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Abstract—In the paper hydrogen peroxide MISFET and LET sensor performance is investigated. As hydrogen peroxide
is a product of many chemical reactions, especially biological reactions, peroxide sensors are now widely used for detection
of another. In this work, a combination of two nanostructures that are now used for hydrogen peroxide detection — porous
silicon and metal nanoparticles was used.

A MISFET (metal-insulator-semiconductor field effect transistor) was chosen as the basic sensor but unlike conventional
FET sensors sensitive area was formed on the rear side of the sensor. In the aim to simplify sensor structure a LET (light-
effect transistor) with sensitive area on the rear side was also tested. LET structure was produced by the same technology
as FET, but then subgate system was removed by chemical etching. Porous silicon was formed by metal-assisted chemical
etching (MACE) that consists of two stages. During the first stage, metallic nanoparticles are deposited on the surface by
chemical or physical deposition. During second one these particles become catalysts of chemical reaction and pores are
formed under them. Pore shape and density depend on both stages conditions.

Formation of porous silicon on the rear side leads to changes of substrate charge and influence gate-source curve as well
as drain-source curve. Drain current for FET with an active area is lower due to the negative charge accumulated in porous
silicon thanks to high tie connections concentration. Dependence of LET drain current on LED intensity (current) is almost
linear and drain-source curves are similar to FET structure ones. FET samples with porous silicon/Pt and LET samples
with porous silicon/Ag both show more stable and well-defined dependence of drain current on hydrogen peroxide concen-
tration then samples without porous layer. All sensors have saturation of drain current from concentrations of hydrogen
peroxide about 0.5-1% and dependence on concentration is first order exponential decay, obviously due to saturation of
working area by reaction products or heating effect of hydrogen peroxide decomposition. In concentration range up to 0.3%
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hydrogen peroxide best sensitivity was demonstrated by LET sensor (574 pA/%), for FET sensor sensitivity is about 6 pA/%
for MISFET without active area and about 8.3 pA/% for MISFET with active area. As Ag and Pt catalyst hydrogen peroxide
decomposition, sensors with metal nanoparticles shows quicker reaction (maximum response less than in 3 minutes). To
ensure accuracy and precision of measurements temperature and illumination of active area dependences of drain current
should be taken into account. MISFET with porous silicon demonstrates typical for silicon structures exponential decay
dependence of drain current on luminous flux and quasi-linear dependence on temperature Slopes are 34 pA/lm and
6.46 pA/°C respectively.

Hydrogen peroxide sensor with porous silicon shows good performance in both configuration —as MISFET and as LET
structure. MISFET structure is more adjustable but have lower sensitivity (about 8 pA/% ) while LET structure is more
simple and sensitive (up to 500 pA/% ). Use of both Ag and Pt nanoparticles decrease response time of sensor to 2-3 minutes.

Ref 21, fig 17

Keywords— porous silicon; MISFET sensor; Pt nanoparticles, LET sensor, Ag nanoparticles

l. INTRODUCTION

H20- is a product of many chemical reactions, espe-
cially biological reactions, so peroxide sensors are now
widely used for detection of another chemical [1] and
the need of cheap and reliable sensors remains high.

Nanoparticles of noble metals are used in sensor
applications [1]-[5] as active structure as well as a cata-
lyst. Most common metals used for this purpose are Pt,
Ag, and Au. Metal choice is determined by the substance
to be identified and by sensor type [2].

As we concentrated on hydrogen peroxide detection
and Ag and Pt were chosen because of its catalyst prop-
erties and inactivity against Si substrate.

On the other hand use of porous silicon increase active
area surface and porous layer by itself can be used as
detection structure of the sensor [6]-[12].

Source Gate Drain Substrate
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Fig. 1. FET sensor structure [17]
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Fig. 2. LET sensor structure

In this work, a combination of two nanostructures —
porous silicon and metal nanoparticles was used in
the aim to determine best combination and technological
process for hydrogen peroxide sensor formation.

There is two main types of hydrogen peroxide sensors
— electrochemical sensors [13]-[15] and FET-based sen-
sors [16],[17]. First type of sensors needs to be immersed
in solution that is not always possible but the second type
needs for detection only a very little amount of solution
(less than 0.1 ml) that is more useful for in-field detection.

