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Plate of p-silicon of 0.35 mm thickness was the sample of present studies. Two gold film contacts of
50 nm thickness were deposited on the opposite surfaces of p-silicon sample. For the manufacturing of gold
film contacts the method of direct contact heating in a tungsten boat was used. The surface of the silicon
plate was activated before the deposition of gold by dipping the samples into a 0.5 % solution of hydrofluor-
ic acid. The silicon wafer was then washed with distilled water, dried and placed in a container for sub-
strates. After deposition of the gold film contact, the plate of p-silicon was cut in several samples. The hy-
drogen treatment of only one gold film contact was executed by means of electrolysis in 10 % water solution
of H2SO4. The gold contact was the cathode and the graphite electrode was the anode. The second gold film
contact was isolated during the electrolysis. The electrolysis lasted for 6 min. The current density during
electrolysis was 117.5 A/m2. The p-silicon samples with gold contacts processed by hydrogen were stored at
room conditions. The time dependence of the volt-ampere characteristics of the samples was investigated.
The resistance of the gold film contact increased in the first few hours after hydrogen processing. But then,
during the week after hydrogen treatment, the resistance of the gold film contact constantly diminished.
During the next week, the resistance of the gold film contact did not change. The hydrogen saturation of
the gold film contact caused the significant reduction of the resistance of the gold contact. After treatment
and exposure at room conditions, the final resistance of the gold film contact decreased by almost 1.5 times
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in comparison with the contact resistance before hydrogen treatment.
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1. INTRODUCTION

The development of scientific and technological pro-
gress requires the search and study of materials with
predetermined physical properties, as well as the crea-
tion and development of technologies that provide op-
portunities to obtain these materials. One of the ways to
achieve these goals is the hydrogen treatment of mate-
rials. The hydrogen treatment of materials arose in the
last quarter of the 20th century, and it is still actively
developing. It has a significant contribution to the tech-
nology of the magnetic materials processing. The hydro-
gen treatment of the intermetallic compounds is known
as the HDDR process allowed the creation of materials
with the required magnetic properties. During HDDR
technology, different affinity of the intermetallic com-
pounds components to hydrogen was used, and signifi-
cant acceleration of the diffusion of metal atoms satu-
rated with hydrogen was observed [1].

Humanity has to develop efficient clean renewable
sources of energy. Hydrogen energy is environmentally
friendly technology. Its development requires the im-
provement of fuel cells, i.e. new technologies for the
storage and supply of hydrogen [2]. The fuel cell is a
complex device where the unique properties of the in-
teraction of hydrogen with the condensed state of mat-
ter are used. Therefore, it is another example of the
importance of studying the processes of hydrogen inter-
action with the condensed state of matter.

Mankind also needs the materials processing tech-
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nology that could improve the performance of microelec-
tronics. Silicon is the main material for the electronic
industry today. Therefore studies of silicon-hydrogen
interactions are interesting theme of modern studies [3-
6]. Silicon is used during manufacturing various elec-
tronic components. Metallic contacts are presented in
any electronic device. Properties of metal contacts on a
semiconductor are based on the interaction of metal and
semiconductor. Hydrogen can significantly affect the
processes of metal-semiconductor interaction and change
the operational properties of the contact. Thus, hydrogen
treatment of the contacts can positively affect the per-
formance properties and be proposed as a part of techno-
logical process of creating microelectronic devices.

2. CREATION OF FILM CONTACTS AND
HYDROGEN PROCESSING

The gold film contacts were inflicted on the p-silicon
plates with a thickness of 0.35 mm. A 50 nm thick gold
film was deposited on the activated silicon surface. To
produce the gold films, the method of direct contact
heating in a tungsten boat was used. Energy was
transmitted by phonons. The deposition was carried
out inside the industrial system VUP-5M at a pressure
in the working chamber of 10-3 Pa. Activation of the
surface (substrate) of the silicon plate was performed
by immersing the samples in a 0.5 % solution of hydro-
fluoric acid during 1-5 s. Subsequently the silicon plate
was washed with distilled water, dried and placed into
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the container for substrates, which was immediately
mounted in a working chamber for depositing a gold
film. The deposition was carried out on a cold bed. The
deposition rate of gold was 0.5 nm/s. After inflicting the
contact film unto the one surface of the silicon wafer
(substrate), the container for the substrates was re-
moved from the VUP-5M. The silicon plate was turned
over unto the surface with gold contact. The container
with the silicon wafer was returned into the vacuum
chamber VUP-5M. Then, according to the described
method, a gold film was inflicted unto the second sur-
face of the silicon wafer.

