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The degradation mechanism of Ta Schottky contact on 4H-SiC exposed to an inductively coupled
plasma ~ICP! was studied using deep-level transient spectroscopy and angle-resolved x-ray
photoelectron spectroscopy~XPS!. Four kinds of trapsT1, T2, T3, andT4 were observed in the
ICP-etched sample. TheT4 trap was deep in the bulk, but the shallower levels,T1, T2 andT3, were
localized near the contact. From angle-resolved XPS measurements, the ICP-etched surface was
found to be carbon deficient, meaning the production of carbon vacancies by ICP etching. The
activation energies 0.48 (T3 trap! and 0.60 eV (T4 trap! agreed well with the previously proposed
energy level ofVC ~0.5 eV!. The ICP-induced traps provided a path for the transport of electrons at
the interface of metal with SiC, leading to a reduction of the Schottky barrier height and an increase
of the gate leakage current. ©2003 American Institute of Physics.@DOI: 10.1063/1.1581347#

I. INTRODUCTION

Reactive ion etching~RIE! is commonly used in the fab-
rication of SiC devices because of the inherent chemical sta-
bility of SiC, but it leaves ion damage on the etched surface.1

Inductively coupled-plasma~ICP! etching has significant ad-
vantages over RIE such as little damage on the etched sur-
face due to lower ion energies and higher plasma densities.2

However, ICP etching still causes degradation of the electri-
cal properties, depending on the type of etch gas and plasma
power.3 The degradation of electrical properties of SiC
Schottky contacts on etched surfaces has been attributed to
surface contamination resulting from the reaction of the re-
sidual etching gas with SiC. A significant amount of chemi-
cal bonds associated with etching gas elements was found on
the etched surface.1,4 Another possible origin of the degrada-
tion in electrical characteristics could be the generation of
microstructural imperfections on the etched surface or carrier
traps.3

Current-voltage (I –V) measurement is a common
method for monitoring the effects of dry etching damage of
the electrical properties of Schottky diodes, namely, the
Schottky barrier height (fB), ideality factor~h! and reverse
leakage current (I R). However, it is not improper for the
quantitative evaluation of dry-etching-induced traps. Quanti-
tative information on dry-etching-induced traps such as their
activation energy, concentration, and depth distribution can
be obtained through deep-level transient spectroscopy
~DLTS!. The depth distribution of deep levels obtained pro-
vide critical information for interpreting changes in the elec-
trical properties of devices.5,6 The dry-etching-induced traps
are usually localized near the surface, causing surface band
bending below the surface. Surface band bending can be de-
termined by observing the change in binding energy of each
element on the surface using x-ray photoemission spectros-

copy ~XPS! since the binding energy is defined as the differ-
ence in energy between a corresponding energy level and the
Fermi energy level.7 Thus, XPS and DLTS measurements
should be a complementary tool in studying dry-etching-
induced damage. However, no work has been published on
the influence of ICP etching on the generation of deep levels
in SiC, especially for the surface chemistry of ICP-etched
SiC.

In this work, we report on an investigation of the elec-
trical properties of metal contacts on ICP-etched SiC. The
surface damage induced by ICP etching was characterized
using DLTS. Angle resolved XPS was employed to examine
the atomic binding energy and atomic composition of the
treated surface. From these, the mechanism of the degrada-
tion of Schottky characteristics in Ta/4H-SiC Schottky di-
odes is proposed.

II. EXPERIMENT

The SiC sample used in this study was a 10-mm-thick
n-type 4H-SiC epitaxial layer (n54.231015 cm23) grown
on a highly doped substrate (n5231018 cm23). A 150-nm-
thick Ni layer was deposited onto the backside of the
samples by electron-beam evaporation, followed by rapid
thermal annealing at 950 °C for 90 s to form a backside
ohmic contact. The surface was treated with two types of
methods prior to deposition of the Schottky metal. One set
was prepared by de-oxidizing the sample using a buffered
oxide etchant~BOE etched! and the other was etched with
ICP for 3 min using three types of gases, Cl2 , O2 and N2

~ICP etched!.
In the ICP treatment, a base pressure of 531025 Torr

and a flow rate of 10 sccm of each etching gas were used.
Circular pads with radius of 100mm were patterned on both
samples using image-reversal photolithography. The pat-
terned samples were dipped into BOE for 1 min to remove
the native oxides, possibly formed during the ICP treatment,a!Electronic mail: jllee@postech.edu
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followed by deposition of a 100-nm-thick Ta Schottky con-
tact by electron-beam evaporation.

The chemical composition and surface band bending at
the surface of SiC before and after ICP treatment were char-
acterized using angle-resolved XPS measurements. Si 2p, C
1s, O 1s, and Cl 2p photoemission spectra were recorded
with Al Ka radiation ~1487.04 eV! operating at 15 kV. In
order to obtain depth information on the atomic composi-
tions at the surface of SiC, the take-off angleu between the
SiC surface and the trajectory of the emitted electron was
changed from 30° to 90°. The smaller theu, the larger the
photoelectrons that emit from near the surface region be-
cause of the inelastic mean-free path of photoelectrons. The
operating pressure was about 4310210 Torr.

