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Reduction in Majority-Carrier Concentration in Lightly-Doped 4H-SiC
Epilayers by Electron Irradiation
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Abstract. The mechanisms for the reduction in the hole camagan in lightly Al-doped p-type
4H-SIC epilayers by electron irradiation as wellirashe electron concentration in lightly N-doped
n-type 4H-SIC epilayers by electron irradiation sneestigated. In the p-type 4H-SIC epilayers, the
temperature dependence of the hole concentrapén), is not changed by 100 keV electron
irradiation, while thep T )is decreased by 150 keV electron irradiation. démsity of Al acceptors
with energy levelE, + 022V decreases with increasing fluence of 150 ke&¢tedns, whereas the
density of deep acceptors with energy lekgl+ @38increases. In the n-type 4H-SIiC epilayers,
the temperature dependence of the electron coatemiyn [ ), is decreased by 200 keV electron
irradiation. The density of N donors located atdgonal C-sublattice sites decreases significantly
with increasing fluence of 200 keV electrons, whsr¢he density of N donors located at cubic
C-sublattice site decreases slightly.

Introduction

By comparing electron-radiation damage in p-typeSi8 with that in p-type Si [1,2], it was found
that the reduction in the temperature-dependeng lsohcentration,p T( ) in Al-doped p-type
4H-SIC by electron irradiation was much larger tharAl-doped p-type Si. In Al-doped p-type
4H-SIC epilayers, the density of Al acceptors wathergy levelE, + 022V (N, ) decreased
significantly with increasing fluencel) of 200 keV electrons, whereas the density of deegptors
with energy levelg, + 038V (N, ) initially increased with® and then decreased [2]. Heks,
is the maximum energy of the valence band. Froasdhexperimental results, the following

differential equations describing the fluence deleeice ofN, and N, have been proposed [2].
dN,

4o = —K aooNay (1)
and

dN dN

dq[))A == d£l _KDAZOONDA ) (2)

whereK »,0, and K., are the removal cross sections for 200 keV elacim@adiation of the Al
acceptor and the deep acceptor, respectivelyittBygfthe curve to the experimental daka,,,, and
K pase Were determined to bet4x10™*" and1.0x10" cm® [2].

In unirradiated epilayers, on the other hand, #lationship ofN,, = 0.6N, was obtained for
8x10"“ <N, <5x10° cm™ [3], suggesting that the deep acceptors may bateglto Al.
Furthermore, we investigated the mechanisms forctienges ofp T )in Al-doped 6H-SIiC by
electron irradiation and annealing [4].
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Fig. 1 Temperature dependence of hole Fig. 2 Fluence dependence of densities of Al
concentration in Al-doped 4H-SiC before and acceptor and deep acceptor.

after 150 keV electron irradiation.

In this study, we have investigated the chang@(@f) in lightly Al-doped 4H-SiC epilayers by
100 or 150 keV electron irradiation. Moreover, wWeave studied the decrease in the
temperature-dependent electron concentratioh, , ify lightly N-doped n-type 4H-SiC epilayers by
200 keV electron irradiation.

Experimental

A 10 um-thick Al-doped p-type 4H-SiC epilayer oif+type 4H-SiC was cut to a size bkl cm’,
while a 10um-thick N-doped n-type 4H-SiC epilayer of+gpe 4H-SiC was cut to a size 8k3
mm?. The p T )or n(T) was measured in a van der Pauw arrangement imgagtia field of 1.4 T
using a modified MMR Technologies’ Hall system. mbm temperature, the p-type sample was
irradiated by 100 or 150 keV electrons, and thgpetsample was irradiated by 200 keV electrons.

The densities and energy levels of acceptors oomonwere determined from T( gr n(T) by a
graphical peak analysis method called free cacasicentration spectroscopy (FCCS) [1-3], whose
signal has a peak at the temperature correspomaliegch acceptor or donor level. From each peak,
the density and energy level of the correspondowgptor or donor can be accurately determined.
Software for FCCS (for the Windows operating sygtean be downloaded for free at our web-site
(http://www.osakac.ac.jp/labs/matsuura/).

Results and Discussion

In the Al-doped p-type SiC epilayer, theT (was not changed by 100 keV electron irradiation at
fluences less thaix10'® cm™, indicating that C atoms located at substitutiositds cannot be
replaced by 100 keV electron irradiation. Fromahalyses ofp T )it was found that both oN
and N, were unchanged by the irradiation.

The p ([T ), on the other hand, was decreased by 150 ke\fetfectadiation. Figure 1 shows the
p(T) before irradiation §) and after irradiation with 150 keV electronsdat 3x10'° cm™ (A)
and ® =5x10" cm™ (o).
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Fig. 3 Temperature dependence of electro Fig. 4 Fluence dependence of densities of N

concentration in N-doped 4H-SiC before ani  donors at hexagonal and cubic C-sublattice
after 200 keV electron irradiation. sites.

