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The present paper deals with the experimental and theoretical studies of changes of optical properties
of SPR sensors under the influence of hydrogen. Theoretical modeling of the SPR sensor treated with hy-
drogen was performed using the transfer matrix method and effective medium approaches. Different pos-
sibilities of hydrogen influence were considered during the modeling. It was established that the accumula-
tion of hydrogen at the glass-chromium interface could not change the SPR spectrum. The experimentally
observed shifts in the SPR spectrum were mainly related to the accumulation of hydrogen in all thickness-
es of the gold layer by means of the formation of cavities filled with hydrogen. The accumulation of hydro-
gen in the bulk of the gold film also led to an increase in the SPR resonance value. On the contrary, the
theoretical modeling of the increase in the surface roughness of gold predicted a decrease in the amplitude
of the resonance. As a result, a complex theoretical description of the processes, which took place in SPR
sensors during hydrogen treatment, was proposed. The predictions were as follows. The oscillations of the
surface level before hydrogen treatment were 2 nm, and due to the possibility of surface destruction, the
oscillations of the surface level increased to 3 nm. The layer of "solid" gold before hydrogen treatment was
48.5 nm, and after hydrogen it increased to 53.35 nm. The average volume concentration of cavities in this
layer was about 10 %. The cavities with hydrogen were homogeneously distributed over the volume. The
thickness of the chromium layer before hydrogen treatment was 5 nm, and after hydrogen treatment the
thickness of this layer increased to 6 nm. The volume of cavities with hydrogen in chromium was 20 %.
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1. INTRODUCTION

Measurements based on surface plasmon resonance
(SPR) are hypersensitive. Nowadays, researchers wide-
ly use SPR sensors in various fields of chemistry, biolo-
gy and medicine. Naturally, this induces permanent
studies in order to improve SPR sensors [1-4]. The basic
part of a SPR sensor is a metal film with a thickness of
no more than 100-150 nm. A thin metal film acts as a
sensor [5].

Hydrogen is one of the most common elements in
nature. It is able to easily penetrate metal. The chemi-
cal bonds of metal atoms on the surface of metal are not
saturated, i.e., metal surfaces are able to show in-
creased chemical activity. Quite often hydrogen is re-
leased from compounds, which are in contact with the
metal surface. Then hydrogen dissolves from medium
into the metal. The presence of defects in the metal
allows accumulation of hydrogen gradually in the bulk
of the metal. Hydrogen accumulation can be very sig-
nificant. Obviously, it changes properties of the metal,
and it can even destroy materials [6, 7].

During operation, a SPR sensor frequently contacts
with aqueous solutions of various chemical compounds
or with solutions containing biological objects like or-
ganic molecules, viruses or microorganisms. In many
cases, such solutions contain hydrogen ions. The metal
film of the SPR sensor interacts with hydrogen. This
significantly changes properties of the SPR sensor [8,
9]. In the present study, we try to answer several ques-
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tions raised in experiments with hydrogen treatment of
SPR sensors. What changes does hydrogen cause in the
SPR sensor? Does it change the properties of the sensor
surface or does it penetrate metal layers and form cavi-
ties in the bulk of metals? To answer these questions, a
theoretical model was built using the transfer matrix
method and the concept of an effective medium [10, 11].

2. HYDROGEN TREATMENT OF SAMPLES
2.1 Experimental Details

The article discusses the effect of hydrogen treat-
ment of a gold film on glass. The film was applied to a
glass plate at room temperature. Glass plates with a
thickness of 1 mm were approximately 20.0x18.0 mm.
The glass plate was first coated with a 5 nm thick layer
of chromium, and then a 50 nm thick layer of gold was
applied. The gold deposition rate was 0.5 nm/s. As a
rule, with this method of manufacturing SPR sensors,
the resulting films have a surface with a slight rough-
ness (about 2 nm), and the film itself has many defects
in the crystal structure.

Hydrogen treatment was performed by electrolysis.
The gold film was connected to the negative pole of the
current source through a gold-plated metal contact. The
side surface of the metal contact pressed against the film
was much smaller than the surface of the film itself. The
positive pole of the current source was connected to a
graphite electrode. Thus, during electrolysis, the gold

© 2021 Sumy State University


http://jnep.sumdu.edu.ua/index.php?lang=en
http://jnep.sumdu.edu.ua/index.php?lang=uk
http://sumdu.edu.ua/
https://doi.org/10.21272/jnep.13(6).06008
mailto:a.g.vasiliev56@gmail.com
mailto:taras.a.vasiliev@gmail.com