I –V curves were measured to determine the Schottky
characteristics, namely,fB , h andI R . The change in surface
morphology caused by ICP etching was monitored using
atomic force microscopy~AFM!. In the DLTS measure-
ments, the ratio of sampling timest2 /t1 was kept at 4, with
t1 changed from 50 to 800 ms. In order to investigate the
depth distribution of the trap density, the reverse (Vm) and
the pulse bias (Vp), applied to the Schottky contact, were
systematically changed in the DLTS measurements.

III. RESULTS AND DISCUSSION

Figure 1 shows forward and reverseI –V characteristics
of Ta Schottky diodes fabricated on both BOE-etched and
ICP-etched samples. Using the thermionic emission model,
fB andh were extracted from the intercept and the slope of
the line extrapolated in the semilogarithmic plot of the cur-
rent density versus forward voltage, summarized in Table I.
The fB decreased by 0.17 and 0.21 eV after ICP etching
with O2 and N2, respectively. In the case of ICP etching
using Cl2 , however, the degradation was so severe that the

linear region in the forwardI –V curve almost disappeared
and thus thermionic emission was not applicable. This sug-
gests that the transport mechanism of electrons at the inter-
face of Ta with SiC can be no longer described in terms of
the thermionic emission model.

Figure 2 displays AFM images of both BOE-etched and
Cl2 ICP-etched surfaces. In the BOE-etched sample, a num-
ber of protrusions and polishing scratches are clearly visible.
In the ICP-etched one, only a small number of protrusions
was observed and the roughness was reduced from 12.0 to
7.8 Å. This means that no preferential loss of one element8 in
SiC occurred during ICP etching. This suggests that the deg-
radation in electrical properties by ICP etching is not directly
related to the surface morphology.

Figure 3 shows DLTS spectra of Schottky diodes pre-
pared with the surface treatment. No traps were found in the
BOE-etched sample, but a broad asymmetric electron-trap
signal was observed in the Cl2 ICP-etched sample. In order
to obtain depth information on ICP-induced traps,Vp andVm

were simultaneously changed. As the depletion layer width
increased deep into the bulk region by changing the bias
condition from (Vp51 V,Vm50 V) to (Vp50 V,Vm5
21 V), the peak height of the ICP-induced traps was re-
duced significantly, and the peak temperature moved a little
towards the higher temperature region. When the bias was
decreased to below21 V, the signal completely disappeared.
These results suggest that the ICP treatment produced a num-
ber of traps near the surface.

The penetration depth of ICP etching damage is esti-
mated from the change in depletion width9 W with Vm :

FIG. 1. I –V characteristics of Ta Schottky diodes fabricated on both BOE-
and ICP-etchedn-type 4H-SiC samples.

TABLE I. fB andh of Ta Schottky contacts on BOE- and ICP-etched SiC.

BOE etched

ICP etched

O2 N2 Cl2

fB ~eV! 1.10 0.93 0.89 not measured
h 1.02 1.17 1.53 not measured

FIG. 2. Three-dimensional AFM images:~a! BOE-etched and~b! Cl2 ICP-
etched SiC samples.

FIG. 3. Capacitance DLTS spectra of Schottky diodes fabricated on both
BOE-etched and Cl2 ICP-etched SiC samples.
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W5S 2«s~Vbi2Vm!

qND
D 1/2

, ~1!

where the built-in potentialVbi5fB1@kT ln(NC /ND)#2kT.
Here,ND is the donor concentration andNC is the effective
density of states of the conduction band10 for 4H-SiC, 1.66
31019 cm23. The depletion width was determined to be 0.36
mm at Vm50 V and 0.63mm at Vm521 V, respectively.
Considering the average ion energy of;300 eV, caused by a
chuck power of 100 W during ICP etching, the distribution
of ICP-induced defects was quite deep and reached 0.63mm.
This suggests that such deep penetration of ICP-induced de-
fects resulted from the channeling of incoming ions. Accord-
ing to molecular dynamics simulations on silicon and III–V
compound semiconductors, ion channeling is possible even
at extremely low energies.11,12

The broad peak observed in the ICP-etched sample was
asymmetric as shown in Fig. 3, which means that several
kinds of traps are superimposed in the peak. Thus, the broad
peak was separated considering that the full width at half
maximum of the trap, which was observed atVp50 V and
Vm521 V, should not be changed by different bias condi-
tions and the number of the separated peaks should be as low
as possible with a good fit to the original broad peak. Keep-
ing this in mind, the broad peak separated best into four
peaks, namely,T1, T2, T3, andT4, plotted in Fig. 4. The
temperature dependence of each peak is plotted in the inset
of Fig. 4. From this,Ea and sn were determined, summa-
rized in Table II. The values ofEa andsn for T4 are similar
to those for the signal observed for the same bias condition

(Vp50 V,Vm521 V) as in Fig. 3. This means that these
signals originate from the same traps. However, theEa for
T4 increased by 0.1 eV at the higher reverse bias condition
(Vp50 V,Vm521 V). This can be explained by the Poole–
Frenkel effect.13 The electric field is highest at the interface
and then decreases away from the interface. Thus, theEa of
T4 near the contact is smaller than that far from the contact.