In this work a MISFET (metal-insulator-semiconduc-
tor field effect transistor) was chosen as the basic sensor
but, unlike conventional FET sensors, sensitive area was
formed on the rear side of the sensor [17].

In the aim to simplify sensor structure a LET (light-
effect transistor) with sensitive area on the rear side was
also tested.

Il.  SAMPLE PREPARATION

A. FET and LET structure

The sensor is based on the p-channel field-effect tran-
sistor of metal-insulator-semiconductor (MIS) type
(fig 1). FET was produced on silicon wafers doped with
phosphorous (n-type), resistance 4.5 Q/m?, orientation
(111), thickness 450 pum. As subgate insulator system
SiO; - Ce0O; (dsioz = 10 nm, dceo2=50 nm) was used. Sili-
con dioxide was produced by thermal oxidation and a thin
film of cerium oxide was deposited by “oxidation of
metallic mirror” method. Ohmic contacts to p-Si were
made with Al

LET structure (fig.2) was produced by the same tech-
nology as FET above, but then subgate system was
removed by chemical etching.

B. Nanoparticles formation and deposition

Platinum nanoparticles were produced by chemical
reduction of PtCle? ions by ascorbic acid. In a mixture of
water solutions HPtClge6H,0O (Cp=200 mg/dm®) and
CsHsOs (52102 moles/dmd) during 24 hours at 40°C qua-
sispherical particles with average diameter of 26 nm are
formed [15] Particles dimensions and sharp are almost
regular as can be seen on SEM image of colloid (fig. 3).
After spin coating deposition on the silicon surface Pt
nanoparticles cover surface almost regulary and form lin-
ear-like conglomerates of few pum long (fig. 4)
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Fig. 3. SEM (JEM 2000FXI1) image of Pt nanoparticles
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Fig. 4. SEM image of active area surface with Pt nanoparticles

Argentum nanoparticles were formed directly on
the silicon surface from HF+AgNO; solution. Reaction
time varied from 3 to 10 seconds.

Ag nanoparticles sharp and distribution are irregular;
dimensions vary from few um to hundred nm (fig. 5)

C. Metal-assisted chemical etching

Metal-assisted chemical etching (MACE) consists of
two stages. During the first stage, metallic nanoparticles
are deposited on the surface by chemical or physical dep-
osition. During second one these particles become cata-
lysts of chemical reaction and pores are formed under
them. Pore shape and density depend on both stages con-
ditions [18]. MACE process generally is more controlled
than conventional porous silicon formation.

Porous silicon active structure was formed on the rear
side of transistor.

First, nanoparticles were applied on silicon surface by
spin coating (Pt) or chemical deposition (Ag) and after
this metal-assisted chemical etching in 5M HF + 0,3M
H202 solution was performed at room temperatures. In
this way, etching occurs under nanoparticles in (100)
direction. [19, 20] (fig. 6)

Fig. 5. SEM image of active area surface with Ag nanoparticles

Fig. 6. SEM image of active area cross section

I1l.  RESULTS AND DISCUSSION

A. 1-V curves

In the work, two FET structures were compared:
a MISFET with porous silicon and Pt particles and
a MISFET without active area.
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Fig. 7. Source-drain curves
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Fig. 8. Source-drain curves of LET at different LED intensity (current)

Formation of porous silicon on the rear side leads to
changes of substrate charge and influence gate-source
curve as well as drain-source curve (fig. 7). Drain current
for FET with an active area is lower due to the negative
charge accumulated in porous silicon thanks to high tie
connections concentration.

Unlike FET structure LET structure drain current is
controlled by light intensity. In this work a blue LED with
intensity 6000-8000 mcd and wavelength 450 nm was
used for gate control. Dependence of LET drain current
on LED intensity (current) is almost linear and drain-
source curves are similar to FET structure ones (fig. 8)

B. Concentration dependences

FET samples with porous silicon/Pt (fig 9) and LET
samples with porous silicon/Ag (fig. 10) both show more
stable and well-defined dependence of drain current on
hydrogen peroxide concentration then samples without
porous silicon (fig.11). Optimal conditions for concentra-
tion measurements are: Ugs=3..5 V, Ug=12 V ( FET) or
lLep=20mA (LET)

All sensors have saturation of drain current from con-
centrations of hydrogen peroxide about 0.5-1% (fig. 14)

LET with por-Si/Ag

Fig. 9. Source-drain curves of MISFET with active area for different
concentrations of H,0,

and dependence on concentration is first order exponen-
X

tial decay Yy = ae ° + ¢, obviously due to saturation of

working area by reaction products or heating effect of hy-
drogen peroxide decomposition.

