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High quality Schottky diodes were prepared by printing colloidal graphite on the polished wafers of n-type
InP or n-type GaN. The wafers were earlier sparsely covered with palladium or platinum nanoparticles by
electrophoresis from prepared colloid solutions in isooctane. Deposited contacts and nanoparticles were observed
by scanning electron mictroscopy. Current voltage characteristics of the Schottky diodes showed high rectification
ratios and the barrier heights close to the value of vacuum-level-alignment of the Schottky—Mott limit. The
sensitivity to hydrogen of the diodes was measured in the flow of hydrogen /nitrogen mixtures of various hydrogen
concentrations in the range from 1 ppm to 1000 ppm. The estimated detection limits of the diodes were in the
sub-ppm range. The diodes represent orders-of-magnitude improvement over the best hydrogen sensors reported

previously.

PACS: 82.45.Qr, 81.16.Hc, 73.61.Ey, 73.40.Kp, 73.40.Ei

1. Introduction

Hydrogen is used in many places in industry, medicine
and research laboratories [1] where hydrogen sensors are
used for safety reason. In addition, a hydrogen-sensitive
sensor has a good application in apparatuses for find-
ing small leaks in various closed systems, e.g. in equip-
ments with a high or ultrahigh vacuum. Until recently,
the only facility for that purpose was a helium leak de-
tector, which is very costly and which uses helium, whose
natural reserves are severely declining and its price ris-
ing [2]. Cheaper devices containing hydrogen sensors,
using forming gas, which is a non-flammable mixture of
hydrogen with nitrogen, can perform the same function.

Hydrogen sensors have been prepared on more kinds
of semiconductors by using catalytic metals either in the
gate of semiconductor—metal-semiconductor structures
or as metal contacts of the Schottky barriers [3-15]. In
those sensors, hydrogen molecules are dissociated by cat-
alytic metals and hydrogen atoms form a dipole layer,
which reduces effective work function of the metal and
changes the current—voltage characteristics of the sensor.

In this article we bring our research report on the
Schottky barriers on InP and GaN for the detection of
hydrogen. InP is suitable for the detection of hydro-
gen at normal temperature, whereas GaN can be used
at high temperatures up to 800°C [16]. For the dissocia-
tion of hydrogen molecules, we used nanoparticles of the
catalytic metal Pd or Pt. An important difference from
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other similar sensors is that the Schottky barrier is not
formed only by catalytic metal nanoparticles, but also by
conducting porous graphite. Layers of porous graphite
form the Schottky barrier of the height value close to the
vacuum-level alignment (the Schottky-Mott limit) [17],
which is a good pre-requisite for high detection sensitiv-
ity, and they also allow free access of hydrogen gas to
the semiconductor interface. The article closely relates
to our previous studies published recently [18-20].

2. Experimental

Hydrogen sensors were made on professionally grown
and polished semiconductor wafers. InP wafers were pur-
chased from the company Wafer Technology, UK and
GaN wafers were purchased from the company Kyma
Technologies, USA. Dimensions of the wafers were 10 x
10 mm? and thickness 460 um. The crystal orientation
of cubic InP wafers was [110] and hexagonal GaN wafers
were perpendicular to the c-axis. Polished surface of GaN
wafers, on which the Schottky barriers were made, was
the surface of Ga atoms. The wafers were n-type con-
ductivity with doping density 106 cm™3.

The wafers were electrophoretically deposited with
catalytic metal nanoparticles, Pd or Pt from col-
loidal solutions. To this purpose, colloidal solutions
of metal nanoparticles in isooctane were prepared in
advance by reducing aqueous solutions of metal salts
in reverse micelles with the surfactant sodium di-2-
ethylhexylsulfosuccinate (AOT) [21]. The aqueous so-
lution of hydrazine was used as a reducing agent. The
chemicals were purchased from the company Sigma-
Aldrich. The shape and size of metal nanoparticles in
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the colloid was monitored by the scanning electron micro-
scope JEOL JSM-7500F (SEM). Optical absorption due
to the surface plasmon resonance of metal nanoparticles
in the colloid was observed by the split-beam UV-VIS
spectrophotometer SPECORD 210 of Analytic Jena.