A.G. VASILJEV, T.A. VASYLIEV, ET AL.

film was the cathode, and the graphite electrode was the
anode. The electrolysis bath was filled with a 10 % solu-
tion of sulfuric acid (H2SO4) in water. Electrolytic hydro-
gen saturation took place at room temperature. Series
experiments on the electrolysis were performed so that
currents were from 2 to 2000 pA. The electrolysis process
in each experiment lasted 6 min. Simple calculations
allowed to find the number of protons that reach a unit
surface area of the sample every second. For example,
for 5 pA the number of protons was 8.68-10!2 1/cm?2s and
for 2 pA it was 3.47-10'2 1/ecm?s, while the total number
of protons during electrolysis was 1.125-1016 1/cm2s for
5 pA and 0.45-10'6 1/em?s for 2 pA. To observe the whole
electrolysis process, a video camera was installed on top
of the bath.

Surveillance revealed that significant flows of hy-
drogen to the surface of the gold film destroyed SPR
sensors. Small flows of hydrogen to the surface of the
gold film did not destroy them. SPR sensors remained
operational. Surveillance of electrolysis at small cur-
rents of 2 and 5 uA showed that hydrogen bubbles were
not formed on the film surface, and most of hydrogen
ions were dissolved in it. Since the influence of small
flows of hydrogen on SPR sensors is relevant in biologi-
cal or chemical research, an in-depth study of the effect
of small fluxes was performed here.

Experimental plasmon resonance studies were per-
formed by means of a PLASMON-6 spectrometer. It real-
izes the excitation of plasmons by the Kretschmann
method [5, 12]. The device has a goniometer to variate
the angle of incidence of light on the surface of the gold
film. The accuracy of setting the angle of incidence was
10 angular seconds. Surface plasmons were excited on
the gold-air surface. The radiation source was a semicon-
ductor laser, which generated light of the 650 nm wave-
length. The spectrophotometer sensor detected the inten-
sity of the reflected light. The obtained dependence of the
intensity of the reflected light on the angle of incidence
was normalized to the maximum reflected intensity.

The SPR curves obtained before and after hydrogen
treatment of SPR sensors by electrolysis with a current
of 2 pA are shown in Fig. 1 [8, 9]. As one can see, after
hydrogen treatment, the SPR curve shifted towards
larger angles by 0.9 °. The shift did not occur immedi-
ately after electrolysis. But it lasted for several days
with a gradual decrease in the shifting rate.

1,0

43 44 45 46 47 48
angle (degree)
Fig. 1 - SPR curves. The black curve corresponds to the SPR

sensor before processing; the red curve corresponds to the SPR
sensor after electrolysis with 2 nA
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The half-width of the resonance curve increased in-
significantly. The amplitude of the resonance decreased
insignificantly. Similar changes occurred in the SPR
spectrum in case of electrolysis with a current of 5 pA.
The SPR curve shifted towards larger angles by 1.3 °.

2.2 Theoretical Modeling of Changes in the
SPR Spectrum

To study theoretically the effect of hydrogen on the
SPR curves, at first, we must choose a method for cal-
culating the reflected radiation intensity. In [13, 14],
using the transfer matrix method, a theoretical descrip-
tion of the excitation of surface plasmons by the
Kretschmann method in a multilayer system was suc-
cessfully provided. This approach was used in the pre-
sent studies.

Consider a p-polarized electromagnetic wave falling
at a certain angle of incidence on the surface of a ho-
mogeneous metal film. The relation between the ampli-
tudes of the components of the electric and magnetic
fields at the input and output of the film is [13, 14]
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where M,, is the transfer matrix of the m-th layer of

the layered structure, M is the resulting transfer ma-
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trix of the studied optical system, g, = fnmdm cosd, ,

1 _ L. .
q, =—cos6,, i, =n, +ik, is the complex refractive

y,

index, 6,, is the angle of incidence, d, is the thickness

of the m-th layer, N is the number of layers in the sys-
tem, z-axis is perpendicular to the layers, y-axis is di-
rected in the plane of incidence of light. Using matrix
M, one can obtain the reflection coefficients of our
system [13]
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During modeling, the optical properties of our sys-
tem used in the experiments were taken into account.
Hydrogen treatment of SPR sensors changed their
properties. In general, the refractive index f, of the

treated layer became a complex function of spatial
coordinates, which made the modeling difficult. But the
use of physically reasonable approaches of the effective
medium or the effective susceptibility of treated layers
simplifies the problem. In the case of the effective me-
dium concept, relations (1) and (2) are applicable with
the averaged effective value of the refractive index fi, .

