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Abstract

The aim of this work was to study the influence of the thickness and porous structure of silicon carbide (PSC) layers on the electrical properties
of Schottky diodes for gas sensing purposes by using a platinum (Pt) or a palladium (Pd) layer deposited on non-porous silicon carbide (SiC) and
porous SiC (PSC) layers. The Schottky diodes were used for the first time for H, and hydrocarbon (C,Hs) gas sensing. The non-porous and porous
SiC layers were realized on a p-type silicon (Si(1 00)) substrate by pulsed laser deposition using a KrF laser (248 nm) and thermal deposition of a
thin Pt and Pd layer. The porous structure of the SiC layer deposited was developed by an electrochemical (anodization) method. The properties
of the porous SiC layers formed by this method were investigated by scanning electron microscopy (SEM). The electrical measurements were
made at room temperature (295 K) in an air ambience using a cryostat chamber. The effect of the porous surface structure and the thickness of the
SiC layer was investigated by evaluating electrical parameters such as the ideality factor (n), barrier height (¢,) and series resistance (R,). The
thickness of the porous layer significantly affects the electrical properties of the Schottky diodes. Analysis of current—voltage (/-V) characteristics
showed that the forward current might be described by a classical thermal emission theory. The ideality factor determined by the /-V characteristics
was found to be dependent on the SiC thickness. For a thin SiC layer (0.16 wm) n was around 1.293 with a barrier height 0.847 eV, while for
a thick layer (1.6 wm), n and ¢p, were 1.110 and 0.812 eV, respectively, for both Pt/SiC-pSi and Pd/SiC-pSi. The low value of series resistance
obtained using Cheung’s method clearly indicated the high performance of the Schottky diode for large SiC layer thickness. This effect showed the
uniformity of the SiC layer. C—V analysis revealed a decrease in the capacitance with increasing voltage. This decrease was less for a thin SiC layer
(0.16 pm) than a thick SiC layer (1.6 wm), clearly indicating the role of the SiC thickness in the determining sensor capacitance values. Finally,
high sensitivity (Al/I=90%) and selectivity of the sensors were reached at low voltages below 1V, by using the PSC layer with catalytic metals
of Pt and Pd.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Crystalline silicon carbide thin films have attracted much
attention in recent years because of their potential application in
many kinds of optoelectronic devices, such as solar cells, image
sensors and photodiodes [1-5]. Silicon carbide is an appropriate
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material for the fabrication of high temperature, high frequency
and high power electronic devices, due to its wide band gap
(2.3-3.2¢eV), high breakdown field (>2 x 106ch_1), high
thermal conductivity (5-7 W em™! K~1), and high electron sat-
uration velocity (2 x 107 cms™!) [6]. In this paper, the growth
of a thin SiC layer by pulsed laser deposition (PLD) using a
6H—SiC hot pressed wafer as a target and p-type Si(100) as
a substrate is characterized by different structural and optical
measurements. Pulsed laser ablation has become one of the most
powerful methods to obtain a wide class of materials in thin film
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form. Typical examples are complex ceramic materials such as
high-temperature superconductors and certain magnetic mate-
rials [7,8]. The process and consequently the properties of the
deposited films are strongly dependent on many parameters: the
laser fluency and wavelength, the structural and chemical com-
position of the target material, the chamber pressure and the
chemical composition of the buffer gas, the substrate tempera-
ture, and the distance between the target and the substrate. The
first gas sensor was developed by Lundstrom et al. [9]. It was
a MOS structure using silicon as a substrate and could only
operate at temperatures below 150 °C. In order to develop gas
sensors that can operate in the high temperature environment of
aerospace and automobile applications, new technologies were
created. One new technology is based on the development of high
temperature semiconductors, especially silicon carbide (SiC)
which allows to the sensor to operate potentially up to 1000 °C
[10-13].

In this work, a novel metal/PSC Schottky diode for gas sens-
ing is fabricated to increase sensitivity and to select different
gases such as hydrogen (H;) and hydrocarbon (C;Hg). This
paper will first explain the experimental method of growing
crystalline SiC layers, formation of porous SiC layers and elec-
trical characterization of the Schottky diodes with structures
SiC-pSi(1 00)and PSC-pSi(1 00), using two different metals (Pt
and Pd) and SiC layers of different thickness (0.16 and 1.6 um).
The excellent hydrogen (H») sensing characteristics are due to
the formation of porous SiC layers in comparison with the SiC
layer with a smooth surface.