From eachp(T), two types of acceptor species were detected aaldiated using FCCS. The
fluence dependence ™, (o) and N,, (m) are shown in Fig. 2. ThBl, decreased with increasing
® of 150 keV electrons, from which the removal cresgtion K ,.,) for 150 keV electron
irradiation of the Al acceptor was determined to4®#x10™® c¢cm?, using an equation similar to Eq.
1. The solid curve in Fig. 2 represents the sitedlgluence-dependemd, , which is in good
agreement with the experimental results shown.by

The N, , on the other hand, increased experimentally initreasing® . The broken curve in Fig.

2 represents the fluence-dependbhy, simulated withk,,., =1x10™"® cm® using an equation
similar to Eq. 2, which coincides qualitatively withe experimental fluence dependenceéNgf by
150 keV electron irradiation denoted sy

The values ok ,,,, andK .5, are lower by one order than thosekof,,, and K,,.,- Judging
from incident electron energies, the findings argegreasonable.

Figure 3 shows the experimentall (bgfore irradiationq) and after irradiation with 200 keV
electrons atb =1x10"° cm™ (A)and® =2x10" cm™ (o). Then T )in N-doped n-type 4H-SiC
was decreased by the electron irradiation at th@ewemperature range of the measurements, which
is quite different from the case of Al-doped p-typ¢-SiC in which thep T )was decreased only at
low temperatures by 200 keV electron irradiatioh [2

From eachn T ) two types of donor species were detected andiatead using FCCS. The two
energy levels detected here correspond to the gitearels of the isolated, substitutional N dondrs a
hexagonal and cubic C-sublattice sites [5,6]. @ergy level of N donors at hexagonal C-sublattice
sites (E,, ) wasE; — 70meV, whereE, is the conduction band minimum. The energy |efeé\
donors at cubic C-sublattice siteS,f ) was E. — 120meV. The densities of N donors at hexagonal
and cubic C-sublattice sitesN(,, and N, ) were 51x10"* and 47x10" cm®, respectively.
ConsequentlyN,,, is nearly equal tdN,, , which coincides with the expectation that N atoms
equally occupy hexagonal and cubic C-sublatti@sdecause the number of hexagonal sites is equal
to the number of cubic sites in 4H-SiC.

Figure 4 shows the fluence dependenceNyf, (¢) and N,, (m). The N, decreased
substantially with increasingp of 200 keV electrons, whereds,, decreased only slightly, ... ;
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indicating that N donors at hexagonal C-sublatsites are less radiation-resistant than N donors @tr-bh
cubic C-sublattice sites. This finding suggeséd 8C-SiC might be the most and 6H-SiC should bét‘D
the least radiation-resistant of N-doped 3C-SiC,-S18, and 6H-SIC. By irradiation with %
® =2x10" cm™, the compensating density was increaset#0® cm™®, which is much less than g
the decrement of N-donor densities. ;

By analogy with Eq. 1, the fluence dependenc&lgf and N, are expected to be derived from
the following differential equations:

dN

dq,;‘H = ~Knnz00Nnn 3

and

dN

T";‘K = ~Knk200Nnic (4)

where K 00 aNd K, are the removal cross sections for 200 keV elacin@diation of the N
donors at hexagonal and cubic C-sublattice sitespectively. By fitting the curve to the
experimental data, the valuesof,,,, and K ,,, Were determined to be2x10™° and 60x107*°

cm®, respectively. The solid and broken curvesign & represent the simulated fluence dependence
of N, and N, , respectively.

Summary

We have investigated the changes of the hole coratem in lightly Al-doped p-type 4H-SiC
epilayers by 100 or 150 keV electron irradiatiomvadl as the changes of the electron concentration
lightly N-doped n-type 4H-SiC epilayers by 200 keMctron irradiation.

The p () was not changed by 100 keV electron irradiatidmjerthe p T ) was decreased by 150
keV electron irradiation, indicating that 100 keléarons could not replace the substitutional C
atoms while 150 keV electrons could. The denditflcacceptors with energy levdt, + 022V
decreased with increasing fluence of 150 keV ad@strand the density of deep acceptors with energy
level E, + 038¢eV increased. This suggests that 150 keV eledtradiation can convert the Al
acceptor into the deep acceptor.

The n(T ) is decreased by 200 keV electron irradiation.nftbe analyses af T( , the density of
N donors located at hexagonal C-sublattice sitesedsed significantly with increasing fluence of
200 keV electrons, whereas the density of N dotmeated at cubic C-sublattice site decreased
slightly.
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