In order to suggest the origin for the ICP-induced trap,
the changes in chemical composition and surface band bend-
ing were investigated using angle-resolved XPS measure-
ments. Figure 5 shows Si 2p core level spectra before and
after ICP treatment. There was no change in the full width at
half maximum ~FWHM!, but the binding energies of the
spectra shifted 0.5 eV toward the higher energy region. The
binding energy of a XPS spectrum is defined as the differ-
ence in energy between the corresponding energy level and
the Fermi energy level (EF) at the surface. Therefore, the
shift of binding energy toward higher energy region indicates
that EF at the surface of SiC moved near the conduction
band edge by the ICP treatment, resulting in a decrease of the
effectivefB , consistent with the result in Fig. 1.

The relative atomic ratio of Si to C atoms, Si/C, the
atomic percentage of each element, was determined by inte-
grating intensities of the Si 2p, C 1s, O 1s and Cl 2p core
level spectra, summarized in Table III. The ratio of Si/C
increased on the ICP-etched surface at all take-off angles.
This means that the SiC surface became C deficient and a
number ofVC were produced by ICP etching. In SiC,VC was
proposed to be a deep donor and the Si vacancyVSi a deep
acceptor.14,15The ionization energy level ofVC is located 0.5

FIG. 4. Separation of a broad electron trap into four discrete traps,T1, T2,
T3, andT4. The inset shows Arrhenius plots for each peak.

TABLE II. Ea andsn for trapsT1, T2, T3, andT4.

Trap level
Ea

~eV!
sn

~cm2!

T1 0.2360.03 8.42310221

T2 0.3760.01 4.24310219

T3 0.4860.02 4.36310218

T4(Vp51 V, Vm50 V) 0.6060.01 1.02310216

T4(Vp50 V, Vm521 V) 0.7060.01 2.27310215

FIG. 5. Change in Si 2p core level XPS spectra with ICP etching. There
was no change in the FWHM by ICP etching but the binding energy shifted
towards the higher energy region.

TABLE III. Atomic percentage determined by integrating the area of each
XPS spectrum and the ratio of Si/C on the BOE- and ICP-etched surfaces
with take-off angleu. The values in parentheses were normalized to those of
BOE-etched samples for comparison.

u ~deg! Si C O Cl Si/C

BOE etched 90 37 53 10 0.69~1!
~at. %! 30 28 58 14 0.49~1!
ICP etched 90 43 46 8 3 0.93~1.34!
~at. %! 30 35 48 12 5 0.73~1.48!
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eV under the conduction band edge.14 The energy level ofVC

agrees well with the activation energies 0.48 and 0.60 eV of
major ICP-induced traps,T3 and T4, as shown in Fig. 4.
Thus, it can be suggested that the origin of the ICP-induced
traps isVC or VC-related complex of point defects.

The electrical degradation of Schottky diodes by ICP
etching in Fig. 1 can be explained by the tunneling of elec-
trons via ICP-induced traps at the interface of Ta with SiC.
Under a forward bias condition, electrons could be trans-
ported across the contact by~i! thermionic emission of elec-
trons over the Schottky barrier and~ii ! tunneling of electrons
through the ICP-induced traps, shown in Fig. 6~a!. The elec-
tron transport under a reverse bias condition can also be de-
scribed in a similar way as shown in Fig. 6~b!. The transport
of electrons through the ICP-induced traps could be probable
because the ICP-induced traps, whose energy levels are close
to each other, provide small energy ‘‘steps,’’ which can easily
be surmounted by injected electrons.13 These caused the in-
crease inI R , and led to deviation of the forwardI –V char-
acteristics from those described by the thermionic emission
model, as shown in Fig. 1.

IV. CONCLUSION

Schottky diodes were fabricated on both the BOE- and
ICP-etchedn-type 4H-SiC surfaces. The Schottky diode on
the ICP-etched surface exhibited severe degradation in

Schottky characteristics, namely, the decrease offB and the
increase ofI R . In DLTS measurements of the Schottky di-
odes on the ICP-etched SiC surface, four kinds of traps,T1,
T2, T3, andT4, were found. TrapT4 was deep in the bulk of
SiC, butT1, T2 andT3 were near the contact. From angle-
resolved XPS measurements, the ICP-etched surface was
found to be C deficient, meaning the production ofVC on the
surface during the ICP etching. In comparing the activation
energy of each trap with the energy level ofVC ~;0.5 eV!,
the T3 andT4 traps could originate fromVC. From this, it
was suggested that ICP etching producedVC or a VC-related
complex on the surface ofn-type 4H-SiC, causing electrical
degradation in the Schottky diode due to the transport of
electrons via those interfacial traps.
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