The film has many design defects throughout its
volume. Defects are known to be good traps for hydro-
gen. During electrolysis, hydrogen is accumulated in
these defects throughout the thickness of the gold lay-
er. At the first moment of time after electrolysis, the
hydrogen pressure in defects is high, which contributes
to the formation of cavities. But the film state still
remains tense, and the hydrogen pressure in cavities
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remains high. The resulting cavities with hydrogen
increase in volume over time. Mechanical stresses are
gradually reduced. This explains the time dependence
of changes in the SPR spectrum. We took into account
the phenomenon of the origin and growth of cavities.
The concept of an efficient environment was used to
obtain effective properties of the gold layer with cavi-
ties filled with hydrogen. This concept has already been
applied to describe the properties of similar porous
media [15, 16]. The interaction between the cavities
was neglected, because in experiments the concentra-
tion of cavities with hydrogen is small compared to the
volume of the metal. Under such conditions, the de-
pendence of the effective dielectric function on the in-
ternal topology of the system can be ignored. Therefore,
we can use Maxwell Garnett approximation. The gold
film with a dielectric constant en after treatment with
hydrogen with a dielectric constant & can be described
as a medium, in which the same spherical cavities filled
with hydrogen are evenly distributed. The dielectric
function of an effective medium will be as follows

v = & —— , 3)

where [ is the volume concentration of cavities after
hydrogen treatment. During and after electrolysis,
cavities expand due to the hydrogen pressure in it. The
volume of the layer increases due to the volume cavities
with hydrogen

V=V,a1+f). ()

Here V4 is the initial volume of the layer and V is the
volume of the layer treated with hydrogen.

Probably, due to the presence of cavities in the gold
layer, one can observe changes in the optical properties of
the SPR sensor. The results of the calculations are shown
in Fig. 2. It is clearly seen that the more cavities, the
greater the offset of the SPR resonance angle. This corre-
sponds to the results observed in experiments on hydro-
gen treatment. The amplitude of the SPR curve slightly
increases, which does not correspond to the experiment.
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Fig. 2 — SPR curves. The black curve corresponds to the film
before hydrogen treatment. Red, blue, and pink SPR curves
correspond to the film after hydrogen treatment, the volume
concentration of hydrogen in cavities was 5, 10 and 15 %,
respectively
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The 50-55 nm thickness of metal layers of SPR sen-
sors suggests that the electrolysis time is sufficient for
the diffusion of hydrogen through the metal layers.
This is confirmed by experiments with powerful hydro-
gen flows described in [9]. Taking into account that the
electrolysis time with high and low flows was the same,
it is necessary to estimate the capture of hydrogen by a
layer of chromium at the interface of gold and chromi-
um, since the interface between glass and chromium
has many defects. Capture of hydrogen by this layer
would have led to the formation of cavities at the chro-
mium-glass interface and to an increase in the thick-
ness of this layer. This effect was taken into account
when constructing the dielectric function of chromium
layer according to the Maxwell Garnett model (3),
where & is the dielectric function of chromium. When
the relative volume of cavities formed at the chromium-
glass interface is significant, the Bruggeman model of
the effective medium ought to be used, because it takes
into account the phenomenon of percolation [11]. The
effective dielectric function in the Bruggeman approxi-
mation &pg in the case of a two-component mixture of
chromium and hydrogen is equal to

2
b b +857, b=(2-3f)e,-(1-f)&. ()

€Ba 1 ;

Here the solution with the sign "+" will be physical-
ly meaningful [14]. The volume of the chromium layer
after hydrogen treatment is determined by relation (4).

Calculations of the modified system with a chromi-
um layer with cavities filled with hydrogen revealed a
shift of the SPR curve towards smaller angles by 0.15°
(Fig. 3) and an increase in the resonance amplitude. As
one can see, such changes in the SPR spectrum do not
correspond to the experimental results (compare curves
in Fig. 1 and Fig. 3). Therefore, we conclude that at low
flow rates of hydrogen to the surface of the metal film,
the formation of cavities with hydrogen at the chromi-
um-glass interface is not the cause of changes in the
SPR spectrum.
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Fig. 3 — SPR curves in the case of cavities at the glass-chro-
mium interface. The black curve corresponds to the film before
hydrogen treatment. The volume concentration of hydrogen
cavities is 20 % for the red curve and 40 % for the blue one