The resulting silicon wafer with gold film contacts
was divided into samples for hydrogen treatment. The
dimensions of each sample were approximately
0.8x5 mm. Volt-ampere characteristics of the samples
were measured before hydrogen treatment. Subse-
quently the sample was placed into the bath for elec-
trolysis (Fig. 1). One of the contacts (rear contact inside
the bath in Fig. 1) and the lateral surfaces of the sam-
ple were isolated from contact with the electrolyte. The
second one (upper contact in Fig. 2) was directly con-
tacted with the electrolyte. The lower gold film contact
was connected to the negative pole of the current
source for electrolysis. The positive pole of the current
source was connected to the graphite electrode. Thus,
during electrolysis the upper gold film contact was a
cathode, and the graphite contact was the anode. The
tub was filled with 10 % water solution of sulfuric acid
(H2S0y4). Video camera was installed on top of the tub
and during the electrolysis there was video control and
video shooting of the entire process. Thus, the hydro-
gen treatment was provided to the upper gold film
contact. Hydrogen could affect onto the lower gold film
contact only after diffusion across the entire thickness
of the silicon plate. The thickness of the silicon plate
was 0.35 mm. Electrolytic saturation with hydrogen
was carried out at room temperature. Current strength
at electrolysis was 0.47 mA. During electrolysis, small
hydrogen bubbles were constantly formed on the sur-
face of the upper gold film contact.
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Fig. 1 — Sketch of bath for performing the electrolytic hydro-
gen saturation of the gold film contact on p-silicon. 1) graphite
electrode (anode); 2) electrolyte (10 % water solution of H2SO4);
3) gold film contacts on silicon; 4) p-silicon crystal; 5) electrical
connection of the bottom gold film contact with the negative
pole of the current source (cathode); 6) insulator isolating the
conductors (lower gold film contact on the p-silicon and the
lateral surfaces of the p-silicon crystal) from the electrolyte
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The density of the hydrogen bubbles on the surface
was visually identical and time-independent through
electrolysis. That is, the whole surface of the gold film
contact is uniformly involved throughout the electroly-
sis process. The electrolysis process lasted for 6 min.
After this, the sample was taken out of the tray and
washed in distilled water. Subsequently the sample
was dried in a flowing air at room temperature.

3. VOLT-AMPERE CHARACTERISTICS OF
GOLD FILM CONTACTS ON P-SILICON

One hour after hydrogen treatment, the measure of
the volt-ampere characteristics of the sample was carried
out. In Fig. 2, the volt-ampere characteristics of the sam-
ple are given depending on hydrogen processing in one of
the directions of the current passing through the sample.
Comparing the volt-ampere characteristics of the sample
measured one hour after hydrogen treatment and before
hydrogen treatment, it was determined that a larger
difference of potentials should be applied to the sample to
produce the same electric current. Thus, before hydrogen
treatment when the voltage on a sample was 5V, the
current strength was 1.4 mA; an hour after the hydrogen
treatment, the current strength was already 1.2 mA at
the same voltage per a sample. That is, one hour after the
hydrogen treatment, the electrical resistance of the sam-
ple increased. The next day, new measurements of the
volt-ampere characteristics were carried out. Measure-
ments were performed 22 hours after hydrogen treat-
ment. According to the obtained results, it became clear
that meanwhile as voltage on the sample was 5V, the
current was 1.4 mA. That is, after 22 hours after the
hydrogen treatment, the electrical resistance of the sam-
ple became almost as much as before hydrogen treat-
ment. We decided to repeat measurements of the volt-
ampere characteristics of each day. The following meas-
urements (carried out after about 24 hours) showed that
the strength of the current in the sample increased every
day, but the current growth rate gradually decreased.
Volt-ampere characteristics were measured within two
weeks. During one week the process of current growth
through the sample was completed.
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Fig. 2 — Volt-ampere characteristics of the sample when the
electric current was in the positive direction: 1) before hydrogen
treatment; 2) one hour after hydrogen treatment; 3) 22 hours
after hydrogen treatment; 4) three days after hydrogen treat-
ment; 5) a week after hydrogen treatment
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Volt-ampere characteristics of the sample when the
electric current had the opposite direction are given in
Fig. 3. Analysis of the volt-ampere characteristics of
the sample for the current in the opposite direction
showed that the current increased for one hour after
the hydrogen processing. Volt-ampere characteristic of
the sample for measurements 22 hours after hydrogen
treatment almost coincided with the characteristic
before hydrogen treatment. That is, within experi-
mental error, the electrical resistance of the sample
22 hours after the hydrogen treatment returned to the
values that were before the hydrogen treatment. Ob-
servations in the following days shew that within ex-
perimental error, the volt-ampere characteristics do not
change in the future.