2. Experimental procedure

p-Type porous structure silicon carbide (PSC) layers were
fabricated by anodization in HF on a 0.16 pm thin and 1.6 pm
thick SiC layer, deposited onto a p-type Si(100) substrate
by pulsed laser deposition (PLD), using a hot pressed p-type
6H—SiC as a target. In order to facilitate the electrochemical
etching of the substrate, an ethylene glycol electrolyte was been
added to the solution and a thin metallic film of aluminium (Al)
was deposited onto a SiC layer prior to anodization.

The p-type Si(1 00) substrate with a resistivity of 6 €2 cm was
mounted on a plate. The plate was attached on top of a rotat-
ing cylinder and heated in situ to 500 °C using halogen lamps
mounted on a fixed water-cooled reflector. The target is a hot
pressed (Goodfellow) granular SiC target. The interaction of
the laser beam with the target produced a highly oriented mate-
rial stream, usually ejected normal to the target surface, which
was deposited onto the substrate positioned in front of the target.
The reaction chamber vacuum pressure was fixed at 10~ Torr.
The laser pulses were produced by a Lambda Physik Compex
205 KrF laser excimer. The most important parameters were:
wavelength A =248 nm, maximum pulse energy Epax =600 mJ
and pulse duration t=25ns. The thickness of the SiC layers
deposited onto p-Si substrates value was obtained to be 0.16 and
1.6 wm by a Tencor 250 profilometer, and the electrical resistiv-
ity was measured to be 100 and 564 2 cm, respectively, by a
four probe method. After the growth of the SiC layer, an ohmic
contact layer of Al with a thickness of 490 nm was deposited

Schottky contact : Pt(Pd T Electrode

BSc/sic
layer
pSi(100)
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Olunic contact : Al ~~ T

Fig. 1. Cross-sectional view of Pt (Pd)/SiC-pSi/Al Schottky diode.

Electrode

by thermal evaporation on the backside. Development of porous
structure in the SiC layers was performed by an electrochemical
(anodization) method. Before this step, the samples were pro-
vided with an Al contact on the front side and were annealed at
650 °C for 1h in air ambience. The annealing step reduced the
electrical resistivity of the SiC substrate. The electrochemical
setup was a standard three electrode configuration with SiC/pSi
as a working electrode, a Pt sheet as a counter electrode and a
saturated calomel electrode as a reference. The electrochemi-
cal process was performed by using a potentiostat—galvanostat
model EG&G PAR 362 [14,15]. The morphological analysis of
the porous structure was made by using a SEM Philips 505.

After formation of the ohmic contact, the samples were
placed into a deposition chamber in order to evaporate a thin
layer of platinum (99.9% purity) and palladium (99.9% purity)
on the SiC-pSi to form Schottky contact. The thickness of the
platinum and palladium layer as measured by a Tencor 250 pro-
filometer was 4 and 250 nm, respectively. The layers served as
a catalytic metal. The current—voltage measurements were per-
formed at room temperature using a Keithley voltage/current
source unit model 237 while the capacitance—voltage character-
istics were measured by an Agilent 4278 capacitance meter at
1 MHz.

Figs. 1 and 2 illustrate a schematic cross-sectional view of
the Pt(Pd)/SiC-pSi/Al Schottky diode structure and the experi-
mental setup for /-V and C-V measurements, respectively.

Flow meter

Current/Voltage Source
Keithley SMU 237

Capacitance meter
Agilent 42784 IMHz/1Khz

Cryostat : Sensors Chamber

Fig. 2. Automatic of acquirement /-V and C-V measurements using a cryostat
sensor gas chamber.
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Fig. 3. SEM image of a 1.6 um thick SiC layer deposited onto pSi(100).
3. Results and discussion

3.1. Morphological observation

Fig. 3 shows a SEM view of a thin (0.16 um) SiC layer,
revealing a smooth and a planar surface with a low defect density
due to the high flux of matter. Fig. 4a and b shows a plan view and
a cross-sectional SEM image of the anodized 1.6 pm thick SiC
layer. This sample was anodized at a constant current density of
10 mA/cm? for an anodization time of 60 s. Note that the surface
appears more porosified with formation of nanocrystallites as
correlated with the cross-sectional image (Fig. 4b) and that the
average pore size is around 2 wm. Note that it is difficult to
precisely measure the pore diameter.

Fig. 5a and b shows a plan view and a cross-sectional SEM
image of the 0.16 wum SiC layer anodized at a constant cur-
rent density of 10 mA/cm? for an anodization time of 10's. This
current density and anodization time are the optimum etching
conditions. The surface appears porosified with formation of
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Fig. 4. SEM images of a 1.6 wm thick SiC deposited onto pSi(100) after
anodization in 50% HF/50% ethylene glycol at Janod = 10 mA/cm? for 60s. (a)
Plan view and (b) cross-sectional image.

