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H,0, SENSOR BASED ON MOSFET WITH ACTIVE BACK-GATE PART
OF SUBSTRATE

O. Kutova, M. Dusheyko, T. Obuhova, N. Maksimchuk, T. Borodinova, V. Timofeev

Abstract. Sensors based on MOSFET with por-Si layer at the back-gate part and with H2O2 catalyst
(Pt-nanoparticles) investigation was done. Back-gate changes were done by MASE technology. The
porous structure analysis, measurement dimension of Pt nanoparticles was performed. And also we
represented the influence thus nanoparticles for sensor sensitivity. Using approximation output curves
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at different concentration H,0,, we calculated sensitivity of our sensor and it’s reach at least 0,135 pA/
ppm. The energetic activity of the catalytic reaction H202 was calculated. And also we calculated the
influence of this effect on the experimental results.
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CEHCOP HEPEKHUCY BOJHIO HA OCHOBI MJIH-TPAH3UCTOPA 3 AKTUBHUM
IIAPOM B OBJIACTI HNIAKJIAIKHU

O. Kymosa, M. /[yweiixo, T. Obyxoea, H. Maxcumuyx, T. Bopoodinosa, B. Tumoghees

Anorauis. IIposeneno pocnimkenns cencopis H O, na ocnosi MJIH-Tpan3ucTopis 3 mapom
MOPUCTOrO KPEMHIIO Ta KaTaji3aToOpoM MEpPEeKUCy BOIHIO (HAHOUYACTMHKAMU IIJIATUHM) HA 3BOPOTHIM
CTOPOHI MiAKIAAKU B 005acTi 3aTBOpy. Moaugikalist TUIbHOI CTOPOHU CEHCOpa BUKOHYBAJIACS IILISIXOM
MeTaJI-CTUMYJIbOBAHOTO XIMIYHOTO TpaBiieHHs. [IpoBeieHo aHasi3 mopUCTOi CTPYKTYPH, BUMIPIOBAHHS
PO3Mipy HAaHOYACTHHOK IUIATUHU Ta X BIJIMB Ha YyTIMBICTh ceHcopa. Ha ocHOBI anpokcumaltii BOJIbT-
aMIEPHUX XapaKTEPUCTHK MPU PI3HUX KOHIEHTPALISAX MMEPEKHUCY BOIHIO OOYUCICHO YYTIUBICTh
ceHcopa, 1o ckiajgae He mexe 0,135 MxA/ppm. Po3paxoBaHo eHepreTHUHY aKTUBHICTh peakiiii
karajituanoro posnany H O, Ta ii BIUIMB Ha pe3ynbTaTh €KCIIEPUMEHTY.

Kurouosi ciioBa: MJIH-Tpan3ucrop, ceHcop, epeKrc BOIHIO, TOPUCTHIA KpeMHil, Pt HaHOYaCTUHKU

CEHCOP IIEPEKHUCH BOAOPOJA HA BA3E MOII-TPAH3UCTOPA C AKTUBHBIM
CJIOEM B OBJIACTH INIOJJIOXKIKHN

O. Kymosa, M. /[yweiixo, T. Obyxoea, H. Maxcumuyx, T. Bopoounosa, B. Tumoghees

AnHoTtanus. beio nposeaeHo ucciaenoBanus ceHcopoB Ha 6aze MJIH-tpan3ucTopoB co cioem
MOPUCTOTO KPEMHHUSI U KaTalu3aTOpOM MepeKrcH Bogopoa ( HAHOYACTUIIAMU TJIaTUHBI) HAa 00paTHON
CTOPOHE MOJJIOKKHU CO CTOPOHBI 3aTBopa. M3MeHeHus ThUIbHON CTOPOHBI CEHCOpa MPOU3BOAUIACH
MCTOAOM MECTAJI-CTUMYJIMPOBAHHOI'O XUMHUYCCKOI'0 TPAaBJICHUS. HpOI/I?;Be)IeHo aHaJIn3 HOpI/ICTOfI
CTPYKTYpPBI, ©3MEPEHO pa3Mep HAHOYACTHUIl MJIATHHBI U UX BIMSHHE HA YYyBCTBUTEIHLHOCTH CEHCOPA.
Hcrnonb3ys annpokcuMaluy BOJIbT-aMIIEPHBIX XapaKTEPUCTUK IIPU PA3HBIX KOHLIEHTPALUAX [IEPEKUCH
BOJIOPOJIa PACCYMTAHO YYBCTBUTEIBLHOCTh CEHCOpA, KOoTopas cocTtapisieT He MeHee 0,135 MkA/ppm.
Paccuntano SHEPreTHYECKYI0 aKTUBHOCTh PEaKMu Karanutudeckoro pacnaga H O, Ta ee pausnue
Ha pe3yJIbTaThl DKCIEPUMEHTA.

