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Abstract

IMPROVED HYDROGEN DETECTION OF ISLAND TYPE PALLADIUM FILM — NANOPOROUS
SILICON DIODE AT ROOM TEMPERATURE

V. A. Skryshevsky, V. Polischuk, A. I. Manilov, I. V. Gavrilchenko, R. V. Skryshevsky

An island type palladium film — silicon diode hydrogen sensor has been developed applying thin
(15-75 nm) nanoporous silicon as an intermediate sensitive layer. Using a thermal Pd deposition
into porous silicon allows to vary the size and morphology of the metal islands in the porous silicon
matrix. The gas sensor behaviour under hydrogen exposure in mixture of 200 ppm- 10% H,and dry
synthetic (20%0,+80 %N,) air was investigated by measuring the I-V characteristics. The diode
current and sensor hydrogen sensitivity is shown to depend on the type of silicon substrate and the
thickness of porous silicon. The current change versus hydrogen concentrations shows the linear law
both for large and small hydrogen concentrations. At room temperature the sensor sensitivity is ap-
proximately 1 uA/100ppm, the response and recovery times lies in 1-8 min range.

Key words: hydrogen, sensor, porous silicon, sensitivity, room temperature

AHoTauig

IMOKPAIIIEHHA YYTIIMBOCTI 10 BOAHIO CTPYKTYPU OCTPIBKOBA IL/IIBKA
TAJTAZIIIO-KPEMHIEBU JIIO/ ITPY KIMHATHUX TEMITEPATYPAX

B. A. Ckpuwescokuii, B. Hoaiuwyxk, A. I. Maniaos, 1. B. Iaepuavuenxo, P. B. Ckpuwescoxuii

Po3pobieHo ceHcop BOAHIO HAa OCHOBI CTPYKTYPU OCTPiBKOBA IUTiBKA MaJUIafdil0 — KpeMHieBUM
Jio1, BUKOPUCTOBYIOUM TOHKMI (15-75 HM) 11ap HAHOMOPHUCTOrO KPEMHIIO B SIKOCTi TIPOMi>KHOTO
YYTJMBOrO 11apy. BUKopucTaHHS TepMiYHOIO OCaaKeHHS MaJlJIaflito B TOPyBaTUIA KPEMHIi 103BO-
JISIE 3MiHIOBAaTU PO3Mip Ta MOP(OJIOTiI0 MEeTaJIeBUX OCTPOBKIB B MATPHIIi MTOPYBATOTO KPEMHilO.
IToseninka ra3oBoro ceHcopa Ipu eKCro3utii BoaHIo B cymimi 200 ppm- 10 % H, Ta cyxoro cunTe-
TaHoro nositps (20 % O, + 80 % N,) Oyna mociakeHa IUIIXOM BUMIpiB BOJILT-aMIIEPHUX XapaK-
TepucTUK. HiogHWI CTPYM i UyTJIMBICTb CEHCOPY BOAHIO 3aJIeXKaTh Bif TUITY KPEMHIEBOI MiAKIIaIKK1
i TOBIIMHU TTOPYBAaTOro KPEMHil0. 3MiHa CTpyMY BiJ KOHLEHTpaLlii BOAHIO MOKAa3ye JiHiliHY 3aje-
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JKHIiCTb JIJIS BUCOKOI Ta HU3bKO1 KOHLEHTpallii BogHo. IIpu KiMHATHIiil TeMmneparypi 4yTJIMBICThb
ceHcopa cKiagae mpuommsHo 1 MkKA/100 ppm, yac Binryky Ta BiZHOBJIEHHS 3HAXOOUTHCS B MEXKax
1 — 8 XBUJIMH.

