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The effect of hydrogen etching on  6H-SIC studied by temperature-
dependent current-voltage and atomic force microscopy

S. Dogan,® D. Johnstone,” F. Yun, S. Sabuktagin, J. Leach, A. A. Baski, and H. Morkog
Department of Electrical Engineering, Virginia Commonwealth University, Richmond, Virginia 23284

G. Li and B. Ganguly
AFRL/PRPE, 2645 Fifth Street, Building 450, Wright-Patterson AFB, Ohio 45433

(Received 27 April 2004; accepted 6 July 2004

6H-SIiC was etched with hydrogen at temperatures between 1000 and 1450°C. The etched
Si-terminated face for the 6H-SIC wafer was investigated by atomic force microscopy and
temperature-dependent current—voltélgeV—T) measurements. Mechanical polishing damage was
effectively removed by hydrogen etching at temperatures above 1250°C. Atomic force microscopy
images revealed that very good surface morphology, atomic layer flatness, and large and large step
width were achieved. Schottky diode characteristics were investigated in detail by current—voltage
and temperature-dependent current-voltage measurements, and the results showed a transition from
defect assisted tunneling to thermionic emission as the annealing temperature was increased from
1250 to 1450°C. €004 American Institute of PhysiddOIl: 10.1063/1.1786632

SiC, from the IV-IV group semiconductor family, has that the character of SiC etching depends not only on the
emerged as the leading candidate for high temperature aridmperature and velocity of the gas flow, but on the heater as
high power device applications due in part to the commerciawell.*? Reports on the effect of annealing on defects in SiC
availability of high quality SiC substrates of ever increasinghave shown that one of two dominant deep levels at 0.36 eV
diameter and quality. SiC is one of the first semiconductorsinneals at 700° C, which is suggested as a divac’a?rﬁ;her
discovered and its large cohesive energy caused some to migaps at 0.36 and 0.44 eV annealTat 1600°C. Traps can
take it for an element. Large Si—C bonding energy with shoroccur in pairs, residing on inequivalent lattice sitesibic
bond length leads to a large energy difference between bonend hexagonal Two overlapping intrinsic defects at 0.21 eV
ing and antibonding states, resulting in wide band gaps. Lovanneal at 600°C* One possible detriment of annealing may
leakage current in SiC, many orders of magnitude less thahe degradation due to stacking fault formation at higher tem-
that for Si, and reduced minority carrier generation rate, highperatures. There is the potential to introduce stacking faults if
breakdown electric field, high thermal conductivity, and highstrain is present, since they have a low formation energy, and
thermal stability are some advantages of SiC. stacking fault formation energy in 6H-SIiC is less than in

One of the main approaches for improving the yield of4H-SiC polytype-®
SiC devices is to reduce crystalline defects and achieve In our experiment, we have used inductively heated H
atomically flat surfaces, and minimize the formation of ox-annealing to produce 6H-SiC surfaces suitable for Schottky
ides. The preparation of the substrate surface is an importaggvices. In order to examine the effect of the annealing tem-
step in the technology of devices and low defect epitaxiaperature on the defects in 6H-SiC, the annealing temperature
films. To do so is especially difficult for SiC because of its ranged from 1000 to 1450°C with the annealing time re-
mechanical hardness and chemical inertness. Although th®aining constant. The annealed surfaces at various tempera-
standard polishing technique is a mechanical polish usingures were observed by contact mode atomic force micros-
diamond paste with decreasing grit sizes and results in @opy (AFM). The fabricated Schottky diodes were
nearly specular surface on the macroscopic scale, micresharacterized by current-voltagé—V) and temperature—
scopic morphology and subsurface damage still exists. dependent—V (I-V—-T) measurements.

There are few methods such as hydrogép) etching, reac- Samples ofn-type 6H-SIC wafers with carrier concen-
tive ion etching, chemical mechanical polishing, and wettration of 2x 10'8/cm® obtained from Cree Research Inc.
oxidation to remove scratches from the substrates. Amongere diced into 10 mnx 10 mm and chemically cleaned in
these techniques, high temperaturgafnealing is the most boiling trichloroethlene, acetone, and methanol for 5 min in
commonly used since it can eliminate a large number ofach solvent, then rinsed with de-ionized water for at least
scratches arising from the polishing process and produce30 s and dried with flowing nitrogen. The cleaned samples
more ordered surface steps with full unit cell heights. n H were dipped into a 10:1 HF solution for 30 s to remove the
annealing, the SiC surface is exposed to hydrogen flow agrown silicon oxide from the surface, rinsed with water and
temperatures of 1400—1700¥C Moreover, dangling dried with nitrogen again. For etching studies, the samples
bonds on SiC surfaces are terminated after etching withvere mounted on a SiC coated graphite and loaded in a
atomic hydrogen above 1100°€Saidovet al. have shown Water-cooled quartz tube. Three different annealing condi-
tions (1000,1250, and 1450°9Cwere used to anneal the

