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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

2 
and dry 

synthetic (20%O
2
+80 %N

2
) 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 μA/100ppm, the response and recovery times lies in 1-8 min range. 
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Àíîòàö³ÿ 

ÏÎÊÐÀÙÅÍÍß ×ÓÒËÈÂÎÑÒ² ÄÎ ÂÎÄÍÞ ÑÒÐÓÊÒÓÐÈ ÎÑÒÐ²ÂÊÎÂÀ ÏË²ÂÊÀ 
ÏÀËÀÄ²Þ-ÊÐÅÌÍ²ªÂÈÉ Ä²ÎÄ ÏÐÈ Ê²ÌÍÀÒÍÈÕ ÒÅÌÏÅÐÀÒÓÐÀÕ 

Â. À. Ñêðèøåâñüêèé, Â. Ïîë³ùóê, À. ². Ìàí³ëîâ, ². Â. Ãàâðèëü÷åíêî, Ð. Â. Ñêðèøåâñüêèé 

Ðîçðîáëåíî ñåíñîð âîäíþ íà îñíîâ³ ñòðóêòóðè îñòð³âêîâà ïë³âêà ïàëëàä³þ — êðåìí³ºâèé 
ä³îä, âèêîðèñòîâóþ÷è òîíêèé (15-75 íì) øàð íàíîïîðèñòîãî êðåìí³þ â ÿêîñò³ ïðîì³æíîãî 
÷óòëèâîãî øàðó. Âèêîðèñòàííÿ òåðì³÷íîãî îñàäæåííÿ ïàëëàä³þ â ïîðóâàòèé êðåìí³é äîçâî-
ëÿº çì³íþâàòè ðîçì³ð òà ìîðôîëîã³þ ìåòàëåâèõ îñòðîâê³â â ìàòðèö³ ïîðóâàòîãî êðåìí³þ. 
Ïîâåä³íêà ãàçîâîãî ñåíñîðà ïðè åêñïîçèö³¿ âîäíþ â ñóì³ø³ 200 ppm- 10 % H

2 
òà ñóõîãî ñèíòå-

òè÷íîãî ïîâ³òðÿ (20 % O
2
 + 80 % N

2
) áóëà äîñë³äæåíà øëÿõîì âèì³ð³â âîëüò-àìïåðíèõ õàðàê-

òåðèñòèê. Ä³îäíèé ñòðóì ³ ÷óòëèâ³ñòü ñåíñîðó âîäíþ çàëåæàòü â³ä òèïó êðåìí³ºâî¿ ï³äêëàäêè 
³ òîâùèíè ïîðóâàòîãî êðåìí³þ. Çì³íà ñòðóìó â³ä êîíöåíòðàö³¿ âîäíþ ïîêàçóº ë³í³éíó çàëå-
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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, field-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 
200-500oC, 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 

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

2
 

layer it seems to be attractive threefold. A large PS 
surface area (∼500 m2/cm2) [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

2
-

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 

æí³ñòü äëÿ âèñîêî¿ òà íèçüêî¿ êîíöåíòðàö³¿ âîäíþ. Ïðè ê³ìíàòí³é òåìïåðàòóð³ ÷óòëèâ³ñòü 
ñåíñîðà ñêëàäàº ïðèáëèçíî 1 ìêA/100 ppm, ÷àñ â³äãóêó òà â³äíîâëåííÿ çíàõîäèòüñÿ â ìåæàõ 
1 — 8 õâèëèí. 

Êëþ÷îâ³ ñëîâà: âîäåíü, ñåíñîð, ïîðóâàòèé êðåìí³é, ÷óòëèâ³ñòü, ê³ìíàòíà òåìïåðàòóðà 

Àííîòàöèÿ 

ÓËÓ×ØÅÍÈÅ ×ÓÂÑÒÂÈÒÅËÜÍÎÑÒÈ Ê ÂÎÄÎÐÎÄÓ ÑÒÐÓÊÒÓÐÛ ÎÑÒÐÎÂÊÎÂÀß ÏËÅÍÊÀ 
ÏÀËËÀÄÈß-ÊÐÅÌÍÈÅÂÛÉ ÄÈÎÄ ÏÐÈ ÊÎÌÍÀÒÍÎÉ ÒÅÌÏÅÐÀÒÓÐÅ 

Â. À. Ñêðûøåâñêèé, Â. Ïîëèùóê, À. È. Ìàíèëîâ, È. Â. Ãàâðèëü÷åíêî, Ð. Â. Ñêðûøåâñêèé 