Fig. 5. SEM images of a 0.16 wm thin SiC layer deposited onto pSi(1 00) after
anodization in 50% HF/50% ethylene glycol at Janoa = 10 mA/cm? for 10s. (a)
Plan view and (b) cross-sectional image.

spherical structures under the layer, as shown in Fig. 5b. The
formation of a porous layer increases the sensitivity of gas detec-
tion compared to a smooth surface and is the main objective of
this work [16].

3.2. Electrical measurements

3.2.1. Current—voltage

The thermionic emission theory for a bias voltage, V, greater
than 3k7/q is valid for the analysis of electrical characteristics
of the Schottky barrier structures of Pt/SiC-pSi and Pd/SiC-pSi.
The junction current can be expressed by [17,18]:

I=1 Al
= I |exp AT -1 (1)

where [ is the saturation current given by:

_ sk 2 _q(po
Iy = aA™T exp( T ) 2)
I is derived from the straight line of In({) =f(V) plot at V=0,
q the electron charge (1.6 x 10712 C), V the forward applied
voltage, a the active area (0.20 cm2), T the measurement tem-
perature (295 K), k the Boltzmann constant (1.38 x 1023 J/K),
A™ the effective Richardson constant for p-type 6H—SiC
(76 Acm™2K™2), ¢Bp is the barrier height for p-type SiC.

The ideality factor (n) of the Schottky diode can be written
as:

qg dV
n=-—.
kT dlIn(1)

3

The barrier height ¢y, is determined from the extrapolated I
and is given by the relation:

aA**TZ]

S

qésp = kT In [ @)

Measurements of current—voltage (I-V) characteristics were
made at room temperature (295K) using a Keithley model
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Fig. 6. Forward and reverse -V characteristics of the Pt/SiC-pSi Schottky diode as a function of SiC thickness.

237 voltage/current source. The barrier height ¢pp and the ide-
ality factor n were determined from the intercept and the slope
of the linear part of the forward bias voltage at exponential
region In(/) versus V plots, respectively. Typical current—voltage
(I-V) characteristics of the Pt/SiC-pSi and Pd/SiC-pSi Schottky
diodes under forward bias voltage are shown in Figs. 6 and 7,
respectively.

The results show excellent junction parameters with a value
of ideality factor close to unity, a high height barrier and a small
value of series resistance for both the Pt and Pd Schottky contacts
with a thick SiC layer (Table 1).

The parameters n, ¢pp and R experimentally obtained are
reported in Table 1. The values of n (>1) indicate that the diodes
obey the metal-interface—semiconductor (MIS) configuration
rather than an ideal Schottky diode. The interface oxide layer
may be formed during either surface preparation and metal evap-
oration or thermal annealing during ohmic contact forming. The
surface of the SiC layer is inevitably covered by a very thin
oxide layer around 3 nm thick corresponding to native oxide,
if evaporation of metal is carried out at a pressure of around
2 x 107 Torr. A value of n>1.320 usually leads to a larger
interfacial thickness than 3 nm [19,20].
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Fig. 7. Forward and reverse /-V characteristics of the Pd/SiC-pSi Schottky diode as a function of SiC thickness.
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Table 1

Electrical parameters deduced by /-V measurements

Schottky diode n Built in-voltage Vy; (V) Barrier height ¢, (eV) Ry (kQ2)
Pt/0.16 pm SiC-pSi (unetched) 1.262 0.465 0.858 847.29
Pt/1.6 um SiC-pSi (unetched) 1.195 0.582 0.735 1.67
Pt/PSC (0.16 pwm SiC)-pSi (50% HF/50% ETG —t=155) 1.065 0.420 0.857 0.17
Pt/PSC (1.6 pm SiC)-pSi (50% HF/50% ETG — ¢ =2 min) 1.505 2.807 0.935 1.55
Pd/0.16 pm SiC-pSi (unetched) 1.325 0.972 0.798 24.58
Pd/1.6 pm SiC-pSi (unetched) 1.026 0.795 0.890 1.44
Pd/PSC (0.16 pm SiC)-pSi (50% HF/50% ETG — t=105) 1.194 0.137 0.669 0.05
Pd/PSC (1.6 pum SiC)-pSi (50% HF/50% ETG — t=2 min) 1.344 0.754 0.792 0.71

The forward I-V characteristics are linear in the semi-
logarithmic scale but deviate from linearity due to the effect
of interface state and series resistance, associated with the layer
(SiC), the substrate (Si) and the ohmic back contact, when the
applied voltage is sufficiently large [20]. The voltage across the
diode can be expressed in terms of the total voltage drop across
the diode and the resistance Rs. This is accounted for by replacing
the voltage V by V-IR; in Eq. (1).

dv — IR + nkT 5)
din(l) ~ ° ' ¢

Figs. 8 and 9 show dV/dIn(/) versus / for the Pt and Pd Schot-
tky diodes with the two values of SiC thickness. The low value
of series resistance indicating clearly the high performance of
the Schottky diodes.

