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This work is devoted to the effect of pulse hydrogen saturation on a gold film on glass used as a surface
plasmon resonance sensor of the "Plasmon-6" spectrophotometer. Due to electrolysis in a 10 % solution of
H2SO4 in water, the film was saturated with hydrogen. The surface of the gold film was the cathode, and
the carbon electrode was the anode. Electrolysis current pulses lasted 2 s when the time interval between
pulses was 1800 s. In this way, several samples were processed. The consequences of the action of five, ten,
fifteen and twenty pulses on a gold film were examined as the experimentally obtained spectral curves for
treated samples. The surface plasmon resonance is sensitive to changes occurring in the surface layer of
the surface plasmon resonance sensor. It is applicable to control and analyze the changes induced by the
proposed hydrogen treatment. In the experiments, the plasmon resonance curves shifted to larger angles.
Therefore the optical properties modifications of the surface layer of the gold film were recorded. The
observed changes gradually increased with the increase of the number of pulses of the electrolysis current.
The mathematical approach to light reflection from the gold film was performed to analyze changes in the
surface layer of the gold film. The dielectric properties of the surface layer of the gold film were estimated
using the effective medium model. It made it possible to simulate changes in the surface layer of the film
induced by hydrogen treatment. As a result, theoretical curves of plasmon resonance were obtained. A
qualitative correlation between the experimentally observed changes and the theoretical ideas about the
processes occurring during hydrogen treatment in the surface layer of the gold film on glass was achieved.
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1. INTRODUCTION

It is impossible to imagine the modern world without
nano-technologies. Nanoparticles and nanostructured
surfaces are applicable in many fields, including biology
and medicine. The therapeutic effect of nanoparticles on
cancer cells same as improving the immune system and
many other positive effects on living organisms have
been proven many times [1, 2]. In many cases, the basis
of the positive influence of nanoparticles is physical
phenomena. For example, the destruction or blocking of
nanoparticles of biological objects (viruses or bacteria) is
due to electromagnetic interactions [3, 4]. Therefore,
searching the technologies to create nanoparticles or
nanostructured surfaces is an important task today.

Due to hydrogen embrittlement [5], the hydrogen
treatment of metal surfaces can be used to develop
nano-technologies in creating a nanostructured metal
surface. Hydrogen embrittlement is a long-known
phenomenon that causes hydrogen destruction of metal
products and can be practically helpful.

Under appropriate conditions, surface plasmons are
excited on the surface of the gold film. Therefore, the
gold film on glass is used as a surface plasmon
resonance (SPR) sensor. SPR spectroscopy is a sensitive
diagnostic method in biological, chemical and medical
research. In addition, the influence of the state of the
surface of the gold film on SPR provides an opportunity
to use it for rapid analysis of the result in the process of
creating nanostructured surfaces. In their previous
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work, the authors prove that hydrogen saturates well a
gold nanofilm on the glass during electrolysis in a
sulfuric acid solution. This hydrogen saturation changes
the physical properties of the film [6, 7]. Studies of [8]
were also devoted to the hydrogen treatment of gold
films. The authors [8] concluded that the hydrogen
plasma treatment of samples containing thin gold film
reveals an issue for technological applications. But from
an optimistic perspective of theirs, the hydrogen
treatment suggests an efficient cleavage technique for
such films. The film surface properties change
significantly affects the SPR spectrum [9]. Therefore,
the idea arose to process the gold film with short-term
pulses of electrolysis current. With this treatment,
hydrogen will penetrate mainly into the surface layer of
the film. It will change the properties of the surface
layer. Such processing is easy to control. A significant
accumulation of hydrogen in the surface layer causes
hydrogen embrittlement of the surface layer of the film.
It could become the basis of the technology for creating
a nanostructured surface of a gold nanofilm. Therefore,
the main goal of these studies is to describe the
capabilities of a well-controlled pulsed hydrogen
treatment regime applied to the surface layer of a gold
film on glass (SPR sensor).