In concentration range up to 0.3% H,0; best sensitiv-
ity was demonstrated by LET sensor (574 nA/%), for FET
sensor sensitivity is about 6 pA/% for MISFET without
active area and about 8.3 pA/% for MISFET with active
area.

C. Time dependences

Time dependances of drain current allows to evaluate
response time of sensor and influence of catalysts
(fig. 13). As Ag and Pt catalyst H,O, decomposition, sen-
sors with metal nanoparticles shows quicker reaction
(maximum response less than in 4 minutes). There is no
significant difference between response time with Ag and
Pt nanoparticles but signal of LET sensor with Ag nano-
particles remain more stable after maximum (deviation do
not exceed 0.1%)

5004

400 4

< ®
ER

~ 3004

Fig. 10. Source-drain curves of LET with active area for different

<«

<

ma

B <

30

concentrations of H,O,

T
40

T
45

= 0% (H,0)

® 0.00625% H,0,
0.0125% H,0,

v 0.025%H,0,
0.05% H,0,

< 01%H,0,
0.3% H,0,

* 3% H,0,

<A ®

68

66

<A @

)

Ao
<

“n e
<

<A

U,V

Fig. 11. Source-drain curves of
different concentrations of H,0,

Without por-Si/Pt
Ug =12v
= 0%(HO)

2
0,0125% H,0,

v 0025%H,0,
0,05%H,0,

< 01%H0,
03%H0,

¢ 3%HO,

MISFET without active area for

Ci

Copyright (c) 2018 Kyrosa O. 1O., O6yxosa T. 1O., lymeiiko M. I'.,
Jlo6ona b. O., bopoxinosa T. 1., Tkau C.B.


http://creativecommons.org/licenses/by/4.0/

ISSN 2523-4447. MicrosystElectronAcoust, 2018, vol. 23, no. 5

21

1,0 - .
. /
/ = FET without por-S
0,8 /A ® FET with por-Si/Pt
T/ A LET with por-Si/A¢
4
06 4 ®
s 1
<
~ o0ad |
a
L
024 |
o
A
Py
0'0 ? T T T T T T
00 05 10 15 20 25 30
C.,.,.%

Fig. 12 Normalized source-drain current dependence on

H:0,

concentration (Uds = 4 V, Ug= 12 V or ILED=20mA)

/

[}
h

/) .,.\_/']';KA \
y

P TN

—4—0,3% H,0, LET with por-SilAg

130 -
125
120
<
< 115

110 +

1054

0,5 0,6 0,7

Fig. 14. Drain current dependece on luminous flux of MISFET with
active area

400
350
3004

250 4

[ —e—0,3% H,0, FET with por-Si/Pt
[ a _ . !
084 « /_ 7 =— 0,3% H,0, FET without active area
. /
07 ; : . . . :
[T 200 300 400 500 600
.

Fig. 13. Normalized source-drain current dependence on time at H,O,
concentration 0.3% (Uds =4 V, Ug= 12 V or ILED=20mA)

D. Temperature and illumination dependences

To ensure accuracy and precision of measurements
temperature and illumination of active area dependences
of drain current should be taken into account. For in-field
sensors temperature sensor should be incorporated into
structure and measurements must be performed in dark.

MISFET with porous silicon demonstrates typical for
silicon structures exponential decay dependence of drain
current on luminous flux (fig. 14) and quasi-linear
dependence on temperature (fig. 15). Slopes are 34 pA/lm
and 6.46 pA/°C respectively.

CONCLUSION

Both MISFET and as LET structures can be used as
hydrogen peroxide sensor. Use of both Ag and Pt nano-
particles decrease response time of sensor to 2-3 minutes.
MISFET structure with Pt nanoparticles is more con-
trolled by gate voltage but have lower sensitivity (about
8 uA/% ) and time stability (up to 0.2%); while LET
structure is more simple, stable and sensitive (up to
500 uA/% ). Further investigation is needed to clarify is
this difference is due to sensor structure or to nanoparti-
cles material.
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Fig. 15. Drain current dependece on temperature of MISFET with active
area
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