Based on the volt-ampere characteristics for different
times after hydrogen treatment, electrical resistance of the
sample were obtained at applied voltage of 6 V. Time de-
pendence of the electrical resistance of the sample for the
first direction of current flow is demonstrated in Fig. 4.

Fig. 4 shows that one hour after hydrogen treatment,
the electrical resistance of the sample increased. In the
future, when the sample was stored at room conditions,
the sample's resistance decreased monotonously. After
one week, the resistance reduction of the sample ceased.
Observation over the next week shew that obtained by
means of the hydrogen treatment the new resistivity
properties of the contacts do not change in the future.
Thus, due to the hydrogen treatment of gold film contact
on silicon, it was possible to reduce the electrical re-
sistance of the contact by one and half times.
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Fig. 3 — Volt-ampere characteristics of the sample when the
electric current was in the opposite direction (red color - one
hour after hydrogen processing)
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Fig. 4 — Time dependence of the sample electrical resistance
after hydrogen treatment
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4. DISCUSSION OF RESULTS

Let us consider the details of the electrolysis pro-
cess. The difference of potentials between the cathode
and the anode does not exceed 30 V. This means that
the energy of positive hydrogen ions does not exceed
30 eV. Ions with such energies, mainly protons, remain
on the surface of the film contact or in the first near-
surface layers of a crystalline lattice of gold. At a cur-
rent density of 1.2 A/lem?2, the contact surface is quickly
saturated with hydrogen. Some part of hydrogen forms
a molecule that is visually observed in experiment. The
bubbles of hydrogen are formed on the surface. The
other part of the electrolytic hydrogen diffuses into the
gold contact toward the silicon wafer. The gold film acts
like a hydrogen membrane. There are many defects at
the gold-silicon interface. It is well known that the
various defects of the crystal lattice are good traps for
hydrogen [7]. Thus, the first part of hydrogen diffusing
through the gold film is captured by defects at the gold-
silicon interface. The second part of hydrogen after
passing the "membrane" continues to diffuse in silicon
until silicon saturates with hydrogen. Thus, during
electrolysis, hydrogen saturation occurs at the gold-
silicon interface. This saturation is not time-reversible,
as evidenced by further observations.

Saturation with hydrogen of the layer at the gold-
silicon interface provokes more profound transfor-
mations than saturation of hydrogen defects at the
boundary of distribution. Saturation of defects most
likely causes changes of the contact resistance in the
first hour after electrolysis. Changes in the electrical
resistance of the contact throughout the week cannot
be explained by the simple diffusion of hydrogen in the
opposite direction that is degassing of the sample, since
the degassing time should be comparable with the
saturation time. However, the saturation lasted for
6 min, but the transformation in the sample took place
for a week. Such a long process of transformation can
be explained by the fact that the studied process (or
even several processes) was caused by the diffusion of
atoms of gold, silicon, oxygen and other impurities in
silicon. In a condensed state at room temperature, for
the diffusion exchange of atoms of a gold film and a
silicon plate, it takes much longer than 300 hours to be
observed in the experiment. The phenomena of signifi-
cant acceleration of the diffusion of metal atoms, for
example, were observed in the diffusion phase trans-
formation of intermetallic [1, 7]. It is known that the
hydrogen saturated crystalline metal lattice causes an
increase of the number of equilibrium vacancies in the
nodes of a crystal lattice in several orders of magnitude
[8]. The increase in vacancies at the nodes of the crys-
tal lattice has created conditions for accelerating the
diffusion of atoms of gold, silicon, oxygen and atoms of
impurities in a layer at the gold and silicon interface.
Thus, hydrogen saturation during electrolysis has cre-
ated conditions for the accelerated exchange of atoms
at room temperature in the layer at the boundary of
gold-silicon distribution [9].

In most cases, metals on silicon form non-ohmic
contacts. Gold contacts are no exception. Volt-ampere
characteristics of such contacts are nonlinear and
asymmetric with respect to the alteration of the polari-
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ty applied to the sample. In the most cases, the electri-
cal resistance of the gold contact on silicon varies sig-
nificantly with the change of the polarity of the voltage.
Since in the experiment on the sample two contacts are
used, then when the voltage is changed, the electrical
resistance of such a sample is always determined by
the greater resistance of one of the contacts. After hy-
drogen processing, the electrical resistance of the sam-
ple significantly decreased for one voltage polarity on
the sample, but did not change for the opposite voltage
on the sample. This can be explained by the presence of
two contacts on the sample. One contact was under
hydrogen treatment and its properties have been
changed. The second contact was not and its properties
haven’t been changed. If the total resistance of the
sample gives the resistance of the treated contact, we
observe a decrease in resistance. If the main contribu-
tion to the sample resistance is the resistance of the
untreated sample, we observe the constant resistance
of the sample before and after processing.