2. HYDROGEN TREATMENT OF GOLD FILM
ON GLASS

2.1 The Samples for Research
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Let’s briefly talk about the creation of the samples.
In this work, gold films are grown by the Volmer—
Weber mechanism [10]. SPR sensors were
manufactured in batches of several dozen pieces. At
first, glass blanks with dimensions 20 x 20 mm and
1 mm thick were inserted into the cassette. Then the
cassette was placed into the VUP-5M vacuum station.
The residual pressure of gases in the vacuum chamber
VUP-5M was 10-¢ Pa. Metals evaporated in the
vacuum station and precipitated onto glass plates at
room temperature, making a layer. Gold has poor
adhesion with glass. So at first, a layer of chromium
was deposited onto the glass plates. Then a layer of
gold was precipitated onto chromium. Corresponding
masses of chromium and gold were loaded into the
tungsten evaporator consequently.

With such a sensor manufacturing technology,
samples have slightly different properties. But with
some accuracy, it is possible to state that the sensors
have very similar characteristics. The thickness of the
chromium layer was approximately 5 nm. The
thickness of the gold layer was 50 nm. The dimensions
of the gold film were 18 x 20 mm.

2.2 The Pulse of Hydrogen Treatment

Before hydrogen treatment, we need to determine
the time of the electrolytic current pulse during which
hydrogen will saturate the gold film. Due to diffusion,
hydrogen must penetrate the surface layer of the film.
But the depth of hydrogen penetration can be different
for different pulses lasting. At first, we approximate
the diffusion coefficient of hydrogen in gold. It is a
specific characteristic that can significantly depend on
film production technology. To estimate the value of the
diffusion coefficient, we decided to rely on the
previously published experimental data [7] and solved
a simple problem of diffusion theory. Since the
dimensions of the film significantly exceed its
thickness, it was a simple problem of one-dimensional
diffusion of hydrogen through the thickness of the film
under the following boundary and initial conditions.
The boundary conditions of this problem were as
follows: during electrolysis, the surface concentration of
hydrogen was constant ¢(0, £) = co; the flow of hydrogen
atoms at the metal-glass interface was zero. Initial
conditions: there was no hydrogen in the gold film
before hydrogen treatment, that is, c(x, 0)=0. The
solution to this problem, as a function of the relative
concentration c(x, t)/co of hydrogen in the gold film, has
the form

- _(2m+1)2°Dt
c(x,t)zl_ e ¢ sin[(zm;ll)ﬁxJ, )

where x is the distance from the surface of the gold film
to the point where we determine the hydrogen
concentration; ¢ is the time; D is the diffusion coefficient
of hydrogen in the film; [/ is the thickness of the film. We
used solution (1) to determine the diffusion coefficient.
We know from previous studies [7] that 30 seconds of
electrolysis is enough to separate the film from the glass
when currents are high. Therefore, due to the diffusion
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of hydrogen through the film, the relative concentration
at the metal-glass interface was approximately 0.5 and
could reach a wvalue of 0.95. At such relative
concentrations of hydrogen at the metal-glass interface,
the diffusion coefficient changes from 0.316 x 10-12 cm?/s
to 1.093 x 10~ 12 cm?¥/s.

Then, based on this range for the diffusion
coefficient, we calculated the value of the relative
concentration of hydrogen in the sample two seconds
after the start of electrolysis. The results of these
calculations are in Fig. 1. It is clear that after two
seconds of the electrolysis, the concentration of
hydrogen in the sample as a function of distance x from
the surface of the film decreases rapidly. In the middle
of the film thickness, the relative concentration is near
2.6 % of the surface concentration for a smaller value of
the diffusion coefficient. For a higher value of the
diffusion coefficient, the relative concentration in the
middle of the film is 23.2%. So, we chose the
electrolysis current pulse time of 2 s. In this case, only
the surface layer with a thickness of about 10 nm was
expected to be effectively processed.

The electrolysis was performed in the 10% solution
of H2SO4 in water. The gold film was the cathode, and
the carbon electrode was the anode. The strength of the
electrolysis current was 5 pA. From previous works, it
is known that this current had the highest effect on the
physical properties of the gold film. The current
impulse time was 2s. The time intervals between
impulses were 0.5 hours.
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Fig. 1 — Distribution of hydrogen concentration in the film at
the end of the 2 s from the beginning of electrolysis: red curve
corresponds to D=0.316 x 10-12cm?s; black curve
corresponds to D = 1.093 x 10-12 cm?/s