Kiro4yoBi ciioBa: BoaeHb, CEHCOp, TOPYyBaTUIA KPEMHilA, UyTJIMBICTb, KIMHATHA TeMIepaTypa

AHHOTAIMA

YIYYIIEHUE 9YBCTBUTEJIBHOCTHU K BOJOPOAY CTPYKTYPbI OCTPOBKOBAS IIEHKA
MAJJIATAA-KPEMHUEBBIN IO/ TP KOMHATHOM TEMITEPATYPE

B. A. Cxkpoumesckuii, B. Ioauwyx, A. H. Manuaos, U. B. Iaeépuavuenxo, P. B. Ckpoiuesckuii

Pa3zpaboTaH ceHCop BOoaOpOAa Ha OCHOBE CTPYKTYPhl OCTPOBKOBAS IIJIEHKA Nalaaus — KpeM-
HUEBBbII IMOMA, UCIOJb3YSd TOHKUH (15-75 HM) CIOif HAHOITOPUCTOIO KPEMHUSI B Ka4eCTBE MPO-
MEXXYTOYHOI'O YYBCTBUTENBHOTO CJIOS. VICIOb30BaHME TEPMUUYECKOTO OCAXKACHUS Majuiaaus B
MOPUCTBIA KPEMHMIA MO3BOJSIET U3MEHSTh pa3Mep U MOP(HOJOTHI0 METAINIMYECKUX OCTPOBKOB B
MaTpulle mopucToro kpemHus. IloBeaeHue ra3oBoro ceHcopa npy BOAOPOAHON I3KCIO3ULIUU CMe-
cu 200 ppm- 10 % H, u cyxoro cunTetnueckoro (20 % O, + 80 % N,) Bo3myxa ObUIO HCCIIEN0BAHO
MyTeM HU3MEPEHHUS BOJbT-aMIIEPHBIX XapaKTepUCTUK. JIMOMHBINA TOK U YyBCTBUTEIBLHOCTb BOIO-
POIHOTO CEHCOPA 3aBUCAT OT TUIIAa KPEMHUEBOM MOAT0XKKH U TOJIIIUHbBI ITOPUCTOrO KpeMHusl. N3-
MEHEHME TOKa OT KOHLEHTpalu BOAOPOAa MTOKA3bIBAET JMHEMNHYIO 3aBUCUMOCTD 151 BLICOKOM 1
JIJ1s1 HU3KOM KOHLIEHTpauuuy Bogopoaa. IIpy KoMHaTHOI TemIiepaType YyBCTBUTEIbHOCTD JaTYMKa
cOCTaBIIsIeT MpUOIM3UTeNbHO 1 MKA/100ppm, BpeMs1 OTKJIMKA M BOCCTAHOBJICHMSI HAXOAUTCS B

npeaenax 1-8 MUHYT.

KnroueBsie ciioBa: BOIOpoI, CEHCOP, IOPUCTHIN KPEMHUIM, YyBCTBUTEIbHOCTD, KOMHATHAs TEM-

rneparypa

1. Introduction

It is known the hydrogen is explosive when
it mixes with air at above 4.7%. For this reason,
among others, it is necessary to develop highly sen-
sitive hydrogen sensors to prevent accidents due to
hydrogen — contained gases leakage [1]. Semicon-
ductor devices like resistors, ficld-effect transistor,
metal-semiconductor Schottky barrier, metal-insu-
lator-semiconductor (MIS) capacitor with catalyt-
ic metals have been developed over the past twenty
five years to detect the hydrogen-contained gases
[2-7]. Metal-semiconductor devises utilise the ef-
fect of the change in work function of the metal at
the interface, because the adsorbed hydrogen atoms
form a dipole layer at the interface. The I-V, C-V,
impedance and contact potential difference meas-
urements allow to detect the changes in potential
barrier height during the hydrogen exposure. How-
ever, operating temperature of such sensors achieves
200-500°C, it corresponds to maximal efficiency of
metal catalyst [8,9] that complicates the measuring
instruments. Application of Pd islands as catalyst is
a promised way to reduce the operating tempera-
ture and improve the hydrogen sensing since: i) the
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maximal hydrogen dissolubility at room tempera-
ture is observed namely for palladium among all
catalysts, ii) well-known the island-type catalyst
reduces the activation energy to dissociate the hy-
drogen-contained molecules, iii) the palladium is
semitransparent for penetration of hydrogen atoms
that allows to accelerate the sensor response and re-
covery times [3-5].

