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Degradation mechanism of Schottky diodes on inductively coupled
plasma-etched n-type 4H-SIiC

Kyoung Jin Choi, Sang Youn Han, and Jong-Lam Lee®
Department of Materials Science and Engineering, Pohang University of Science and Technology
(POSTECH), Pohang, Kyungbuk 790-784, Korea

(Received 18 November 2002; accepted 18 April 2003

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 spectroscogPS). Four kinds of trapsT'1, T2, T3, andT4 were observed in the
ICP-etched sample. Thet trap was deep in the bulk, but the shallower levVEls, 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 0.481@ trap and 0.60 eV T4 trap agreed well with the previously proposed
energy level olV¢ (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. @003 American Institute of Physic§DOI: 10.1063/1.1581347

I. INTRODUCTION copy (XPS) since the binding energy is defined as the differ-
ence in energy between a corresponding energy level and the
Reactive ion etchingRIE) is commonly used in the fab-  Fermi energy level. Thus, XPS and DLTS measurements
rication of SiC devices because of the inherent chemical stashould be a complementary tool in studying dry-etching-
bility of SiC, but it leaves ion damage on the etched surface.induced damage. However, no work has been published on
Inductively coupled-plasm@CP) etching has significant ad-  the influence of ICP etching on the generation of deep levels
vantages over RIE such as little damage on the etched suf SiC, especially for the surface chemistry of ICP-etched
face due to lower ion energies and higher plasma denéitiesg;jc.
However, ICP etching still causes degradation of the electri- In this work, we report on an in\/estiga’[ion of the elec-
cal properties, depending on the type of etch gas and plasmacal properties of metal contacts on ICP-etched SiC. The
power’ The degradation of electrical properties of SiC surface damage induced by ICP etching was characterized
Schottky contacts on etched surfaces has been attributed {@ing DLTS. Angle resolved XPS was employed to examine
surface contamination resulting from the reaction of the rethe atomic binding energy and atomic composition of the
sidual etching gas with SiC. A significant amount of chemi-treated surface. From these, the mechanism of the degrada-

cal bonds associated with etching gas elements was found @jdn of Schottky characteristics in Ta/4H-SiC Schottky di-
the etched surfack® Another possible origin of the degrada- odes is proposed.

tion in electrical characteristics could be the generation of

microstructural imperfections on the etched surface or carrier
traps® Il. EXPERIMENT

Current-voltage I(—V) measurement is a common The SiC sample used in this study was a-thick
method for monitoring the effects of dry etching damage Ofn-type 4H-SiC epitaxial layerr(=4.2x 10 cm23) grown

the electrical properties of Schottky diodes, namely, the), "5 highly doped substrate 2x 10 cm3). A 150-nm-
Schottky barrier heightdg), ideality factor(s) and reverse hick Nij layer was deposited onto the backside of the
leakage currentlg). However, it is not improper for the gamples by electron-beam evaporation, followed by rapid
quantitative ev_aluaﬂon of dry-_etchmg-lnduced traps. Quantiyhermg annealing at 950°C for 90 s to form a backside
tative information on dry-etching-induced traps such as theéigmic contact. The surface was treated with two types of
activation energy, concentration, and dep.th distribution cap,ethods prior to deposition of the Schottky metal. One set
be obtained through _de_ep—level transient  SPectroscopyas prepared by de-oxidizing the sample using a buffered
(DLTS). The depth distribution of deep levels obtained pro-.qe etchani{BOE etchedl and the other was etched with

vide critical information for interpreting changes in the elec-|cp tor 3 min using three types of gases, CO, and N,
trical properties of device® The dry-etching-induced traps (ICP etchedl

are usually localized near the surface, causing surface band |4 the 1CP treatment, a base pressure of1® 5 Torr
bending below the surface. Surface band bending can be dgqq 4 flow rate of 10 scem of each etching gas were used.
termined by observing the change in binding energy of €aclkjycyjar pads with radius of 10am were patterned on both
element on the surface using x-ray photoemission SpeCtm%‘amples using image-reversal photolithography. The pat-
terned samples were dipped into BOE for 1 min to remove
dElectronic mail: jllee@postech.edu the native oxides, possibly formed during the ICP treatment,
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FIG. 2. Three-dimensional AFM image&) BOE-etched andb) Cl, ICP-
etched SiC samples.