3. CHANGES IN THE SPR SPECTRUM CAUSED
BY HYDROGEN TREATMENT

The investigated films on glass are applicable as a
PPR sensor in the Plasmon-6 spectrometer. Plasmons in
the Plasmon-6 spectrometer are excited by the
Kretschmann method. In a spectrometer, a beam of light
from a laser passes through the glass of the prism and
plate onto the gold film and is reflected from it. The
angle of incidence of the beam on the film changes in a
directed manner. By spectrometer, we measured the
intensity of light reflected from the gold film. When the
conditions of plasmon resonance, which depend on the
angle of incidence, were met, plasmons were excited at
the gold-air interface [11]. Therefore, Plasmon 6
registered the surface plasmon resonance curve. The
SPR curve is the dependence of the intensity of light
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Fig.2-The SPR curves: black curves obtained before
hydrogen treatment; red curves — after hydrogen treatment.
a) 5 impulses of electrolysis current; b) 10 impulses of
electrolysis current; ¢) 15 impulses of electrolysis current;
d ) 20 impulses of electrolysis current

reflected from the film on the angle of incidence of light
on the film. Before hydrogen treatment, we obtained
SPR curves for each sample. Then, we did the same after
treating them. Obtained curves were normalized to the
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maximum intensity of light reflected from the film.

Fig. 2 shows the SPR curves before (black curves)
and after hydrogen treatment (red curves). The black
ones are slightly different from each other. This
difference is related to the initial sample differences
(differences in the thickness of the metal layer and
differences in the surface roughness).

Four samples were treated with hydrogen by a
different number of impulses of electrolysis current.
Namely, this was five, ten, fifteen, and twelve impulses
applied to the corresponding films. Seven days after
hydrogen treatment, we obtained SPR curves again.
From previous studies, we know that one week is the
time when property changes occur with attenuation.

Fig. 2 shows the SPR curves for each sensor. We see
that after hydrogen treatment for all cases, the SPR
curves shifted relative to the position of the SPR curves
before treatment towards larger angles. The shift of the
curve increases with the increasing number of impulses
of the electrolysis current. For the sample treated by five
impulses, the SPR curve shift after hydrogen treatment
was 0.26°. In the case of hydrogen treatment by ten
current pulses, the SPR curve shift was approximately
1.00°. For the third sample (fifteen impulses), the SPR
curve after hydrogen treatment shifted by 1.15°. For the
fourth sample subjected to twenty pulses, the
corresponding shift after hydrogen treatment was 2.39°.
The changes in the shape of the SPR curves for the first
three samples are small. Changes after hydrogen
treatment in the SPR spectrum of the fourth sample are
significant. In this case, the width of the SPR curve
increased significantly, and the depth of the resonance
minimum decreased.

4. RESULTS AND DISCUSSION.

In the present work, a gold film saturation with
hydrogen occurred across the solution-gold interface. It
was a one-sided saturation of the film with hydrogen
since the metal-glass boundary is not a penetration
point for hydrogen. It is clear [12] that the one-sided
saturation of metal with hydrogen causes significant
mechanical stresses. The top layer of metal stretched.
Mechanical stresses in the upper layer of the gold film
contribute to the emergence of additional defects and
increase the size of existing defects (formation of
cavities). During the first five pulses, this was the
leading mechanism for changing the physical properties
of the film. The cavities volume was small, and the shift
of the SPR curve was insignificant (Fig. 2 a).

During the further five pulses, there was an active
capture of defects of hydrogen atoms. It significantly
increased the volume of the cavities. In the SPR
spectrum, we observed a significant shift of the SPR
curve by 1° (Fig. 2b). The following five impulses of
electrolytic current also guided to active hydrogen
uptake, but the cavities volume increased slowly
because more hydrogen was needed to grow larger
cavities. During this processing period, we observe a
relatively small shift of the SPR curve (Fig. 2¢).

After saturating the sample for twenty pulses, the
hydrogen pressure in parts of the cavities exceeded the
limit of the mechanical strength. Since these cavities
were in the surface layer, they opened to the surface.
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The surface roughness increased. The changes in the
SPR spectrum of the sample after twenty pulses of
electrolysis current confirmed this (Fig. 2d).