Kuarwuessblie cinioBa: M/IH-Tpan3ucrop, ceHCOp, MEPEKUC BOJOPOA, TOPUCTHIM KpemHui, Pt Ha-
HOYACTHIIBI
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Introduction

The application of hydrogen peroxide (H,O,)
in many technological processes, in particular in
medicine and agriculture, is based on its oxidizing
properties. The process of H,O, dissociation in
aqueous solutions occurs freely. A rate of the dis-
sociation can be accelerated using liquid catalysts,
both anions and cations, as well as solids (coal,
metals, salts and metal oxides). Also, the process of
catalytic H,O, dissociation is effected by the pH of
the media as well as by the state the active surface.
In cells of plants, animals and humans body the
catalytic H,O, dissociation occurs under influence
of catalase and peroxidase enzymes, which, unlike
catalysts of nonbiological origin, have extrimly
high catalytic activity and specificity.

The detection and control of H O, concentra-
tion are very important for pharmacy, medicine,
industry. Moreover, H,O, is used for bleaching,
for the treatment of wastewater, in the petro-
chemical, woodworking and paper industries,
thus playing an important role in the modern
industrial world. Nowadays hydrogen peroxide
sensors are also widely used as a chemical sensor,
since hydrogen peroxide is a product of many
biological reactions, including the peroxidase
and catalase mediated dissociation [1]. The level
of hydrogen peroxide in food products makes it
possible to assess the degree of pollution with
pesticides, which in turn allows to determine the
quality of these products. Another field of H,O,
sensors application H O, is an immuno-enzymat-
ic analysis based on peroxidase.

Basic modern methods determining the
concentration of hydrogen peroxide are based
on chemical reactions or refractometry, which
require special knowledge and equipment. How-
ever, there is a need in such sensors for household
and outdoor condition, which are required to be
cheap, simple in use and reliable. Usually for such
purposes electrochemical reactions based on the
interaction of hydrogen peroxide with metals [1-4]
are used. Therefore, the development of a high-
sensitive hydrogen peroxide sensors is still a chal-
lenging problem.

In our study a combination of a porous silicon
structure and deposition of platinum nanoparticles
was proposed. Such combination enhances a sen-
sitivity of the sensor due to a significant increase
of surface area of the porous layer.

Methods

The developed sensor is based on metal-
insulator-semiconductor (MIS) field-effect tran-
sistor with p-type channel. Field-effect transistor,
was produced on silicon wafers doped with
phosphorous (n-type), resistance 4.5 Q/[1 ,with
(100) orientation and thickness of 450 um were
used. Si0,-CeO, system was used as gate dielec-
tric with thicknesses of SiO, and CeO, layers of
10 nm and 50 nm, correspondingly were used as
a gate dielectric. Silicon oxide was grown on a
substrate by thermal oxidation of the silicon, then
a thin cerium oxide film was deposited on the sur-
face by the method of “metallic mirror» oxidation.
Aluminum was used as an ohmic contact to p-Si.

Pt nanoparticles were obtained by chemical
reduction of PtCl *and ascorbic acid ions. In a
mixture of aqueous solutions H,PtCI -6H,O
(CPt=200 mg / dm’) and C H,O, (5-10° mol/dm”*)
quasipheric particles with an average size of 26
nm were formed for 24 hours at 40°C. [5].

A porous silicon structure formed on the back
side of the field-effect transistor with deposited
on it catalyst, Pt nanoparticles, simultaneously
serves as an working and sensitive area of the
sensor. Such structure was formed in two stages:
first, a dosed drop of a solution of nanoparticles
was applied on a silicon surface. Then the metal-
stimulated chemical etching of silicon was
performed in a solution of 5M NF + 0,3M H,O,
at room temperature for 90 minutes. As a result
of this process, the etching of silicon under the
nanoparticles Pt occurs in the (100) direction [6,7].
Images of the Pt nanoparticles on the back side
of the sensor (Fig. 1) were obtained with electron
microscope JEM 2000FXII, the scanning electron
microscope JEOL, JEM 2100 HR and the Atomic-
force microscope (SOLVER Nano), respectively.
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Fig.1 SEM images of platinum nanoparticles on the
back side of the field-effect transistor (a) with reso-
lution of 2000 (b), 5000 (c¢) and a three-dimensional
image of the sensor’s functional area the with po-
rous silicon and Pt nanoparticles (d).