Just before starting the electrophoresis, the wafers
were treated in hot methanol. A wafer was provided
with ohmic contact on one side and fixed by colloidal sil-
ver paint to the negative electrode (cathode) in the elec-
trophoretic cell [22], so that the opposite plane-parallel
graphite electrode was 1 mm far from the plain side of
the wafer. The cell was washed several times with pure
isooctane, filled with isooctane and the current through
the cell was tested with the bias voltage 1000 V. When
the testing current was minimized, the cell was filled with
the colloid solution containing catalytic metal nanoparti-
cles and the electrophoresis was started by switching-on a
keying voltage. The voltage 100 V was keyed periodically
50 ms on and 50 ms off. Periodically keyed voltage was
chosen to improve deposition homogeneity and to elim-
inate deposition of heavier clustered nanoparticles [23].
The voltage was held on for 1 h, which was the optimum
time for preparing hydrogen sensors by further process-
ing. Then the cell was emptied of the colloid solution
and immediately rinsed with isopropyl alcohol to prevent
caking of the colloid in the sample.

Several separated small-area (0.075 mm?) spots were
made by colloidal graphite on the wafer side previously
deposited with catalytic-metal nanoparticles and left to
dry at normal conditions. Dry spots formed the Schot-
tky barriers with the semiconductor. Thus, the Schottky
diodes, each having one end on a spot and the other
on the whole area ohmic contact on the other side of
the semiconductor wafer, were fabricated. It should be
noted that sparsely covered metal nanoparticles on the
wafer did not short-circuit the Schottky barriers.

The SEM was used to image deposited metal nanopar-
ticles and graphite spots forming the Schottky barriers.
Current-voltage characteristics of the Schottky diodes
and their dependences on hydrogen exposure were mea-
sured in the range of 10714-1072 A by Keithley Source-
-Measure Unit 236 controlled by a computer using the
software written in LabView. The measured diodes
were placed in a specially designed cell with a position-
ing spring for contacting graphite spots of the Schottky
diodes. The cell had two openings, one for input of a
flowing gas and the other for its free outlet. These were
used for measuring the diodes in the flow of hydrogen—
nitrogen mixtures of various ratios.

3. Results

The SEM image of the surface of GaN with Pt
nanoparticles deposited electrophoretically can be seen
in Fig. 1. Tt is well seen that the surface is not covered
totally. Spherical light spots of about 7 nm diameter rep-
resenting Pt nanoparticles are grouped together in larger
islands, which were formed by growing mechanism during

the deposition. We observed that there were fewer and
larger islands on well polished surfaces than on rougher
surfaces. On the other hand, there were no groups (ag-
gregates) of Pt nanoparticles in the colloid as found by
observing SEM images of colloid drops made on metal-
lic substrates and evaporating the solvent — isooctane
(not shown). Light spherical Pt nanoparticles in Fig. 1
contrast with the dark cloud around them. This cloud
was probably formed by the surfactant AOT. It should
be noted that there was a surplus of AOT in the colloid,
so that observing wider cloud-layer is plausible.

Fig. 1.
cles.

SEM image of GaN surface with Pt nanoparti-

Fig. 2.

SEM image of GaN surface with Pt nanoparti-
cles at the edge of graphite contact.

Smaller magnification SEM image made on the same
sample but at the edge of a graphite contact can be seen
in Fig. 2. The graphite is seen in the upper-right part of
the image and the lower-left part is the surface partly cov-
ered with Pt nanoparticles. Clearly, the graphite consists
of particles with various sizes in the range 0.1-1 pm, piled
in the layer of 20 um thickness as measured mechanically.



574 K. Zdansky, O. Cernohorsky, R. Yatskiv

At the edge line, dark graphite nanoparticles of the size
less than 100 nm can be seen as they were formed during
drying and shrinking of the colloidal graphite.

Similar SEM images as Figs. 1 and 2 were obtained in
samples made on InP and in those with Pd nanoparticles.