4.1 Theoretical Modeling

The SPR curves in the first three cases of hydrogen
treatment (five, ten and fifteen impulses of electrolysis)
retain their shape. The resonance amplitude is almost
unchanged because the surface of the gold film changed
insignificantly. The changes occur only inside the gold
film. From theoretical modelling [8], it is clear that the
formation and increase of nanopores with hydrogen in
the middle of the gold film lead to a shift of the SPR
curve towards larger angles, and it somewhat reduces
the intensity of reflected light. Therefore, we decided to
repeat the based on the transfer matrix approach
[13, 14] theoretical calculations of the SPR curves [8].
The cavities with hydrogen were also in the gold film.
But in this case, we supposed that they were in the
surface layer of the film with a thickness of 10 nm.
According to the results of calculations, the SPR curves
were built and demonstrated in Fig. 3a.
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Fig. 3 — Theoretical curves of the SPR. a) smooth surface of a
film: the black curve in the top layer corresponds to the case
with no nanopores; the red curve corresponds to the case of
15 % volume concentration of nanopores in the upper layer of
10 nm thickness; the blue curve corresponds to the case of
30 % volume concentration of nanopores in the upper layer of
10 nm thickness. b) the black curve corresponds to the case
when the film surface is not rough; the red curve corresponds
to a film with a rough surface of 4 nm

Theoretical computer modelling of SPR curves
testifies to the benefit of such a model. Theoretical SPR
curves hardly change their shape. The intensity of the
reflected light also decreases slightly with the increase
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in the relative concentration of cavities with hydrogen.
It qualitatively corresponds to the experiment, namely
to the experimentally observed changes in the SPR
spectrum for 5-15 impulses. After 20 impulses of
electrolysis current, the sample significantly changed
the surface properties. In the case of such treatment,
hydrogen cavities, which were in the upper layer of the
film, do not withstand the pressure of hydrogen and
open to the surface. It changes the surface roughness.

As it is clear from the theoretical modelling [8], the
surface roughness increase significantly reduces the
resonance amplitude and increases the half-width of the
SPR curve. We performed theoretical model calculations
for the surface roughness of 4 nm (Fig. 3b). From the
figure, one can see that with such an increase in
roughness, the curve shifted to larger angles by 1.55°. The
width of the SPR curve increased significantly, and the
resonance amplitude decreased significantly.
Unfortunately, we did not get a quantitative agreement
between the theoretical modelling and the experiment.
But we obtained good quality correlation.

5. CONCLUSIONS

The paper examines the effect of hydrogen
treatment on the surface of a gold film on the glass. For
processing, we used electrolysis in an aqueous solution
of 10 % sulfuric acid, where the film surface was the
cathode, and the carbon electrode was the anode. The
electric current of 5 pA was pulsed. Electrolysis lasted
2s with a time interval between pulses of 1800 s.
During the current pulse, the surface layer of the film
was saturated with hydrogen. The effect of five, ten,
fifteen, and twenty pulses of electrolysis current was
studied. It was established that the surface layer of the
film gradually accumulates hydrogen in defects. Defects
increase in size. It is the reason for the change in the
dielectric properties of the surface layer of the film. The
surface plasmon resonance spectrum reflects this. As it
turned out, twenty current pulses are enough to increase
the roughness of the film surface. Therefore, hydrogen
treatment of this type can apply to the creation of
nanoscale relief surfaces. It will be valuable if
researchers use the treated surface in antiviral therapy.

The paper examines the effect of hydrogen treatment
on the surface of a gold film on the glass. For processing,
we used electrolysis in an aqueous solution of 10 %
sulfuric acid, where the film surface was the cathode, and
the carbon electrode was the anode. The electric current of
5 uA was pulsed. Electrolysis lasted 2s with a time
interval between pulses of 1800 s. During the current
pulse, the surface layer of the film was saturated with
hydrogen. The effect of five, ten, fifteen, and twenty pulses
of electrolysis current was studied. It was established that
the surface layer of the film gradually accumulates
hydrogen in defects. Defects increase in size. It is the
reason for the change in the dielectric properties of the
surface layer of the film. The surface plasmon resonance
spectrum reflects this. As it turned out, twenty current
pulses are enough to increase the roughness of the film
surface. Therefore, hydrogen treatment of this type can
apply to the creation of nanoscale relief surfaces. It will be
valuable if researchers use the treated surface in antiviral
therapy.
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Boguera 00po0oka moBepxXHEBOro mapy 30J10TOI IJIIBKKM HA CKJI1

A.T'. Bacunnen!, T.A. Bacunwen!, P.O. Hemnesnax!, B.B. Kpusunpruiil, T.I1. Jlopomenko?