Voltage (V)

linear region in the forward—V curve almost disappeared
FIG. 1. |-V characteristics of Ta Schottky diodes fabricated on both BOE-and thus thermionic emission was not applicable. This sug-
and ICP-etched-type 4H-SiC samples. 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.
followed by deposition of a 100-nm-thick Ta Schottky con- Figure 2 displays AFM images of both BOE-etched and

tact by electron-beam evaporation. Cl, ICP-etched surfaces. In the BOE-etched sample, a hum-

The chemical composition and surface band bending : I -
the surface of SiC before and after ICP treatment were Ch;éer of protrusions and polishing scratches are clearly visible.

terized usi | ved XPS tsp.SC2 In the ICP-etched one, only a small number of protrusions
acterized using angle-resolved 2> measurementsp was observed and the roughness was reduced from 12.0 to
1s, O 1s, and Cl 2 photoemission spectra were recorded

) o . 7.8 A. This means that no preferential loss of one elefriant
with Al K radiation (1487.04 e operating at 15 KV. In . SiC occurred during ICP etching. This suggests that the deg-

order to obtain depth information on the atomic composi- . : : L .
. : radation in electrical properties by ICP etching is not directly
tions at the surface of SiC, the take-off angl&éetween the related to the surface morphology.

SiC surface and the trajectory of the emitted electron was Figure 3 shows DLTS spectra of Schottky diodes pre-

c?]a?geld ftrom 3,[?1 tto QQt.fThe Sma"?; tﬁethfe Iarger_the b pared with the surface treatment. No traps were found in the
photoelectrons that emit from near the surlace region BegqE aicpeq sample, but a broad asymmetric electron-trap

cause of the inelastic mean-free E%{h of photoelectrons. Théalgnal was observed in the CICP-etched sample. In order
operating pressure was aboux40 -° Torr.

_V d to determine the Sch ttkto obtain depth information on ICP-induced tragg,andV,
h _t (;utrves werel measuri“ oThe errr1n|ne he (; OtkYvere simultaneously changed. As the depletion layer width
characteristics, namelgsg,, 7 an R- 'NEChange In Surace ., o550 deep into the bulk region by changing the bias
morphology caused by ICP etching was monitored usin

%ondition from =1V,V,=0V) to (V,=0V,V,=
atomic force microscopy(AFM). In the DLTS measure- vy m ) (Ve om

. S X —1V), the peak height of the ICP-induced traps was re-
ments, the ratio of sampling times/t; was kept at 4, with N, .
t, changed from 50 to 800 ms. In order to investigate th duced significantly, and the peak temperature moved a little

2 : Sowards the higher temperature region. When the bias was
depth d|str|l_3ut|on of the_trap density, the reversg,( and decreased to below 1V, the signal completely disappeared.
the pulse bias\(,), applied to the Schottky contact, were

. . These results suggest that the ICP treatment produced a num-
systematically changed in the DLTS measurements. ber of traps near the surface

The penetration depth of ICP etching damage is esti-
. RESULTS AND DISCUSSION mated from the change in depletion witiW with V,,:

Figure 1 shows forward and reverkeV characteristics
of Ta Schottky diodes fabricated on both BOE-etched and
ICP-etched samples. Using the thermionic emission model,

¢g and n were extracted from the intercept and the slope of BOE-etched -
the line extrapolated in the semilogarithmic plot of the cur- _
rent density versus forward voltage, summarized in Table I. © | Cl, ICP-etched R
The ¢y decreased by 0.17 and 0.21 eV after ICP etching 2 \q\/'/
with O, and N,, respectively. In the case of ICP etching E [acrc, =102\
using Ch, however, the degradation was so severe that the 2 :
y :
7)) P .
- v, :
a| wvy- = :
TABLE I. ¢g and » of Ta Schottky contacts on BOE- and ICP-etched SiC. Vo= 1V.V, =0V :
O V,= 0V,V,=-1V H
ICP etched A v, =1 ViV =-2V OV
100 200 300 400
BOE etched O, N, Cl,
Temperature (K)
g (V) 1.10 0.93 0.89 not measured
7 1.02 1.17 1.53 not measured FIG. 3. Capacitance DLTS spectra of Schottky diodes fabricated on both

BOE-etched and GIICP-etched SiC samples.



J. Appl. Phys., Vol. 94, No. 3, 1 August 2003 Choi, Han, and Lee 1767

si-C

Si2p

ICP-etched

{AE=0.56eV

1000/T (K)
30 35 40 45 50

T T T T T
T4 MATS ]
T2 11
™ ]
Jo
0 200

Intensity (arb. units)

BOE-etched

DLTS signal (AC/C,)

Il | 1 |

99 100 101 102 103 104
L Binding energy (eV)

300 400

Temperature (K)

10
FIG. 5. Change in Si g core level XPS spectra with ICP etching. There
was no change in the FWHM by ICP etching but the binding energy shifted

FIG. 4. Separation of a broad electron trap into four discrete tfpsT2, ~ towards the higher energy region.

T3, andT4. The inset shows Arrhenius plots for each peak.

