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Abstract

This work presents a new application of imagingcsmscopic reflectometry to determine a
distribution of metallic gold in a layer of an orgagold precursor which was treated by a plasma jet.
Gold layers were prepared by spin coating fromlatem of the precursor containing a small amount
of polyvinylpyrrolidone on a microscopy glass ahdr they were vacuum dried. A difference
between reflectivity of metallic gold and the presar was utilized by imaging spectroscopic
reflectometry to create a map of gold distributising a newly developed model of the studied
sample. The basic principle of the imaging spectipi reflectometry is also shown together with the
data acquisition principles. XPS measurements dobatopy observations were made to complete
the imaging spectroscopic reflectometry results firoved that the imaging spectroscopic



reflectometry represents a new method for quaivitavaluation of local reduction of metallic
components from metaloorganic compounds.

Both emails are basically the same (they are yustaliases). | (as corresponding author) preferst
the jiri.vodak@yahoo.com
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1. Introduction

The plasma treatment of noble metal precursorsmest recently utilized for deposition of noble
metal (including gold) layers by plasma-assisteoit Layer Deposition [1,2], but also as a method
suitable for the synthesis of metal nanoparticBe$] , or in the field of restoration and preseiombf
metal corrosion [7]. Those applications usuallyuteis layers or surfaces non-uniform in their
parameters along their area. If one of these pasamis reflectance, imaging spectroscopic
reflectometry (ISR} could be very suitable to quantitatively charaggethis non-uniformity.

In this paper we present a brief description of t&¢hnique and as an illustration of its appliaatio
potential we deal with a simple example of detectbarea distribution of gold in its oxidation tgta
Au° (metallic state). The results achieved by the #&fRinique are verified by XPS analysis and
optical microscopy observations. Three types offdaswere prepared for the experimental
comparison. The first sample is a reference sawfdegold layer prepared on a glass sheet by
magnetron sputtering. The second sample, whichonegsared by the spin-coating method, consists of
a layer of the polymer and gold in the form of agamogold precursor. In this case, gold is in the
oxidation state of Atl. The third sample was prepared by the same methdide second sample and
it was exposed to the plasma discharge. The radjoéncy plasma jet [8] operated in flux of argon
was used for reduction of gold cations within tleédgorecursor to metallic gold. ISR measurements
were performed using an imaging spectroscopicctfitaeter (ISRM) developed at The Institute of
Physical Engineering at Brno University of Techimyl¢9,10].

2. Experimental

2.1. Samples preparation

The organogold(l) precursor LAu(Pfhwhere L is [0-GH4(CH=NGCsH3iPr»-2,6)] (M = 723 g.mo})

was synthesized by the reaction of parent orgdmoiit derivative LLi with [AuCI(PP¥)] according

to the literature [11]. 2.17 g of the precursor wasolved in 5 ml of CECl> (Sigma Aldrich)

containing a small amount of polyvinylpyrrolidor@§ g, K40, Sigma Aldrich) to give solution with

¢ = 0.6 M. The Au layers were prepared by spiningatf as-prepared solution (1 ml per sample) on a
microscopy glass using SpinMaster spin coater (@bdmchnology, Inc.) using sequence of two
steps — 500 rpm for 1 sec, 10 000 rpm for 30 séer Apin-coating, the layers were vacuum dried at
125°C using vacuum oven at pressure of 1 mBar tAibkness of the as-dried layers was
approximately um (measured by profilometer Dexta XT, Bruker Carp.)