The real surface of the gold nanofilm is not perfectly
smooth. Therefore, the theoretical model must take into
account the roughness of the surface of the gold film
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and possible changes of its intensity during the elec-
trolysis. If one moves from the air to the middle of the
film, the air initially predominates quantitatively.
Then, at some depth, the volumes of gold and air be-
come equal. Moving deeper, we reach a surface where
gold dominates. To describe this transition layer at the
gold-air interface, the Bruggeman approximation (5) is
used. In most cases, before hydrogen treatment, fluctu-
ations of the air-gold interface in the direction perpen-
dicular to the film plane are confined within 2 nm. The
surface roughness is taken into account by modulating
the layer of "gold and air" with a thickness of 2 nm. We
assume that during hydrogen treatment, hydrogen is
captured by defects in the surface layer of the gold film.
The pressure in the cavities formed during hydrogen
treatment exceeds the tensile strength. These cavities
are destroyed, and the surface roughness of the sample
increases. We take this into account in the model by
decreasing the thickness of the gold layer and increas-
ing the thickness (or volume) of the "gold and air" layer.

The results of this modeling are demonstrated in
Fig. 4. One can see that the increase in roughness from
2 to 4 nm leads to the shift of the resonance angle to-
wards larger angles by 0.55° The half-width of the
resonance curve increases by 1.22 °. Such changes in
the SPR spectrum correspond to the changes that oc-
curred in the experiments. An increase in the surface
roughness of the gold film is significantly reflected in a
decrease of the amplitude of the SPR resonance. The
experiments also show a decrease in the amplitude of
the SPR resonance, but this reduction is less than the
model calculations. Therefore, it is possible that hydro-
gen increases the surface roughness. But it is unlikely
that changes in the surface relief exceed 3 nm.

1,04

0,84

0,0 r r r r \
43 44 45 46 a7 48
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Fig. 4 — SPR curves calculated for different surface roughness
of the gold film. The black curve corresponds to a roughness of
2 nm, the red curve corresponds to a roughness of 3 nm, and
the blue one corresponds to a roughness of 4 nm

We considered the possible single hydrogen effects
during electrolysis. In a real experiment, hydrogen
penetrates and accumulates in all layers of the SPR
sensor. To create a complex physical model of the SPR
sensor treated with hydrogen, we found out how much
hydrogen the sample received during electrolysis. The
video observation during the electrolysis did not reveal
the formation of hydrogen bubbles. Suppose that at
least half of the atoms were captured by defects, that
is, for a current of 5 pA, this is 5.67 x 1015 atoms. This
amount of hydrogen is enough to form cavities at the
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chromium-glass interface and in the gold film and for
partial destruction of the surface. Based on the classi-
cal molecular kinetic theory, the estimated hydrogen
pressure in the volume of 10 % of the volume of the
metal film is 65-10° Pa. This pressure does not destroy
the gold film. At the beginning of the formation of cavi-
ties, the pressure is greater. This pressure decreases
over time, the cavities increase in volume.

Table 1 — Changes in the SPR spectrum

Increase
Resonance| .
angle in the
<hift resonance
degree width,
degree
) 2 LA 0.91 0.62
Experimental 5 LA 1.3 1.42
) Bruggeman 1.01 1.43
Theoretical ' Maxwell Garnett | 0.9 1.47
1,0+
0,84
. 0,64
S
8
=~ 0,4+
0,24
0,0 r T T T y
43 44 45 46 47 48

angle (degree)

Fig. 5 — SPR curves calculated for a complex model. The black
curve corresponds to the SPR sensor before hydrogen treat-
ment, the red curve corresponds to the SPR sensor after
hydrogen treatment

Based on the above considerations, we calculate the
SPR curve for such a system. The oscillations of the
surface air-gold level before hydrogen treatment are
2 nm. After hydrogen treatment, the oscillations of the
surface level increase to 3 nm. The calculations of the
layer on the surface of the gold film are performed ac-
cording to the Bruggeman model. Calculations of all
other layers are performed using both models. The
layer of "solid" gold before hydrogen treatment is
48.5 nm, after hydrogen treatment it increases to
53.35 nm, and the relative volume of cavities in this
layer is 10 %. The cavities with hydrogen are homoge-
neously distributed over the volume. The chromium
layer before hydrogen treatment is 5 nm, after hydro-
gen treatment this layer increases to 6 nm.

The results of these calculations are shown in Fig. 5
and Table 1.