(Vp,=0V,V,,=—1V) as in Fig. 3. This means that these
signals originate from the same traps. However, Ehefor
(1) T4 increased by 0.1 eV at the higher reverse bias condition
(V,=0V,V,=—1V). This can be explained by the Poole—
Frenkel effect® The electric field is highest at the interface
and then decreases away from the interface. Thus: thef
T4 near the contact is smaller than that far from the contact.
X 10" cm™3. The depletion width was determined to be 0.36 |, order to suggest the origin for the ICP-induced trap,
pm atVy,=0V and 0.63um atVy,=—1V, respectively. the changes in chemical composition and surface band bend-
Considering the average ion energy-e800 eV, caused by a jng were investigated using angle-resolved XPS measure-
chuck power of 100 W during ICP etching, the distribution ments. Figure 5 shows Sip2core level spectra before and
of ICP-induced defects was quite deep and reached83  after ICP treatment. There was no change in the full width at
This suggests that such deep penetration of ICP-induced d@g|f maximum (FWHM), but the binding energies of the
fects resulted from the channeling of incoming ions. ACCOfd'spectra shifted 0.5 eV toward the higher energy region. The
ing to molecular dynamics simulations on silicon and Hl-V pinding energy of a XPS spectrum is defined as the differ-
compound semiconductors, ion channeling is possible evegnce in energy between the corresponding energy level and
at extremely low energies:*? the Fermi energy levelHg) at the surface. Therefore, the
The broad peak observed in the ICP-etched sample washift of binding energy toward higher energy region indicates
asymmetric as shown in Fig. 3, which means that severahat E. at the surface of SiC moved near the conduction
kinds of traps are superimposed in the peak. Thus, the brogghnd edge by the ICP treatment, resulting in a decrease of the
peak was separated considering that the full width at halgtfective #g, consistent with the result in Fig. 1.
maximum of the trap, which was observed\g=0V and The relative atomic ratio of Si to C atoms, Si/C, the
Vm=—1YV, should not be changed by different bias condi-atomic percentage of each element, was determined by inte-
tions and the number of the separated peaks should be as |‘1¥|Vating intensities of the Sif2 C 1s, O 1s and Cl 2 core
as possible with a good fit to the original broad peak. Keepieye| spectra, summarized in Table IIl. The ratio of Si/C
ing this in mind, the broad peak separated best into foujhcreased on the ICP-etched surface at all take-off angles.
peaks, namelyTl, T2, T3, andT4, plotted in Fig. 4. The Thjs means that the SiC surface became C deficient and a
temperature dependence of each peak is plotted in the insgmper oV were produced by ICP etching. In SiC was
of Fig. 4. From this,E, and o, were determined, summa- proposed to be a deep donor and the Si vacahgya deep

to those for the signal observed for the same bias condition

264(Vpi— Vi) | M2
WZ( es(Vpi m))
aNp
where the built-in potentiaVp;= ¢g+[KT IN(Nc/Np)]—KT.

Here,Np is the donor concentration amd is the effective
density of states of the conduction bahébr 4H-SiC, 1.66

TABLE lIl. 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 angled. The values in parentheses were normalized to those of

TABLE Il. E, ando, for trapsT1, T2, T3, andT4.

Ea o BOE-etched samples for comparison.
Trap level (eV) (cm?)
T1 0.23-0.03 8.4 10 2 g s ¢ o c Sirc
T2 0.37+0.01 4.24¢10°1° BOE etched 90 37 53 10 0.69)
T3 0.48+0.02 4.36¢107%8 (at. % 30 28 58 14 0.491)
T4(V,=1V, V,=0V) 0.60+0.01 1.02x 1076 ICP etched 90 43 46 8 3 0.93.39
T4(V,=0V, Vp,=—1V) 0.70=0.01 2.27x107% (at. % 30 35 48 12 5 0.731.48
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Schottky characteristics, namely, the decreaseépand the
increase ofig. In DLTS measurements of the Schottky di-
odes on the ICP-etched SiC surface, four kinds of trags,
T2, T3, andT4, were found. Trag 4 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 productiorVgfon the
surface during the ICP etching. In comparing the activation
energy of each trap with the energy level\¢f (~0.5 eV),

the T3 andT4 traps could originate frov. From this, it
FIG. 6. Schematic of electron transport through ICP-induced traps near th&/as suggested that ICP etching prod_uMgdor a_VC'reIat?d
interface of Ta with ICP-etched SiCa) under forward bias antb) under ~ complex on the surface aftype 4H-SiC, causing electrical
reverse bias conditions. degradation in the Schottky diode due to the transport of
electrons via those interfacial traps.

=

N -
§ H
N

N
\'m

eV under the conduction band edéhe energy level 0¥/
agrees well with the activation energies 0.48 and 0.60 eV oACKNOWLEDGMENT
major ICP-induced trapsT3 and T4, as shown in Fig. 4.
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