1 Kuiscvruil HayionanvHull yrnieepcumem imerni Tapaca Ilesuenka, 8ysn. Bonodumupcora, 64/13, Kuis, Ykpaina
2 ITncmumym pizuru nanienposionukie im. B.€. Jlawrkapvosa HAH Ykpainu, npocn. Hayxu, 41, Kuis, Ykpaina

Jlama pobora mprcBsYeHA BUBYEHHIO BIUIMBY IMITYJIbCHOTO HACMYEHHS BOJHEM Ha IUIIBKY 30JI0TA Ha CKJII,
SIKA BHUKOPHUCTOBYETHCS SIK CEHCOP IMOBEPXHEBOTO IUIA3MOHHOIO pe3oHaHcy crexrpodoromerpa «Ilimazmon-6».
Bracminor emexrposmiay B 10 % posurei HeSO4 y Boml tLTiBKA HACHUYEThCS BOIHEM. [10BepXHS 30J10TO1 ITIBKA
OyJia KaTofoM, a BYTLIBHUN €JIEKTPOJ — AHOJOM. IMITyJIBCH CTPYMy €JIEKTPOJIi3y TPHUBAIH 2 C, a 4acOBHIL
iETepBasT Misk immmysbcamu craHoBuB 1800 c. Takwmm crocobom Oysto 06pobiieHo kKutbKa 3paskiB. Hacmimrw il
O'ATH, JeCATH, IIATHANINATA 1 JBAAIATH IMIYJBCIB HA IUTIBKY 30JI0TA POSTVISIAINCA y BHUIJIAIL
EKCIIePUMEHTAILHO OTPUMAHUX CIEKTPAIbHUX KPUBUX JIJIsT 00po0sIeHnx 3paskiB. [loBepxHeBUI TIa3MOHHMI
PE30HAHC YyTJIMBUM 10 3MIH, IO BiOYBAIOTHCS B IIOBEPXHEBOMY Iapi JAaTYMKA [IOBEPXHEBOrO ILJIA3MOHHOIO
pesoHaHcy. BiH 3acTOCOBHMII [JJIsi KOHTPOJIIO TA AHAI3Y 3MiH, BUKJIMKAHUX 3AMPOIOHOBAHOK O0OPOOKOIO
BOogHEM. B eKcmepuMeHTaX KpPHBI IIA3MOHHOTO PE30HAHCY 3MIIlyBajnch y Olibmr kKytu. Tomy Oyim
3apeecTPOBAHI 3MIHUM OIITUYHUX BJIACTHBOCTEN MOBEPXHEBOro mapy 30Ji0Tol mriBku. CrocrepeskyBaHi 3MiHKI
TOCTYIIOBO 3POCTAIH 31 30LIBIIEHHAM KiJIBKOCTI IMITYJIBCIB CTPYMY eJIEKTposrdy. MaTeMaTWuHWN IMMOXim 10
BIZOMTTA CBITJIA BiJ 30JI0TOI IUTIBKY OyB BUKOHAHUM JJIA AHAI3Y 3MiH y ITOBEPXHEBOMY IIIapi 30JI0TOI ILTIBKI.
JliesreKTpUYHI BJIACTUBOCTI ITOBEPXHEBOTO IIAPY ILTIBKHU 30JI0TA OIIHIOBAJIM 34 JOIIOMOT0I0 MOe i e)eKTUBHOTO
cepenosuia. Lle 703B0IMI0 3MOEIOBATH 3MIHM IOBEPXHEBOr0 IIAPY ILIIBKH, BUKJINKAHI 00pobKoo0 BogHeM. B
peayJsibTaTi OyJIM OTPMMAHI TEOPEeTHYHI KPHBI IJIA3MOHHOTO pe3oHAaHCy. JIoCATHYTO SIKICHOI KOpEJIIfi Misk
©KCIIEPUMEHTAJIBHO CIIOCTEPEKYBAHUMHA 3MIHAMH T4 TEOPEeTHUYHWUMM YSIBJIEHHSMH TIIPO IIPOIECH, II0
BIIOYBAIOTHCS T Yac 00pOOKY BOJIHEM y TIOBEPXHEBOMY IIApi IUTIBKHU 30JI0Ta HA CKJIL.

Kmiouori cioma: Enexrtpomis, Bommesa o6po6xa, Bommea kpuxkicrs, IlmiBka 3osora, IloBepxmesmit

IJIAa3MOHHUH pe30HaHC.
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