The values of electrical parameters determined by /-V mea-
surements indicate that the ideality factor n was very high for thin
SiC layers (0.16 pm) in comparison with thicker ones (1.6 pm),
independently of the type of Schottky contact (Pt or Pd). Con-
versely, a reverse effect was observed on the barrier height ¢
and the series resistance Ry, i.e. smaller values were obtained for
thicker SiC layers. The low value of series resistance obtained
using Cheung’s method clearly indicates the high performance
of the Schottky diode with thicker SiC layer. These results
confirm theoretically the variation of barrier height and series
resistance with the ideality factor. In addition, the high perfor-
mance of the Schottky diode Pt(Pd)/SiC-pSi using a thin SiC
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Fig. 8. dV/dIn(J) vs. I plots of the Pt/SiC-pSi Schottky diodes.

layer (0.16 wm) is due to the low density of defects that can be
present in this layer compared to the thick one.

For the Schottky diode with a PSC layer Pt (Pd)/PSC-pSi, dif-
ferent phenomenon was observed in the dependence on the SiC
layer thickness. After anodization of the SiC layer to form the
porous layer (PSC), the electrical parameters totally changed.
A high electrical performance was reached when using the
PSC layer instead of the SiC layer, indicating the low value of
series resistance (R = 0.05 k€2) and ideality factor of close unity
(n=1.065) especially for a thin SiC layer, as shown in Table 1
was evaluated.

Figs. 10 and 11 illustrate /-V characteristics of Pt/PSC-pSi
and Pd/PSC-pSi, respectively, in hydrogen (H;) and hydrocar-
bon (CyHg) gas. It reveals a difference in signal between the
two gases, indicating clearly the gas selectivity of this type
of Schottky diode. In contrast, for a Schottky diode using an
unetched (non-porous) SiC layer no separation of the signal was
observed. These results allow us to say that the porous layer
PSC gives a novel sensor gas with a high sensitivity as shown
in Figs. 12 and 13.

Table 2 illustrates the variation of barrier height of the Schot-
tky diodes elaborated with SiC and PSC layers. The large barrier
height clearly shows the important role of the PSC layer on the
performance of gas sensing. A high sensitivity Al/I=90% and
a good selectivity of the sensors were reached at low voltages
below 1V, especially by using a PSC layer for the two catalytic
metal Pt and Pd.
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Fig. 9. dV/dIn(l) vs. I plots of the Pd/SiC-pSi Schottky diodes.
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3.2.2. Capacitance—voltage

The capacitance of the Schottky photodiode depends on the
depletion width (W). Increasing the bias voltage leads to an
increase of the depletion width and a decrease in capacitances
until the full depletion condition is achieved. When the deple-
tion region reaches the back contact and the capacitance becomes
constant the device is said to be fully depleted. The depletion
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Fig. 12. Sensitivity to H gas vs. bias voltage of the Pt/SiC-pSi Schottky diodes.
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Fig. 13. Sensitivity to Hy gas vs. bias voltage of the Pt and Pd/PSC-pSi Schottky
diodes.
The junction capacitance is given by:

agsic
6
W (6)

C =

The depletion width (W (um)) is defined as the region where
the carriers are generated is related to the applied reverse bias
voltage V (volt) by the relation:

width plays an important role in the diode performances [20]. W = \/2esicipop(Voi + V) %)

Table 2

Electrical parameters deduced by C—V measurements

Schottky diode Built in-voltage Barrier height Concentration Naret) (at/cm?)
Vi (V) ¢Bp (€V) Naexp) (at/em®)

Pt/0.16 wm SiC-pSi (unetched) 0.483 0.753 7.09 x 1014 4.88 x 101

Pt/1.6 pm SiC-pSi (unetched) 0.689 0.977 2.96 x 1014 1.24 x 101

Pt/PSC (1.6 wm SiC)-pSi (50% HF/50% ETG — t="2 min) 0.400 0.622 4.02x 10" 1.24 x 10"

Pt/PSC (0.16 pm SiC)-pSi (50% HF/50% ETG — t=15s) 0.680 0.961 3.90 x 104 4.88 x 101