1 Abbreviations: ISR — imaging spectroscopic reflectometry; ISRMnaging spectroscopic
reflectometer; VASE — variable angle of incidenpecroscopic ellipsometry; NNSR — near-normal
incidence spectroscopic reflectometry;



2.2. Plasma treatment

The scheme of set-up used for the plasma treatofi@mganogold layers in this work is shown in
figure 1(a). An atmospheric plasma jet driven bys63VIHz at 180 W was selected as a plasma source
[8]. The powered electrode was separated from tdma by a silica tube with inner diameter of 2
mm and the discharge is ignited in argon (flow Eagtm) and admixture of oxygen (flow rate 0.2 sIm)
flowing through the tube. Distance between the darapd the end of silica tube was set to 15 mm
and the treatment time at 30 s. In the next stepsample surface was imaged by a confocal
microscope Olympus LEXT 4000. In figure 1(b) thare clearly visible three different areas, out of
which two show a metallic gold appearance. The éirea (marked by letter “A”) was represented by
a circle, and it is an area that appeared diredgtlyin the axis of the plasma jet. The second area
(marked as “B”) was represented by a ring in aadis¢ 3-5 mm from the center of the circle. Thadthir
area (marked as “C") was outside the first two suasad it is the farthest area from the intact afea

the plasma jet. These areas were then analyzed asiXPS. The ISR measurement was executed in
such an area so it will accommodate the three areas
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Figure 1: Schematically set-up of plasma treatmenta) and a picture of treated surface (b) etters show the
regions of XPS analysis: Acenter, B-ring, C—border. Picture (b) was taken by a confocal micopsc

2.3. Imaging spectroscopic reflectometry

ISR developed at aforementioned institute [9,103Phas been mainly used to evaluate local optical
parameters (local thickness, spectral dependeridesad refractive index and local extinction
coefficient) of non-uniform thin films. In certacases ISR can be used as a standalone technique, bu
generally it is worthwhile to combine it with comténal (non-imaging) ellipsometric and
spectrophotometric techniques (e.g. variable aofjilecidence spectroscopic ellipsometry (VASE)
and near-normal incidence spectroscopic reflectoniBiNSR)). Using an appropriate dispersion
model of optical constants and structural model tifin film under study the aforementioned
combination of techniques can provide (in pringipieps of further interesting thin film parameters
like the band gap, maximum energy limit of the sition of electrons interacting with photons and
concentration of electrons taking part in the rafetransition [14,15]. In some cases it is possibl
determine also a map of thin film boundary rougkri&§]. The utilization of ISR, VASE and NNSR
combination was shown also promising in the conapdid case [17] when the studied film exhibits an
inhomogeneity in refractive index along the direstnormal to boundaries of the film. The technique
of ISR has been used and verified in many casespiiical characterization of thin films
[13,15,16,18-20]. Other approaches to ISR technidjfferent from the approach presented in this



paper, were developed by other groups using diffaezencepts: either combination of imaging and a
scanning probe in white light [21,2@1 a microscope like device focused on a very bjggtial
resolution to evaluate electronic devices [23].dftkities and limitations of ISR in optical
characterization of thin films are transparentlgganted in the paper [24].

2.3.1. Imaging spectroscopic reflectometer
The set-up of the ISRM we used is presented inmdigu

CCD
. BS, BS;

BS, 4 l--oe-

xeuv FCF
Figure 2: The ISRM experimental set-up XeUV — Xe arc lamp, FC — fiber coupler, F — filté1 —
monochromator, C — collimator, B$- beamsplitters and wedge compensators, SH — samoljler,’RS - 2¢
channel reference sample, IM — imaging mirror, GEOCD camer&CCD — part of the CCD chip used as a the
second channel detector, PC — personal computer.

A source of light for the ISRM is a XeUV broad ligdpectra arc lamp. Single wavelengths are
selected from the spectra by the computer-contteiienochromator. The lamp, the monochromator
and the ISRM itself are connected by two identid¥lcapable optical fibers. The off axis parabolic
mirror C with the optical fiber output situatedtié focal point of the mirror creates a collimated
monochromatic light beam which illuminates (by eetion on the beamsplitter B$erpendicularly a
sample in the sample holder SH (it can be assuhadtie angle of incidence along the whole sample
surface is identical). The sample reflects thetldjrectly back. The reflected light goes throubh t
system of four fused silica wedges BSBS; (BS: is the aforementioned beamsplitter and it has a
beam splitting layer) to a simple spherical mididr This mirror then creates an image of the sample
surface on a chip of the CCD camera which recdredsmage. The four-wedge system corrects optical
dispersion and removes secondary reflections dbéaensplitter BS The wedge BSalso has a beam
splitting layer. This wedge allows in axis imagifdne large collimating mirror C ensures good
uniformity of the light beam along its cross-sestand it also allows utilization of a small parttbé
measuring camera chip as a reference channeldfurétiled the ® channel) of the ISRM. This is