Forward and reverse current—voltage characteristics of
four Schottky diodes prepared on GaN and InP sub-
strates with Pt and Pd nanoparticles are shown in Fig. 3.
Forward and reverse characteristics are shown with the
positive voltage scale. All diodes exhibit high rectifica-
tion ratio, 8 orders at 1.5 V in the cases of InP based
diodes and more than 12 orders at 2.5 V in the cases of
GaN based diodes. Exact reverse currents of GaN based
diodes could not be specified because they are smaller
than the measurement limit of the apparatus, 10714 A.
Leakage currents of GaN based diodes are at least three
orders of magnitude smaller than leakage currents of InP
based diodes which reflects the difference between the
values of band gaps of these two semiconductors. The
forward characteristics possess distinct linear parts in the
semilog scale which enabled to estimate the values of the
Schottky barrier heights; they were estimated at 0.87 eV
and 1.33 eV for Pd nanoparticles deposited diodes on InP
and GaN, respectively [20] and 0.92 eV and 1.42 eV for
Pt diodes.
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Fig. 3. Forward (up) and reverse (down) current—
voltage characteristics of four Schottky diodes prepared
on GaN and InP wafers with Pt and Pd nanoparticles.
Assignments are shown by the labels.

Current transients of the wvoltage biased diode
InP-Pt—C upon exposure to the flow of five various
Ho /N2 mixtures with hydrogen concentrations, in the
range from 1000 to 1 ppm, are shown in Fig. 4. The cur-
rent increased to its maximum by more than six orders of
magnitude with 1000 ppm mixture and to slightly smaller
values with 165 ppm and 30 ppm mixtures. At lower con-
centrations, between 30 ppm and 1 ppm, current maxima,
decreased substantially faster and the response time was
much longer. Longer response time is particularly con-
spicuous with 1 ppm hydroben mixture which is shown
by using a different scale on the top in Fig. 4.
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Fig. 4. Current transients of 0.1 V voltage biased diode

InP-Pt-C upon exposure to flow of various hydrogen—
nitrogen mixtures. Concentrations of hydrogen are
shown by the labels. Top time scale holds for 1 ppm
curve.
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Fig. 5. The dependence of the maximum current of
0.1 V voltage biased InP-Pt-C diode on the hydrogen
concentration.

The dependence of the maximum current of 0.1 V volt-
age biased diode InP-Pt-C on the hydrogen concentra-
tion is shown in Fig. 5. The dependence could be approx-
imated with two straight lines in the semilog scale. The
two straight lines represent two power dependences, with
the cube root at higher hydrogen concentrations (1000—
30 ppm) and with the cube power at lower concentrations
(30-1 ppm).

4. Discussion and conclusion

We have shown that the Schottky diodes prepared by
simple deposition of colloidal graphite on InP and GaN
have an exceptionally high rectification ratio. The val-
ues of barrier heights estimated from the forward cur-
rent voltage characteristics are close to vacuum level
alignment between electron work function of the metal
(5.12 eV for Pd [24] and 5.65 eV for Pt [25]) and electron
affinity of the semiconductor (4.38 eV for InP [26] and
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4.1 eV for GaN [27]). The estimated values are larger
than the level alignments for Pd on both InP (0.87 eV
> 0.74 V) and GaN (1.35 eV > 1.02 V) and smaller for
Pt on both InP (0.92 eV < 1.27 V) and GaN (1.42 eV
< 1.55 eV). It shows on a small density of interface states
between the semiconductor and the metal in all types of
our diodes leading to small Fermi level pinning. Conse-
quently the diodes are highly sensitive to the electrical
dipole layer at the interface, which reduces the effective
work-function of the metal. Due to that and due to AOT
enclosed catalytic metal nanoparticles and the porous-
ness of graphite Schottky contacts, high sensitivity to
hydrogen has been achieved. As a matter of fact, our
diodes represent orders-of-magnitude improvement over
the best hydrogen sensors reported previously [15]. We
believe that the high-quality of the Schottky diodes is
reached because the contacts formed by colloidal graphite
and metal nanoparticles enclosed by AOT organic com-
pound do not react chemically with InP or GaN semicon-
ductors [28] and therefore no interface states are formed.
We suggest that the same method of preparation should
be successful for other semiconductors as well. We are
going to investigate such kind of diodes on silicon which
could lead to much cheaper gas sensors, compatible with
sophisticated silicon technology.
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