The sensor’s functional area containing a
layer of porous silicon and immobilized in it Pt
nanoparticles is shown on Fig. 2.
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Fig. 2 Sensor structure (a) and measurement
electrical circuit (b).

Electrical circuit for the main measurements of
the sensor at different concentrations of hydrogen
peroxide is shown on Fig 2.

The experiment was carried out at room
temperature (18°C) in the concentration range
of 25-100 ppm. Solutions of hydrogen peroxide
were prepared by diluting H O, 60%, produced
by Grupa Azoty Zaktady Azotowe «Pulawy» S.A.
The reverse bias of voltage equal to 11.5 V was
selected from the drain-gate characteristics of the
transistor (Fig. 3). The operating drain-source
voltage was in range of 3-4 V.

70 _
Vds=3V .
[ |
60| /
|
50) {
!
T a0 "
= i
30| /'
u
|
20| -
/
"
10| -
2 1 3 70 2
VgV

Fig. 3. A drain-gate characteristic of the transistor
with Pt nanoparticles.
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Results and Discussion

During the reaction of catalytic H,O, disso-
ciation an exchange of electrons between the
catalyst and hydrogen peroxide occurs in solution,
which leads to extraction of charge carriers from
the substrate and, consequently, to changes in
the conductance of the channel. Offset of the
threshold voltage or change of the drain current
can serve as an indication of reaction of the sensor
to change the hydrogen peroxide concentration.
With an increase in the H,O, concentration the
level of positive charges on the sensor surface
rises as a result of H,O, dissociation. Since a
p-channel MOS transistor is used, an increase in
the positive charge on the its active surface leads
to the extraction of electrons from the substrate,
which increases the channel conductance which,
in turn, leads to increase drain current.

The sensor’s response to various concentrations
of hydrogen peroxide was studied using I-V curves
in the drain- source voltage range of 3-4V (Fig. 4a).

The dependence of the drain current on the con-
centration of hydrogen peroxide is approximated by
a reverse exponential function (Fig. 4b), apparently
due to the saturation of the sensitive region with
products of the reaction at high concentrations.
This problem can be overcomed by increasing the
gate size and sensitive area of the sensor.
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Fig.4. Output characteristics of the transistor at
hydrogen peroxide concentrations of 25-100 ppm
(a) and the dependence of the drain current on the
concentration H,0, at V= 3.04V (b).
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Fig.5. Temperature dependence of the sensor:

I-V characteristics at different temperatures (a);

and temperature dependence of drain current at
V,=3,04V (b).

In addition to measuring the I-V characteristics,
a study of the temperature dependence of the drain
current was performed, which demonstrated the
linear dependence of resistance on temperature
(Fig. 5). The temperature coefficient was about
2.9 nA/°C. To take into account the influence of
temperature during measurement of low H,O,
concentrations it is reasonable to incorporate a
temperature sensor to our sensor. As a result of
the dissociation of 1.2 g hydrogen peroxide, only
0.3 mJ of heat is emitted, and for heating of a plate
to 1 °C 0.2 J of energy is required. The obtained
calculations of the energetic activity of hydrogen
peroxide indicate that the reaction of catalytic dis-
sociation of such volume of H,O, does not affect
the temperature change of the sensor structure
itself, and, thus, does not influence the results of
sensor operation.

Also, to increase the sensitivity of the structure
the substrate thickness should be reduced before
formation of the porous silicon layer.

Conclusions

In this study a prototype of the transistor
based on MOS transistor was proposed and
produced. This prototype is controlled not through
a reference electrode as in standard model, but
through the change of the electrical potential of
a modified back side of a substrate as a result of
the electrochemical reaction on the surface of the
porous silicon with platinum nanoparticles. The
sensitivity of the proposed sensors is at least of
0.135 pA/ppm, and the temperature coefficient is
of 2.9 pA/°C. Such characteristics create the pos-
sibility to use this sensor not only for the direct
determination of hydrogen peroxide concentration,
but also expands the range of its applications, for
example, for the detection of other biochemical
substances of interest.
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Summary

Determination and control of hydrogen peroxide concentration are very important in pharmacy,
medicine, and other industries. So there is a need of simple, low-cost and reliable sensors for field and
everyday use.

In the paper sensor based on the p-channel field-effect transistor of metal-insulator-semiconductor
type improved with a combination of porous silicon structure with platinum nanoparticles is proposed.

Porous silicon active structure was formed on the rear side of FET. The structure was formed in two
steps: first, a dosed drop of Pt nanoparticles solution was applied on a silicon surface by spin coating
and after this metal-assisted chemical etching was performed.