It should be noted that in the case of silicon
MIS structures a thin (d<5nm) oxide layer must
be inserted between the metal and semiconduc-
tor in order to prevent the formation of palladium
silicide, because the silicide formation makes a
Pd-Si device totally insensitive to hydrogen [10].
The use of thin porous silicon (PS) instead SiO,
layer it seems to be attractive threefold. A large PS
surface area (~500 m?/cm?) [11] can improve the
adsorbate effects, the silicide formation with PS is
obscured and observed hydrogen-induced drift in
PS sensors response is much less than in Pd-SiO,-
Si devices [6].

This paper concerns with our efforts to design
the current-voltage hydrogen sensor based on is-
land type palladium film — silicon diode with the
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thin nanoporous silicon as intermediate sensitive
layer.

2.Experimental

The PS layers have been obtained on n- and
p-type (100) Si slab of 4.5 Q:cm resistivity by the
anodic oxidation in 1:1 HF-Ethanol solution. The
added ethanol removes hydrogen bubbles evolving
during the reaction, reduces interfacial tension and
increases the PS homogeneity. The etching current
density was 15 mA/cm? for anodization times of 2, 5
and 10 s. The thin layers of palladium were deposited
on PS by thermal evaporation under vacuum con-
ditions through metal mask having round windows
of 1 or 2 mm diameters. The palladium filament
mass for deposition was calculated before to obtain
~5 nm film. AFM study shows the the palladium
clusters of 50 nm in diameter on the rough surface
of PS. A 0.5 um Au Ohmic contact was deposited
electrochemically on polished rear side of Si slab.
In order to make the front contact, the copper wire
was glued by the silver paste on the round palladi-
um windows of 2 mm. Estimated series resistance
of structures is approximately 50 Q. To exclude the
water adsorption the steady state I-V curves have
been measured in dry synthetic (20%0,+80 %N,)
air or synthetic air diluted by pure hydrogen.

3. Results and Discussion

Figure 1 shows the I-V characteristics of Ag-Pd-
PS-Si-Au Schottky diodes for different PS thickness-
es and two types of Si slabs. Both the Pd-PS-(n)Si
and Pd-PS-(p)Si structures display the rectifying
type of the I-V characteristics. It indicates that the Pd
forms the build in potential barrier both on (n)Si and
(p)Si wafers. The value of the potential barrier de-
fined from saturation current ep,= 0.35 eV on (n)Si
and 0.30 eV on (p)Si. These curves demonstrate too
the deterioration of rectification properties with the
porous silicon thickness growth which changed from
15 nm (t=2s) to 75 nm (t=10s).

Figure 2 shows the influence of hydrogen expo-
sure (10%H,+synthetic air) on I-V characteristics
of elaborated structures. The hydrogen adsorption
increases both the forward and reverse currents for
Pd-PS-(n)Si structure and decreases these currents
for Pd-PS-(p)Si structure with respect to sign of
Schottky contact and increased positive charge in
interface. Figure 3 shows the dynamic response of
Pd-PS-(n)Si and Pd-PS-(p)Si junctions exposed to

successively injected H, concentrations. It is neces-
sary 200-300 s, approximately, to saturate the cur-
rent response for given hydrogen concentration.
Figure 4 gives the device sensitivity as function of
hydrogen concentration. These dependencies ap-
pear the linear sensitivity behaviour on hydrogen
concentration.
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Fig. 1. I-V characteristics of (5nm)Pd-Si-(n)Si) (a) and
(5nm)Pd/PS/(p)Si/Au) (b) diodes with different thick-
nesses of PS. The anodized was carried out in the solu-
tion of (48%)HF:Et=1:1, at j=15 mA/cm? during t=2, 5
and 10 s

The kinetic of current response is presented in
Figure 5. A good reproducibility of current response
S=AI/I is observed. Generally, the response time
can be defined as the time for which the sensitivity
achieves of 90% of its final response: S(t=t_ )= 90%
S(t=cc). The recovery time is defined as time for
which the sensitivity recovers 90% of'its equilibrium
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value: S(t=t )= 10% S(t=oc). The response time is
2 min for (p)Si and 8 min for (n)Si. By contrary,

case, the sensitivity was 1.2 pA/100ppm. Thus, in
all concentrations range of hydrogen until [H2]<6%

the recovery time for (p)Si (5 min) is bigger than for
(n)Si (1 min).
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Fig. 2. The I-V characteristics in synthetic air and syn-
thetic air with 10% of H, for (a) (5Snm)Pd/PS/(p)Si/Au)
and (b) (5Snm)Pd/PS/(n)Si/Au) diodes