Pd/0.16 pum SiC-pSi (unetched) 0.322 0.598 5.59 x 10' 4.88 x 10"

Pd/1.6 pm SiC-pSi (unetched) 0.588 0.820 2.74 x 1015 1.24 x 1014

Pd/PSC (1.6 wm SiC)-pSi (50% HF/50% ETG — =2 min) 0.517 0.777 9.00 x 10 1.24 x 10'
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where (1, is the hole mobility of p-type 6H-SiC (90 cm?/V's)
and p (€2 cm) is the electrical resistivity of the layer (SiC). The
values of built-in voltage V}; and the concentration of acceptors
Nj (at/cm?) are evaluated by calculating and the slope of the
plot 1/C? versus V:

1

re m[vbi + V] )]
where a equal to 0.20cm? is the junction area (active area),
W the depletion width, esjc the permittivity of SiC (=9.7), Vi
the built-in voltage, Na the concentration of acceptors in the
starting material, and V'is the applied reverse bias voltage. Using
the relation above, we can also determine the barrier height by
capacitance measurements by using the following equation for
n-type silicon:

qdBp = qVoi + (EF — Ev) = qVbi + qV) 9
where
N
gV, =kT In [V} (10)
Na

then

® Vo + Ly [ MY
= H n
4PBp = 4 Vbi q Na

2.531 x 10"

= qgVpi +0.0258 1
qVei + n Na

QY
Ny is the effective density of states in the valence band of silicon
carbide at room temperature (Ny =2.513 x 10'? at/cm?). High
frequency capacitance measurements were performed using an
Agilent 4278 capacitance meter at 1 MHz. Figs. 14 and 15 show
C and 1/C? versus V plots of Pt/SiC-pSi and Pd/SiC-pSi struc-
ture, respectively. Table 2 shows electrical parameters deduced
by the C—V measurements, such as Vy;i, ¢p and Na. The built-in
potential and the barrier height for the Schottky contact (plat-
inum and palladium) obtained by capacitance measurements
were in agreement with those given by I-V the two preceding
techniques taking account the errors of measurements. However,
this measurement technique is not very precise.

C-V analysis reveals a decrease in the capacitance with
increasing voltage. This decrease is less for a thin SiC layer
(0.16 wm) in comparison to that of a thick SiC layer (1.6 wm),
clearly indicating the role of the SiC thickness in determining
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Fig. 15. Cand 1/C? vs. V of the Schottky diodes. (a) Pd/0.16 wm SiC-pSi and (b) Pd/1.6 pum SiC-pSi.

of sensor capacitance values that play a role to reduce the noise
of the sensors.

We have used C-V measurements to determine an impor-
tant parameter characterizing the performance of the Schottky
diode barrier height. Two effects influence the barrier height, the
SiC thickness and the nature of the smooth or porous surface.
In Table 3 we can see that’s the barrier height increasing with
increasing layer thickness. This fact confirms the values obtained

Table 3
Variation of barrier height of Pt (Pd)/SiC-pSi Schottky diode as a function of
gas environment

¢Bp (€V) Adpp = PBp (gas) — ¢pp
(air) (meV)
Schottky diode: Pt/SiC-pSi
Air Ambient 0.7278 -
CyHe Gas 0.7283 0.5
H» Gas 0.7285 0.7
Schottky diode: Pd/SiC-pSi
Air Ambient 0.7021 -
CyHe Gas 0.7098 7.7
H, Gas 0.7465 44

by I-V measurement. In contrast, the barrier height decreases for
the Schottky diode with a porous SiC layer independently of the
type of catalytic metals (Pt or Pd).

We note also that C-V measurements give an agreement
value of acceptor concentration (Na) of the thin layer which
is consistent as the one calculated by using the relation

(Na=1/(qupp)).
4. Conclusion

The results presented in this work show the roles of the cat-
alytic metal and the thickness of the SiC and porous SiC (PSC)
layers on the performances of the Schottky diodes. A good I-V
and C-V characteristics were obtained on platinum and palla-
dium Schottky diodes, which were fabricated as a function of
the thickness of SiC and porous structure SiC layers. A best
result was obtained on the Schottky diodes with a non-porous
thick SiC (1.6 wm). In contrast, a high performance of electri-
cal characteristics was obtained with porous structure SiC layer
which performed on a thin layer (0.16 wm), independently of the
catalytic metal type (Pt or Pd). Finally, a high sensitivity (90%)
with a good selectivity of the gases were reached at low voltages
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below 1V, especially by using a PSC layer for the two catalytic
metal Pt and Pd.
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