done using the light which passes through the estimsplitter BSand therefore it is not reflected
onto the sample. By positioning a reference saitipténer called the™® channel sample) in such a
way that it will be imaged onto a corner of thepchf the CCD camera, it is possible to obtain
information on changes of the light source intgnaitd subsequently eliminate them (see below). This
2"d channel sample stays in its exact position dualhgieasurements. As it will be described in the
next paragraph, measurements with the ISRM artvelde. a measured sample is compared to a
reference sample with known reflectivity to elimimainwanted influence of the optical system of the



ISRM. Maximum size of samples which can be meashyeitie ISRM, is about 20 mm x 20 mm with
the spatial resolution on a sample of 9 Ip/mm (gifige thickness 56m) within the spectral range
270 nm to 1000 nm.

2.3.2. ISR data acquisition

The output experimental data obtained by meaniseolSRM, spectral dependencies of local relative
reflectivity Rf'u (1,,) of a studied sample in the form of a matkx" element of which corresponds
to the k,u)™ small region of the sampl&, are values of the light wavelength selected froenwhole
accessible spectral range with a chosen samplkmgikst 1...P; u =1...Q are coordinates of single
pixels, where? andQ are numbers of the CCD camera chip pixels in bota and vertical direction.
The continuous map of these areas constitutemtestigated sample surface which is imaged by the
imaging system of the ISRM on the CCD camera chip.

These signal values are processed in the way pamdag to the two-channel ISRM. This procedure
takes into account that the pixel signal valueiieénced not only by the corresponding local
reflectivity of the sample area, but also by a lgacknd signal (fork,u)" pixel):

BS" (A, t3)=D""(An) + b**1, (A, t3), )

whereD*Y(A,,ts) is the background signal generated by camerdreteécs (dark current, camera bias,
readout and amplifier noises etdq/n,t3) is the light source intensitp*" is a constant of
proportionality,b““,(A,,t3) is the background light scattered inside of theaagois andsis the time

of D*Y4(A,,ts) record. Camera electronics no3e’ can be eliminated by subtracting dark images
(images made with the camera shutter closed, Witlexposure time equals the exposure time of the
corresponding signal image). This is done immedtiatier the image signal acquisition. Therefore
DY is not considered further.

The signal processing procedure consists of thegess
» the first step — measurement of a reference sample,
* the second step — measurement of a studied sample,

» the third step — measurement of the signal origigdtom the background light scattered
inside the ISRM.

The signal, acquired from &,(1f" CCD camera pixel, is now written (with the backgrd and already
without theD*“term) as follows:

S8 (A, t) =1, (A, £) [N (DRE" (A,)+b*], )

where indexd = mfor “measuring channel” antl= s for “second channel”, index= 1 for the
reference sampléz= 2 for the studied sample and 3 for measurement of the background (without
any sample)lo(An,t) is the intensity of the monochromatic light fréine@ monochromator/“!(A.) is

the apparatus function (it describes the influesfabe apparatus — optic elements, quantum effigien
of the camera, amplification of the signal etR,.’)'.” (A4, t;) is the local absolute reflectivity of the
current sample depending on the index value. Bectusndexi = 3 the reflectivity is equal to 0 (no
sample in the holder), the first part of the fora(R) is then also equal to 0 and only the backutou



b““I4(A,,ts) remains. The following formula (3) ensures eliatian of a possible time non-stability of
the light source of the ISRM (i.&(/An,t)) and the influence of the background:

Smaputs) _Sma(ts)
Ss2ti) Sz ta) _ Ry
SkE(At)  SeE(Ats)  REM)
Ss,l (A; to) 55,3 (A; tz)

REM(2) = 3)

whereRf'u (1,)is the sought spectral dependence of the locaiveleeflectivity of the studied sample
of an area which is imaged onto thel("" CCD pixel. It is possible to determine interesting
parameters of studied samples from the map of tleeakrelative reflectivity spectral dependencies.
Exactly these dependencies are used for quanétkdoalization of areas with metallic gold reduced
from organometallic compound by means of a plagnhteghnology. According to the best of our
knowledge this is the first application of the I8Rsuch a task.

2.3.3. ISR data analysis
Because the samples studied in this work diffesm@rably from the samples characterized by ISR in
previous studies [13,15,16,18,19], it was necessadgvelop a new data analysis procedure. In those
previous studies, mapping the thin film thicknesgach pixel was always among the primary goals
and interference in the reflectance spectra wéligad. In the presented case, the layers were
relatively thick (approx. §um), non-uniform and their refractive index of thganic material was
similar to that of the glass substrate. Therefor@arts where they were transparent, only slight
interference in the layer was observable. In pafsre gold was reduced by plasma discharge, the
layers were of course non-transparent. The layers thus modelled as thick slabs, disregarding
interference completely.
Considering the description of interaction of lig¥ith an organic slab containing partially reduced
gold, a number of possible models are imaginabha basic approaches correspond to the
assumptions that the domains formed by each mbgtedaither much smaller than the light
wavelength or much larger. In the first approachrtiaterial was modelled as a mixture of the organic
material and gold using an effective medium appration formula [25]. In the second approach it
was possible to assume that a part of the incidghitwas reflected from one material and part from
the other. The reflectivity was thus calculatedimighted averaging of reflectivity of the two
materials. Beside these two basic approaches ibfvesurse possible to consider more complex
models including refractive index profiles, scdttgror additional intermediate materials. However,
the huge quantity of ISR data dictates the utilirabf a relatively simple model. Furthermore, lzes t
layers were quite far from ideal ones the reflagtigpectra exhibited various defects and distagio
A robust model extracting useful information evemt relatively poor quality spectra was thus
required.
Either of the two basic models was suitable froim foint of view. Both also have another useful
property. When the optical constants of the twoemialls are fixed, both models are described using a
single parameter representing the relative amoueach material. This parameter can be chosen for
instance as the gold fraction. It must be nevee®eemphasized that the meaning of such a parameter
is different in each of the two models. For theimgxmodel the parameter describes the volume
fraction of gold, whereas in the separated modeptirameter describes the area fraction of gold.
Choice between the models is essentially determbgete fact, which of them fits the experimental
data better. The two models considered were:

- thick slab with optical constants described byegitihhe Maxwell-Garnett or Bruggeman

formula (mixing),
- thick slab with areas covered by the organic comgand metallic gold (separated).



Of these two the second (separated) model agrabdivei experimental data better, both
guantitatively by resulting in smaller residual suafi squares and qualitatively. In particular ia th
long-wavelength region it was the only model whgeeeral behavior matched experimental spectra.
Hence, this last model was further used in thiskwievertheless, it should be noted that gold
fractions obtained using the two types of modelsevieghly correlated.

The parametep which enables us to quantify the distributioneduwced gold is defined as follows:

ku _ gold (4)

where A’;'gﬁd is the area which metallic gold fills in the regiof the sample corresponding to the

(k,u)' CCD camera pixel anAI’r"e’g is the area of this whole region.