In general, a gas sensor is said to have good sen-
sitivity when it exhibits both of the the following
properties: 1) it has a high signal- to noise ratio, ex-
tremely at low partial pressure of gas to be detect-
ed, and 2) it is sensitive to the gas to be detected
over a wide range of partial pressure [2,8]. Figure 6
presents the current changes as function of time for
Pd-PS-(n)Si structures exposed to small hydrogen
concentrations from 200 ppm to 1000 ppm in air.
The current changes versus small hydrogen concen-
trations shows the linear sensitivity behaviour as in
the case of large hydrogen concentrations. In this
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the sensitivity is linear.
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Fig. 3. Current responses as function of time for (a)
(5nm)Pd-(5s)PS-(p)Si and (b) (Snm)Pd-(5s)PS-(n)Si di-
odes under successively injected hydrogen concentrations

The sensor sensitivity evolution as function
of its aging (the second measure was made in 14
days after the first) is shown on figure 7. There is
the reduction of sensor current with aging in am-
bient atmosphere. The porous silicon aging under
the ambient conditions was observed in [12] by IR
spectroscopy. The study of vibrating modes of Si-
H and Si-O-Si in infrared region in porous silicon
has revealed the development from time of Si-O-
Si absorption modes. This oxide growth explains
the effect of current reducing. However, since the
slop of curve current versus hydrogen concentration
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does not change, the sensitivity of sensor remains
the same with time. Moreover, by contrary to PS
sensors with opened surface the metal covering pre-
vents the effect of surface oxidation.
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Fig. 4. The Pd-PS-Si diode sensitivity versus the hydro-
gen concentration

According to [3-5], the hydrogen sensing mech-
anism includes the adsorption and dissociation of
hydrogen molecules in the Pd, the transport of hy-
drogen atoms across the catalytic metal film and
the formation of dipoles at the metal-insulator in-
terface. To explain the dependence of the I-V char-
acteristics on hydrogen concentration we can apply
the model of Schottky contact with the PS and SiO,
interface layer [13]. Then the I-V characteristics
can be given by

I=I [ exp (eU /KT) — exp(-eU /kT)],

where U= U+U, U and U — parts of voltage
drops on Si and PS, respectively, the dark satura-
tion current I is expressed via the barrier heights
and the effective coefficient of transparency of PS
interface. If for well-studied Pd-SiO -Si devices
[5] the change in the diode barrier height describes
the alteration in the diode current density at the
hydrogen adsorption. However, for Pd-PS-(p)Si
device the experimental change of I-V character-
istics at hydrogen adsorption is not fitted by vari-
ation of barrier height. There is the dependence of
adsorption effect (I-1 )/I_on applied voltage, when
(I-1))/1, decreases at the increase of forward volt-
age biases, and linear dependence of (I-1))/I  on
hydrogen concentration (Fig.4). To explain the
experimental results we account the surface states
insides of pores and/or at PS-Si and PS-SiO, inter-
faces that was done before in [14,15].
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Conclusion

The I-V curves of Ag-(5nm)Pd-(15-75 nm)PS-
Si-Au structures show the Schottky-type behav-
iour both for (n) and (p)Si wafers with build- in
potential 0.3-0.35 eV. The insertion of thin PS
instead of ultrathin SiO_ interface layer (as is
typically used in such kind of devices) prevents
the palladium silicide formation and permits to
form the palladium islands-type covering. The
proposed sensor exhibits the sensing to hydrogen
exposure in wide range of H, concentration from
200 ppm- 10% in synthetic air and linear response
at the room temperature operation with slop 1.2
uA/100ppm. The hydrogen detection mechanism
is described in frame of Schottky model with iso-
lator interface.
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