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Abstract. Infrared reflectance spectroscopy has been used to characterize the eectrica properties and
cyddline damage of high-dose implanted and post-implantation-anneded 4H-SIC. The carier
concentration, mobility and crystdline damage were independently derived from the andysis of the infrared
reflectance spectra using the effective medium agpproximation and the modified dielectric function taking into
account the TO and L O phonon damping factorsindependently. The carrier concentration and mohility inthe
recrystalized SC derived from infrared reflectance spectra are in good agreement with those obtained from
Hall effect measurements. The annedling temperature dependence of crystdline damage suggests that the
impurities are dmos activated by the annedling at a temperature as low as 1200°C for 30 min, though the
crysdlinity of theimplanted layer isimproved with increasing annedling temperature. In addition, it isreveded
that theannealing at atemperature ashigh as 1700°C recovers the cryddlinity of the implanted layer within 1
min. These results demongtrate that the infrared refl ectance spectroscopy isauseful technique to characterize
both the dectrica properties and crystaline damage of implanted and post-implantationanneded layersin
SC wafers smultaneoudy.

Introduction

lonimplantation isan indispensableprocess for sdlective area doping into crystaline slicon carbide (SIC).
After theionimplantation, anneding at high temperaturesis necessary for activating the dopantselectricaly as
well asrecovering thecryddlinity of SC damaged by ion implantation. Hall effect measurements, secondary
ion mass spectroscopy (SIMS) and transmission eectron microscopy (TEM) have widdy been used to
characterizethe dectrica properties, depth profile of theimpuritiesand crystdline damage of implanted layers,
respectively. These techniques are, however, ingppropriate for device process monitoring tools because Hall
effect measurement requiresthe formation of eectric contacts, and SIMSand TEM observations result in the
destruction of the samples.

Recently, it has been reported that the crystaline damage induced by ion implantation affects the infrared
(IR) reflectance spectraaround the reststrahlen region (~800-1000 cmi®) [1,2], and the difference of carrier
concentration between epitaxia layer and subdtrate induces the interference oscillation in the near IR region
(1000-4500 cmi*) [3]. In the present study, we have performed the infrared refl ectance measurementsin the
soectrad  range between 600 and 8000 cm® for high-dose phosphorus ion implanted and
post-implantation-annedled 4H-SC wafers to characterize both the eectrica properties and crysaline
damage of the implanted layers without destruction.
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Experimental Procedures

The samples used in this study were 4H-SC (0001) substrates with p-type ~5 nm thick epitaxid layers
(Cree Research Inc.). The multi-energy implantations of phosphorusions a 500°C were carried out through
the 10 nm thick oxidefilmin six steps (40-250 keV) in order to form a box- shaped profile with a thickness of
0.3 pm. Thetotal implanted dose was 7x10™ cm . After removing the oxidefilm by HF, the post implantation
annealing was conducted in Ar amosphere. To invedtigate the annedling temperature dependence of
crystalinerecovery and dectricd propertiesin theimplanted layers, the samples were annedled for 30 min a
different temperatures of 1200°C, 1300 °C, and 1400 °C. In addition, to apply the IR reflectance andysis to
the short-period high-temperature annealing process [4], we aso carried out the post-implantation anneding
at 1700 °C for various periods between 0.5 and 10 min. Infrared reflectance measurements were carried out
a room temperature on nearly normd incidence usng amicro FT-1R spectrometer (light diameter was 0.1
mm). The spectra resolution and range were 4 cmi* and 600-8000 e, respectively.
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indicates that the implanted dopants are dectricaly

activated and that the refractiveindex of animplanted layer ischanged by theincreasein carrier concentration.
We anayzed the measured spectra to evduate the damage in the ion implantation layers assuming that the
implanted layers are composed of two phases, recrystalized SIC phase and defective SC phase. We have
derived the effective dielectric congtants e« of implanted layers usng an effective medium gpproximation
(EMA) [1], where the volume fractions of recrystallized and defective phases are given as 1-f and f,
respectively. We assumed that thefrequency dependence of both thedie ectric congtants of recrystdlized and
defective phasesfollows the modified didectric function [5], which ded with the TO and L O phonon damping
factors independently, as