Then the resulting measured local relative refl@gtiof the studied sample (organogold precursor
treated by plasma jet) region corresponding tdkh@th CCD camera pixel is

Rk'u(ln) = pk'uRgold (An) + (1 - pk'u)Rorg (An') (5)

whereRyad(An) is the spectral dependence of relative reflegtiof gold obtained by measuring the

first reference sample of a gold layer prepared gtass sheet by magnetron sputterfg(An) is the
spectral dependence of relative reflectivity of tinganogold precursor layer (the second sample type
which was not treated by plasma jet). It was assutimat both of last mentioned samples can be
considered as uniform in reflectivity. The mappbf and thus the map of metallic gold distribution
reduced from the organogold precursor by plasmigrmal treatment was determined by least
squares method using the equation (5).

2.4. Photoelectron X-ray spectroscopy

The XPS measurements were performed using ESCALFEXR(ThermoFischer Scientific) equipped
with 500 mm Rowland circle monochromator with foeds\l Ka X-ray source (200 W power, 650
pm spot size). Data acquisition and processing wanged out using CasaXPS software, version
2.3.15 (Casa Software Ltd., UK). The binding en€igf¢) scale was corrected for charging using an
electron BE of 284.8 eV for the aliphatic carbomponent of survey spectra. Hi-res spectra of gold
were fitted into six contributions in three oxidatistates. According to literature [26,27], thekseaf
metal gold Al were assigned to BE = 83.7 eV (4f 7/2) and BE 3 &¥ (4f 5/2). The gold
contributions in oxidation state Auvere fitted with 85.3 eV (4f 7/2) and 88.9 eV #2). Binding
energy of gold in oxidation state Aliwas assigned to 86.4 eV (4f 7/2) and 90.0 eV f2¥. T he full
width at half maximum of all Au 4f components waghie range 0.8-1.4 eV.

3. Results and discussion

3.1. ISRresults

Data obtained as described in paragraph 2.3.2 raigzed according to paragraph 2.3.3 are shown in
figure 3. This figure shows a quantitative aredrthiation of metallic gold reduced by plasma jet
thermal treatment of the organogold precursor. b is colored according to the value of the
parametep. Black areas are cracks in the layer which occuaifeer the heat treatment. Letters A,B
and C denote the same three spots measured bys<igrked in figure 1(b).



0.60

- 0.50
[ 0.45
| 0.40
035
[ 030 =
0.25
0.20
0.15

£ e il 1 0.00

Figure 3: Figure 3: A metallic gold map obtained by ISR measements The scale shows a value of the
model parametep— the area fraction of metallic gold in the orgamldgorecursor treated by plasma jet.

For a comparison with the XPS results, spectraéddencies of local relative reflectivity of thedhr
spots selected from the ISR measurement data evensh figure 4. To complete the figure, it also
contains spectral dependencies of relative refliggtof a pure gold layer and also of relative
reflectivity of the organogold layer without anyapia jet thermal treatment.

It can be clearly seen how the amount of metabiid influences the local relative reflectivity difet
studied sample along its area. The center A camtaimst metallic gold, the ring B contains less, but
still a significant amount of gold, while the outeea C is basically untreated and thus without
metallic gold.
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Figure 4: Reflectivity comparison.Measured relative reflectivity of the spots (matke figures 1(b) and 3) on
the measured sample together with measurementg®fgold layer and the organogold layer withoyt an
plasma jet treatment.

3.2. XPSresults

Results of elemental analysis of gold layers aoavshin table 1. Surprisingly, the 30 nm thick Au
sputtered layer shows a relative high content di@aon the sample surface. From the literature, we
can learn that this is a common phenomenon. Theveay to prepare and characterize the metal
layers in a very pure state is their preparati@ndport and measuring all time in the high vaceum
preferably in-line in XPS [26]. A sample with thgirs-coated organic gold-precursor has a relatively
small content of gold, as expected a high percenthgarbon will come from used carrier polymer
(PVP) and precursor decomposition residues. Afterplasma treatment, a significant increase of gold
and oxygen content was observed in the areas afktiiter (A) and the ring around the center (B). As
well as an increase of Au and O, the decreaserbbnavas detected, which shows the oxidation
processes of the carrier polymer. Both processeprabably related to the degradation of the oani
precursor, and to the continuing reduction and eotration increase of metal gold.