3. CONCLUSIONS

The limitations of experimental studies of the treat-
ed SPR sensor do not allow to describe the process and
consequences of hydrogen treatment in detail. There-
fore, theoretical modeling of the interaction of the SPR

06008-4




HYDROGEN TREATMENT OF SPR FILM SENSORS: ...

film sensor treated with hydrogen with electromagnetic
radiation was considered here. It was performed by
means of the transfer matrix method together with the
effective medium approaches. Theoretical studies were
a step-by-step consideration of possible physically
meaningful elementary hydrogen effects, which ended
with the synthesis of these effects into a complex quali-
tative description of the investigated phenomenon. The
accumulation of hydrogen at the glass-chromium inter-
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OGpobra BogueMm miaiBkosux natunkis SPR: ekcnepuMeHnT Ta TEOpEeTUYHE MOIEIIOBAHHA

A.T'. Bacunrwes?, T.A. Bacunrwes?, P.O. HKenesuax!?, T.I1. Jopomreunko?

1 Inecmumym sucoxux mexrnono2iti Kuiscoio2o nayionanivrozo yuisepcumemy imeni Tapaca Illesuenka,
np. Axademira I'nywrosa, 41, 03127 Kuis, Yikpaina
2 ITnemumym pizuku nanienpogionukis imeni B. Jlawkapvosa HAH YVrpainu, np. Hayxu, 41, 03028 Kuis, Ykpaina

V¥ po6oTi HaBegeHO eKCIIePUMEHTAJIbHI Ta TEOPETUYHI JOCTIIKEHHA 3MIH OIITUYHUX BJIACTHBOCTEM JAT-
unkiB SPR mig Bommeom BomHio. Teopernune mojesoBanust 00pobireHoro BogHeBoro garunka SPR mpoge-
JIEHO 3 BUKOPHCTAHHSIM MeTOIy TpaHcdep-MaTpuIllh Ta HaOIMKeHb epeKTUBHOTrO cepemosumna. [1ix gac mo-
JIeJTIOBAHHS PO3TJIAIANACA PI3HI MOYKJIMBOCTI BILJIMBY BOJHIO. BCTaHOBJIEHO, 1[0 HAKOIMWYEHHS BOIHIO HA
MesKl po3alay crJio-xpoMm He Moke 3minuTH crekTp SPR. ExcriepmvenranbHo crocrepeskyBaH] 3MINEHHS Y
cuextpi SPR B ocHOBHOMY Oy 10B'si3aHl 3 HAKOIMYEHHSM BOJHIO y BCIX TOBIIAX IIAPY 30JI0TA ILISXOM
YTBOPEHHS IIOPOKHIH, 3aIl0BHEHNX BogHeM. HakommaeHHs BogHIO B 00'eMl 30J10TOI ITIBKY TAKOK IIPH3BEJIO
110 30LIBIIeHHsA pe3onancHoro 3Havenus SPR. HaBnaku, Teopernune MoserioBaHHS 301IBIIEHHS IIIOPCTKOC-
Ti HOBEPXHI 30JI0Ta Iependadvmnsio 3MEHIIeHHS aMILITYIu pe3oHaHcy. B peaymbraTi 0yJ0o 3aImpOIIOHOBAHO
KOMILIEKCHUN TEOPETUYHMH OIMC IPOIIECiB, AKI BinOyBammcesa B gaTunkax SPR mix vac 06pooku Boguem. Ile-
pembavenHsa Oysiu TakuMu. Ko/lMBaHHSA ITOBEPXHEBOTO PIBHA mepen 00pOoOKOI0 BOMTHEM CTAHOBUINA 2 HM, a
vepes MOJKJIMBICTh PYMHYBAHHS IIOBEPXHI KOJMBAHHS IOBEPXHEBOTO PiBHA Oysum 30uabmeni go 3 um. Illap
«TBEPIOTro» 30JI0TA 10 0O0POOKK BOJHEM CTAHOBHB 48,5 HM, a IIicjsa ail BOOHIO BiH 30LIbImuBCea 10 53,35 HM.
Cepesusa 060'eMHa KOHIIGHTPAILIIA TOPOKHUH y IIbOMY Iapi craHosuia mpudsmauo 10 %. [loposauau 3 BOI-
HEeM OHOPITHO Po3momiiaauca 1o 06'emy. ToBIuHA mIapy XpoMy [0 00poOKH BOZHEM CTAHOBHJIA 5 HM, a IIi-
cJist 00pOOKHM BOJHEM TOBIMUHA IIHOTO IIapy OyJia 36iibimeHa g0 6 HM. OOCAT MOPOMKHWH 3 BOTHEM y XPOMI

crauoBuB 20 %.

Kmiouori ciosa: Bomensn, Enmexrpouria, O6pobka Boguem, udysia Bogmio, 3osora miiBka Ha ckii, [Tosep-

XHEeBUH IIJTA3MOHHUI pe30HaHC.
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