Unlike conventional FET sensors control is providing not by comparison electrode but by changes
of a potential of a modified rear side of the substrate via reaction on a porous silicon surface. During
catalytic decomposition of hydrogen peroxide electrons exchange occurs in solution between catalyst
and hydrogen peroxide. Increasing peroxide concentration leads to increase of positive charges quantity
on working area surface. As p-channel MIS FET is used, the positive charge in the working area
increase electron extraction from the substrate and consequently increase channel conductivity and
drain current. The sensitivity of proposed sensors is up to 0,135 pA/ppm, and temperature coefficient
is 2,9 pA/°C.

Such results allow using this sensor not only for direct hydrogen peroxide detection but also for
detection of biological substances.

Keywords: FET, sensor, hydrogen peroxide, porous silicon, Pt nanoparticles
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Pedepar

BusHaueHHs Ta KOHTPOJIb KOHIIEHTPALlli TIEPOKCUTY BOJHIO HA CHOTO/HI € BAXKJIMBUMHU B (PapMaKosIo-
rii, MEIUIMHI Ta IHIIUX rairy3sx. Tomy HeoOXiIH1 MPOCTi, HEAOPOT1 Ta HA/IIHHI CEHCOPH JUIS 3arajibHUX
1ab0opaTOpHUX JOCIIHKEHb Ta MOBCSAKIEHHOTO BUKOPHUCTAHHSI.

B crarTi 3anponoHoBaHO 3BHYaiiHa CTPYKTypa CEHCOpPY Ha OCHOBI P-KaHAJIBHOIO MOJIOBOTO TPaH-
3UCTOpPA TUITY METaJlI-/1eJIEKTPUK-HAIIBIIPOBIIHUK, ajle MOAN(DIKOBaHUM HIISIXOM KoMOiHallli MOpUcTol
CTPYKTYpH KPEMHIIO 3 HAHOYACTUHKAMH TUIaTHHU.

AxTHBHa 00J1aCTh 3 IOPUCTUM KpeMHieM Oyia cpopmoBaHa Ha 3BOpoTHiit cropoHi M/IH-Tpan3ucropa.
[{s mpouenypa BinOyBanacs B JiBa €Talu: CIIOYaTKy, JO30BaHa Kparwisi pO3YMHY HaHOYACTUHOK Pt Ha-
HOCHJIaCh Ha MOBEPXHIO KPEMHIIO, @ HA HCTYITHOMY KpOIIl IPOBOJMIIM METaJl CTUMYJIbOBaHE XIMIUHE
TpaBJICHHS.

Ha BimMminy Bij 3BU9aitHUX ceHCOpiB HAa ocHOBI M/IH-TpaH3ucTopiB, BIATYK CEHCOPY PEECTPYBaBCS
HE 3 BUKOPHCTaHHSM €JIEKTpo/ia MOPIBHSAHHS, a IIUIIXOM peecTpallii 3MIHU HOTEeHII1aTy MOAU(IKOBAHOT
TUJIBHOI CTOPOHU MIJKIIAAKH, SIK Pe3yJIbTaT peakliii BIUIMBY MOPUCTOI MOBEPXHI KPEMHIIO 3 HAHOYACTHH-
kamu Pt. [Ti gyac karamiTHYHOTO pO3KIIa Ty TIEPEKUCY BOTHIO BiIOYBAE€THCS OOMIH €JIEKTPOHAMH B PO3YHHI
MIDXK KaTajli3aTopoM 1 MePEKUCOM BOJTHIO.

3011bLLIEHHS KOHIIEHTpALllT IEPEKUCY MPU3BOIUTH JI0 30UIbIIEHHS KIJIbKOCTI TO3UTUBHUX 3apsiiiB B
pobouiit obnacti. OCKUIbKY BUKOPUCTOBYBABCS p-KaHabHUNA MJIH-TpaH3ucTop, To MO3UTUBHUMI 3apsi y
po0OoUiii 30H1 301IBIITY€E €KCTPAKIIIIO EIEKTPOHIB 3 TiIKIIAIKH 1, SIK HACIIIOK, M1ABHIILY€ MPOBITHICTH KaHa-
JIy Ta CTpyM CTOKY. Uy TNIMBICTh 3alpONOHOBaHUX JaT4MKiB opiBHIOE 0,135 MKA/ppm, a TeMneparypHuit
KoedirieHT ckiianae Becyoro e 2,9 MkA/°C. Taki pe3ysbraTi 3aporoHOBaHOTO CEHCOPa JI03BOJISIIOTh
BUKOPUCTOBYBATH HOro He nuiie [yt BussiaeHHss H O,, ane Takox /Ui BUSBICHHS 01070TTYHUX PEUOBHH.
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