It is also necessary to take into account the actual
state of the surface of the silicon plate during the depo-
sition of the gold film contact. Before depositing gold on
the surface of silicon, the surface activation was carried
out by immersing the plate into a solution of hydroflu-
oric acid for a few seconds. Next, the silicon plate was
washed with distilled water and dried in air. After
preparing the surface, it is not ideal where there are
only silicon atoms on the surface of the crystal. Usual-
ly, a dielectric amorphous silicon oxide layer was
formed on the surface. Then, a gold film was deposited
on this layer. That is, before hydrogen treatment the
gold film contact on silicon is such a structure where
there is a thin layer of dielectric between gold contact
and silicon. This layer creates an additional barrier
when electric current passes through a contact. During
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3paskoM IS TOCIiIsKeHDb OyJia IUTacThHA p-KpeMHio ToBnuHo0 0.35 Mm. o mpoTHiiesRHuX IOBEPXOHD
P-KpeMHieBOro 3paska 0yJi0o HAHECEHO JBa 30JI0TUX ILTIBKOBI KOHTAKTH TOBIIUHOKW 50 HM. J[1sa BUroTOBIICH-
HS 30JI0TOTO ILUTIBKOBOTO KOHTAKTY BUKOPUCTAHO METOIM IIPSMOTO ITIrpiBy KOHTAKTY B BOJb(paMy YOBHI.
[ToBepxHs KpeMHIEBOI IJIACTUHY OyJia AKTUBOBAHA JJIS BIAKJIAMEHHS 30J10TA ILJIAXOM 3aHYPEHHS 3pa3KiB y
0.5 % PO3YMH IJIABUKOBOI KUCJIOTH. Ilic/is 1BOT0 KpeMHieBy IUIACTUHY IIPOMUIN JUCTUILOBAHOIO BOJOI0, BU-
CYIIIVJIX 1 TIOMICTHJIN B KOHTEHHep s cyocTpaTiB. [licis BimkIameHHs 30JI0TUX IUTIBKOBUX KOHTAKTIB ILIAC-
THHY P-KPEeMHIiI0 po3pisaju Ha JeKijabka 3pas3kiB. Bogwesiit 06pobii Oyso mijytaHo Juie oJuH KOHTAKT 3a
JIOTIOMOT010 eJIeKTpoidy B 10 % BomsiHomy posumui H2SO4. 3ostotwit koHTarT 6yB KaTOmOM, a rpadiToBUi
eJieKTpos OyB aHomoM. Jpyruit 30JI0THi IUTIBKOBUI KOHTAKT OYB 130JIbOBAHUM IIIJ] Yac eJeKTpoaidy. Kiexr-
pomia Tpusas 6 xpuuwH. [inbHICTE cTpyMy Iminm dac eekTposiidy ckiamana 117.5 A/m2. O6poGieni BogHeM
P-KpeMHieBl 3pa3Ku 3 30JIOTUMM KOHTAaKTaMU 30epirajucs B KIMHATHHX yMoBax. Jloc/imxeHo 4yacoBy 3ajie-
SKHICTB BOJIBT-AMIIEPHOI XapaKTepUCTUKY 3pas3kiB. OImip 30JI0TOTO IMIIIBKOBOTO KOHTAKTY 301JIBITUBCSA B IIEPIITL
KUIbKA TOIUH IIICJIA BOJHEBOI 00pOoOKHU. AJie TIOTIM, IPOTATOM THKHS ITICJISA IHOT0, OITP 30JI0TOr0 TLIIBKOBOTO
KOHTAKTy ITOCTIAHO 3MEHIIyBaBcs. [IpOTATOM I0JAJIBIIOTO THKHS OINIP 30JI0TOrO ILIIBKOBOIO KOHTAKTY He
minsaees. HacuyeHicTs BojiHEM 30J10TOrO ITIBKOBOTO KOHTAKTY BUKJIMKAJIA 3HAYHE SHUKEHHS OIOPY 30JI0TO-
ro koHTakKTy. [licsst BomHEBOI 00pOOKHM Ta BUTPUMKH B KIMHATHHX yMOBAX OCTATOUYHHUM OIIIP 30JI0TOTO ILJIIB-
KOBOTO KOHTAKTY 3HU3UBCA Maike B 1.5 pasu y IOPIBHAHHI 3 OIIOPOM KOHTAKTY 10 BOJAHEBOI 00pOOKH.

Knrouosi ciiosa: p-kpemniii, Bonaesa 00pobka, Bomens, 3omoruit kourakt, Judysis, [Turomuit omip.

03003-5