Ðàçðàáîòàí ñåíñîð âîäîðîäà íà îñíîâå ñòðóêòóðû îñòðîâêîâàÿ ïëåíêà ïàëëàäèÿ — êðåì-
íèåâûé äèîä, èñïîëüçóÿ òîíêèé (15-75 íì) ñëîé íàíîïîðèñòîãî êðåìíèÿ â êà÷åñòâå ïðî-
ìåæóòî÷íîãî ÷óâñòâèòåëüíîãî ñëîÿ. Èñïîëüçîâàíèå òåðìè÷åñêîãî îñàæäåíèÿ ïàëëàäèÿ â 
ïîðèñòûé êðåìíèé ïîçâîëÿåò èçìåíÿòü ðàçìåð è ìîðôîëîãèþ ìåòàëëè÷åñêèõ îñòðîâêîâ â 
ìàòðèöå ïîðèñòîãî êðåìíèÿ. Ïîâåäåíèå ãàçîâîãî ñåíñîðà ïðè âîäîðîäíîé ýêñïîçèöèè ñìå-
ñè 200 ppm- 10 % H

2
 è ñóõîãî ñèíòåòè÷åñêîãî (20 % O

2
 + 80 % N

2
) âîçäóõà áûëî èññëåäîâàíî 

ïóòåì èçìåðåíèÿ âîëüò-àìïåðíûõ õàðàêòåðèñòèê. Äèîäíûé òîê è ÷óâñòâèòåëüíîñòü âîäî-
ðîäíîãî ñåíñîðà çàâèñÿò îò òèïà êðåìíèåâîé ïîäëîæêè è òîëùèíû ïîðèñòîãî êðåìíèÿ. Èç-
ìåíåíèå òîêà îò êîíöåíòðàöèè âîäîðîäà ïîêàçûâàåò ëèíåéíóþ çàâèñèìîñòü äëÿ âûñîêîé è 
äëÿ íèçêîé êîíöåíòðàöèè âîäîðîäà. Ïðè êîìíàòíîé òåìïåðàòóðå ÷óâñòâèòåëüíîñòü äàò÷èêà 
ñîñòàâëÿåò ïðèáëèçèòåëüíî 1 ìêA/100ppm, âðåìÿ îòêëèêà è âîññòàíîâëåíèÿ íàõîäèòñÿ â 
ïðåäåëàõ 1-8 ìèíóò. 

Êëþ÷åâûå ñëîâà: âîäîðîä, ñåíñîð, ïîðèñòûé êðåìíèé, ÷óâñòâèòåëüíîñòü, êîìíàòíàÿ òåì-
ïåðàòóðà 



23

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 Ω∙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/cm2 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 μm 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 Ω. To exclude the 
water adsorption the steady state I-V curves have 
been measured in dry synthetic (20%O

2
+80 %N

2
) 

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 åϕ

b
= 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

2
+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
2
 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. 

a)

b)

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/cm2 during t=2, 5 
and 10 s 

The kinetic of current response is presented in 
Figure 5. A good reproducibility of current response 
S=ΔI/I

0
 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

res
)= 90% 

S(t=∝). The recovery time is defined as time for 
which the sensitivity recovers 90% of its equilibrium 

V. A. Skryshevsky, V. Polischuk, A. I. Manilov, I. V. Gavrilchenko, R. V. Skryshevsky
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value: S(t=t
rec

)= 10% S(t=∝). The response time is 
2 min for (p)Si and 8 min for (n)Si. By contrary, 
the recovery time for (p)Si (5 min) is bigger than for 
(n)Si (1 min). 

a)

b)

Fig. 2. The I-V characteristics in synthetic air and syn-
thetic air with 10% of H

2
 for (a) (5nm)Pd/PS/(p)Si/Au) 

and (b) (5nm)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 

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

 
a)

b)

Fig. 3. Current responses as function of time for (a) 
(5nm)Pd-(5s)PS-(p)Si and (b) (5nm)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. 

a)

b)

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

2
 

interface layer [13]. Then the I-V characteristics 
can be given by 

 I=I
s 
[ exp (eU

s
/kT) – exp(-eU

l
/kT)], 

where U= U
s
+U

l
, U

s
 and U

l
 — parts of voltage 

drops on Si and PS, respectively, the dark satura-
tion current I

s 
is expressed via the barrier heights 

and the effective coefficient of transparency of PS 
interface. If for well-studied Pd-SiO

x
-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-I

o
)/I

o
 on applied voltage, when 

(I-I
o
)/I

o 
decreases at the increase of forward volt-

age biases, and linear dependence of (I-I
o
)/I

o
 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

2
 inter-

faces that was done before in [14,15].  

a)

b)

Fig. 5. Temporal response of (a) (5nm)Pd-(5s)PS-(n)Si 
and (b) (5nm)Pd-(5s)PS-(p)Si under 5%H

2
/air cycles 

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

b)

Fig. 6. Current kinetics as function of time for (5nm) Pd-
(5s)PS-(n)Si structure under small hydrogen concentra-
tions in air (a) and sensitivity versus the small hydrogen 
concentration (b) 

Fig. 7. Sensor current versus hydrogen concentration 
1day and 14 days after structure formation 

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

x
 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

2
 concentration from 

200 ppm- 10% in synthetic air and linear response 
at the room temperature operation with slop 1.2 
μA/100ppm. The hydrogen detection mechanism 
is described in frame of Schottky model with iso-
lator interface. 
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