Elemental analysis (at. %) Concentration ( at.%)
Samples Au4f Ols Cil1ls P2p N1s Au Au' Au
Metal gold 67.7 1.9 304 - - 959 4.0 0.0
Gold precursor 2.8 3.8 88.6 3.2 1.6 6.7 874 59
A—center 4.9 51.8 40.2 3.2 - 911 838 0.1
Plasma B —ring 119 404 431 46 - 93.1 5.8 1.0
treated C —border 0.5 8.9 89.7 0.8 - - - -

Table 1: Elemental compositions of gold layer sputteredjlass slide, initial organic-gold precursor and the
sample treated in plasma discharge by deconvolatiodPS spectra of Au 4f hi-res peaks.



Figure 5 shows the highly resolved XPS Au 4f sgeofrthe coated gold layer, the non-treated gold
precursor and the plasma treated sample in theohter (A in fig. 3) and the ring (B in fig..3)
The hi-res Au 4f spectrum of the sample bordem(€g. 3) is not presented due to the low
signal/noise ratio reflecting the low concentratifrgold. However, the spectrum of the region (C in
fig. 3) was similar to the spectrum of the goldqumesor. The data in table 1 show the distributibn o
the oxidation states in the samples. Metallic gbglre 5(b)), which is characteristic by the oxida
state A(, is present in the sample of 30 nm coated Au |a@gording to expectations. As it was
confirmed, the organic precursor (figure 5(a)) eam gold primarily in the oxidation state AuThe
samples treated by the plasma discharge (figude @9 show the significant reduction of the
oxidation state of gold from Auto Al’. Finally, into the fitting model was added thedation state
Au*'" (e.g. typically in AuOs), this contribution, however, plays a minor role.
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Figure 5: XPS Au 4f hi-res spectreof the samples measuredOrganic gold precursor (a), coated gold layer

(b), plasma treated sample in the center (c) atleiming (d).

3.3.  Comparison of the techniques

Figures 3 and 4 show that ISR technique is capzftdealuating a sample with plasma reduced
metallic gold. Imaging nature of the ISR technigaieal for such non uniform sample. It can bensee
that metallic gold was mostly reduced around thatpehere plasma jet was applied, but also formed
a ring around the central spot. While the confogi@ioscope picture (figure 1(b)) looks better than
the map obtained from ISR thanks to its higherlwg®m, it does not provide quantitative informatio
In contrast, ISR data can be used to quantifyefeive amount of metallic gold or at least obtain
semi-quantitative information. The accuracy depadthe layer quality and its chosen model. If we
compare the values in the map in figure 3 with gmidcentrations from XPS analysis in table 1, it is
immediately evident that the metallic gold fracgatetermined by ISR are much higher. The reason is
that the two technigues measure different quasti¥®S is a surface sensitive technique that
measures the composition of top several nanometeéhe layer, whereas ISR determines gold
coverage regardless of how deep gold is embeddibe ilayer. It should be also noted that the lower



resolution is not an inherent limitation of ISRitis only given by the construction of the partau
device used here. It can be improved [28].

4. Conclusion

The ISR represents a new method to quantitativedjuate local reduction of metallic components
from metaloorganic compounds, as shown on a mo@ehple of organogold precursor. Its imaging
nature allows evaluating large areas of samplesad as it was shown. A map of metallic gold can be
obtained from the measurement data. The measurerhkal relative reflectivity along larger areas
of surfaces can be used in various ways. Whilellyste aim of the measurement are the optical
constants of a material, specific reflectivity oétals can be used to identify them and create wiaps
the material along the surface. This can be usefutl was presented here especially when analyzing
organometallic compounds and their plasma treatn@orhbination with other measurement
techniques might also be possible to obtain meawmts with even higher accuracy — similarly as
ISR technique is used in combination with VASE &MNISR for evaluation of local optical constants
and local thickness of non-uniform thin film sangpbdong their surface.
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