JAlso with: Atatiirk University, Faculty of Arts & Sciences, Department of Si-terminated face of samples for 30 min in ﬂOWing hydro-
Physics, 25240 Erzurum. Turkey. gen. The temperature of the SiC wafer was monitored using

®Author to whom correspondence should be addressed; electronic maifn Optical pyrometer with the emissiv_ity setat 0.7. Th? tem-
djohnstone@vcu.edu perature of the system was also calibrated by two different
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FIG. 2. 1-V behavior of hydrogen etched SiC substrates annealed at differ-
ent temperatures for 30 min.

ditions versus 1/kT. Figureq® and 3b) show thel-V-T
for the sample annealed at 1250 and 1450°C. The energy at
high temperature, measured as the slope, decreased with in-
FIG. 1. AFM images of the as-received 6H-SiC wafer having high density(?reasmg re\_/erse bl_as' E,nergy Vers_déz, fro_m l_VTT _was
of scratches on the surface, and annealed at 1000, 1250, and 1450°C f§pear, consistent with either thermionic-field emission or a
30 min. Poole—Frenkel effect acting on a donor defécExtrapola-

tion of energy to zero bias gave an energy of 1.25 eV above

. ) ] the Schottky metal energy leval—V measurements gave a

means, i.e., by the melting point of Ag, and by type C ther-gchottky barrier height of 1.3 eV, consistent with the barrier
mocouple(W/Re). Ni/Ti/Au (500 A/300 A/750 A metal-  energy froml—V—T measurements. Similar measurements
lization was deposited using electron be@fnand Ni) and  for the sample annealed at 1000 and 1250°C gave extrapo-

thermal evaporatiorfAu) in order to form ohmic contacts |ated energies of only 0.495 and 0.335 eV, respectively, pre-
and the contacts were annealed at 950°C for 2 min by rapid

thermal annealing in nitrogen ambient.

Ni/Au (300 A/750 A metallization was then used to form 600 C,,T(fg’perat"re &)
Schottky contact through shadow mask. Schottky contacts on T

the samples were 500m in diameter. The current for
|-V-T measurements was collected using an HP 4140B pi- ol
coammeter. The measurement temperature ranged from 80 to 107¢
700 K, with <1 K stability at each temperature step.

Figure 1 shows the effect of hydrogen annealing to the
6H-SIC wafer. The as-received 6H-SiC substrates showed a
large number of deep and irregularly directed scratches over
the entire surface. After annealing at 1000°C for 30 min, the
scratches diminished but did not vanish completely. When
the annealing temperature was increased to 1250°C, the 10" L . : L :
AFM images revealed that the surfaces became very flat. (@ 20 40 6(1)/kT80 100 120
Importantly, annealing at 1450°C for 30 min resulted in
atomic layer flatness, and the surface morphology showed Temperature (K)
atomic terraces and steps. These terraces are due to a small 600 300
misorientation of the surface with respect to the exa601)
basal plane. The step height for the 6H-SIC should be six-
paired atomic monolayers corresponding to about 1.52 nm,
which is in agreement with the experimental observations
(1.60 nm.*® The surface roughnegsms valug measured
from the area shown is 0.58 nm, which is low enough for
device applications. Thie-V properties also showed succes-
sive improvement with anneal temperature. Bette¥ re-
sults were obtained at higher annealing temperatures. As can .
be seen in Fig. 2, the leakage current decreased by more than [ I R T N
two orders of magnitude as the annealing temperature in- 20 40 60 80 100 120
creased from 1000 to 1450°C. (b) VKT

The',_V_T for each anr!eallng.t.emperature ShOW?d h_lghFIG. 3. I-V-T measurements for 6H-SiC annealed in hydroger(aat
and relatively temperature-insensitive current, resulting in a4so0°c, andh) 1250°C. Voltages ranged from —1 ihottom to —3 V/
curved Arrhenius plot of current at various reverse bias conieop) in 0.5 V steps.
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