAHAAPTHUX 3pasKiB: BoHU cTabiabHi
y 4yaci i MT03BOJNIAIOTL MPOBEAEHHS aTecTallil KiJlbKoMma HesaJle:KHUMI MeToJaMHu. 3adesnedueHo
TOUHICTL BUMipIOBaHb MacH y Aiamasoui Big 1 go 17 ur me ripme 1 ur, a Big 17 mo 3800 ur -

He ripire 8 Hr.
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