2 _ 2 _i W2 O
e(w) =e, ?\'L W - IGW P~ . (1)

w2 - w? - iGw W(W+igp)$

Thefreecarrier concentration N and mohility mcan be derived using the relations of w2 = N »e? /(m’ e, )
and m=e/(m >g,), respectively [6]. For thevaluesof parameterssuch aswr, wi, €, , and m’ for crysdline

4H- SiC, we used those obtained from Raman scattering spectroscopy [ 7]. Referring to theresult of TEM and
SIMS studies, we employed the structural model that the implantation layer is composed of three layers: an
undamaged surface layer, a carrier-concentration plateau layer, and a graded- carrier-concentration layer
(depicted in Fig. 2). Based on the cross sectiond TEM images, we assumed that the volume fraction of the
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defective phasein a graded-carrier-concentration layer is the same as that in a carrier-concentration plateau
layer. For the graded- carrier-concentration layer, we used the multi-layer structure gpproximeation assuming
that the free carrier concentration decreases exponentidly with depth and the mohility changes in inverse
proportion to carrier concentration.

recrystallized SiC phase

\ i—undamagcd surface layer

100 T T i
d, carrier-concentration-plateau layer
&80 d, =024 um
% N=1. 5X1020 Cm_3 - . .\ graded-carrier-concentration layer
8 60 u=18 em Vs
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0 40 - defective SiC phase
O
o
2 2 Fig. 2. Experimental (dotted line) and fitted spectra (solid
L L | line) for the samples annealed at 1400 °C for 30 minutes.
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2000 4000 6090 8000 The best fit parameters and the structual model used for
Wavenumber (cm_ ) the analysis are also described in the figure.

Asanexampleof curvefitting analyss, the spectrum of the sample annealed at 1400°C for 30 min and the
fitted curve are shown in Fig. 2. We obtained the good fit in awhole spectra region measured. The best-fit
parameters derived are aso described in the figure.

The thickness of an undamaged surface layer, a carrier-concentrationplateau layer, and a grated-
carrier-concentration layer obtained are around 0.02, 0.22, and 0.08 mm, respectively. Figure 3 (a) shows
the annedling temperature dependence of the volume fraction of the defective phase. By post implantation
annedling, the volume fraction of defective SC is decreased drastically from 92 % (as implanted) to 2.9 %
(1200°C anneded), and is decreased alittle with increasng annealing temperature up to 1400 °C. Figure 3
(b) shows the annedling temperature dependence
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improving the mobilities, aswell asfor activaing the impurities.

Recently, it has been reported that the short period and high temperature annedling is used in SIC device
process [4]. Figure 4 showstheinfrared reflectance spectra for the samples annealed a 1700 °C for various
annedling times. The spectrum for the sample annealed at 1700 °C for 0.5 min isamos the same asthat for
the sample annedled at 1400 °C for 30 min. In the case of 1700 °C annedling, the pectra change little with
anneding time from 0.5 to 10 min except for the oscillation periods. Since the oscillation periods are
concerned with the thickness of the implanted layer, these changes suggest that the thickness of the implanted
layers is reduced by sublimation during long period annedling. The volume fraction of defective SIC is
decreased dragticaly down to 2.9 % by 0.5 min 100 —
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Fig. 4. The infrared reflectance spectra obtained from

Conclusions the samples annealed at 1700 °C for various periods.

We have performed the infrared reflectance spectroscopy measurements to characterize both the
electricd properties and crygdline damage in high-dose phosphorous implanted and post implantation
anneded layers. From the andlyss of the measured spectra, we can see the good agreement in dectrica
properties such as free carrier concentration and mobility with those obtained from Hall measurements. It is
reveded that the impurities are activated by annedling at atemperature aslow as 1200 °C for 30 min, though
the sufficient recovery of the crysdlinity needs higher annedling temperatures than 1200 °C. Itisdso found
that the annedling a 1700 °C activates the impurities and recovers the crysdlinity of implanted layer within 1
min.

Theresults of the present work suggest that the infrared reflectance spectroscopy is a useful technique as
adevice-process monitoring tool in order to characterize both the eectrica propertiesand crystaline damage
of the implanted layers in SC wafers SImultaneoudly.
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