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Abstract: The mechanism of the reduction in the electron concentration in lightly N-doped n-type 4H-SiC epilayers by
200 keV electron irradiation is investigated. From the temperature dependence of the electron concentration, n(T ) , in the
epilayer before and after irradiation with fluences (  ) of 1 1016 and 2 1016 cm-2, the densities and energy levels of
donors and the compensating density are determined by a graphical peak analysis method. In the non-irradiated case, the
density of N donors located at hexagonal C-sublattice sites ( N NH ) is 5.1  1014 cm-3, and the density of N donors located
at cubic C-sublattice sites ( N NK ) is 4.7  1014 cm-3. N NH decreases with increasing  , and it becomes less than 1014
cm-3 at  = 2  1016 cm-2, whereas N NK decreases slightly to 4.1  1014 cm -3 at  = 2  1016 cm-2. This suggests that N
donors at hexagonal C-sublattice sites are less radiation-resistant than N donors at cubic C-sublattice sites.
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1. INTRODUCTION

relationship

SiC is a promising wide band gap semiconductor for fabricating high-power and high-frequency electronic devices
capable of operating at elevated temperatures in an irradiated
environment.
By comparing electron-radiation damage in p-type 4HSiC with that in p-type Si [1-4], it was found that the reduction in the temperature-dependent hole concentration, p (T ) ,
was much larger in Al-doped p-type 4H-SiC than in Aldoped p-type Si. In the analysis of lightly Al-doped p-type
4H-SiC epilayers, the density of Al acceptors with energy
level EV + 0.22 eV ( N Al ) decreased significantly with increasing total fluence (  ) of 200 keV electrons, whereas the
density of deep acceptors with energy level EV + 0.38 eV
( N DA ) initially increased with  and then decreased [4, 5].
( EV is the maximum energy of the valence band.) The 200
keV electrons can only displace substitutional C (Cs) and
cannot displace substitutional Si or Al in Al-doped SiC [3, 57]. The reduction in p (T ) by 200 keV electron irradiation
was mainly due to the decrease in Al acceptors and not due
to the increase in C vacancies (VC) created by irradiation [4,
5]. In non-irradiated epilayers, on the other hand, the
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cm [3, 8], suggesting that the
deep acceptors may be related to Al. From these experimental results, the following differential equations describing the
fluence dependence of N Al and N DA were proposed [5].
dN Al
=   Al N Al
d

(1)

dN DA
dN
=  Al   DA N DA ,
d
d

(2)

and

where  Al and  DA are the removal cross sections for 200
keV electron irradiation of the Al acceptor and the deep acceptor, respectively. By fitting the curve to the experimental
 dependence of N Al or N DA , the values  Al = 4.4 1017
cm2 and  DA = 1.0  10 17 cm2 were determined [5].
Lightly doped n-type epilayers also play an important
role in the performance of power electronics semiconductor
devices; for example, in order to operate a SiC power metaloxide-semiconductor field-effect transistor (MOSFET) in a
harsh radiation environment, high radiation-resistance of
lightly doped n-type SiC is required. In this letter, we report
on the influence of 200 keV electron irradiation on the temperature dependence of the electron concentration, n(T ) , in
lightly N-doped n-type 4H-SiC epilayers.
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2. EXPERIMENTAL
+

A 10-μm-thick N-doped n-type 4H-SiC epilayer on p type 4H-SiC was cut to a size of 3 mm  3 mm. A 100-nmthick Ohmic metal (Ni) was deposited on the four corners of
the surface of the sample, and the sample was then annealed
at 1000 ºC in an Ar atmosphere. n(T ) and the temperaturedependent electron mobility, μ e (T ) , for the non-irradiated
sample were obtained by Hall-effect measurements in a van
der Pauw configuration. Measurements were taken over a
temperature range of 85 to 300 K and in a magnetic field of
1.4 T by using a modified Hall system (MMR Technologies). Next, the sample was irradiated with 200 keV electrons with fluence of 1 1016 cm-2, and the Hall-effect measurement was repeated. The sample was irradiated again and a
third Hall-effect measurement was carried out. Consequently, n(T ) and μ e (T ) for samples irradiated with total
fluences of 0 , 1 1016 , and 2 1016 cm-2 were obtained. The
Hall-effect measurements were carried out twice at each fluence and n(T ) remained unchanged, indicating that any
defects affecting n(T ) were not annealed at temperatures up
to 300 K. As judged from the magnitude of μ e (T ) , band
conduction of electrons was dominant in these samples
within the temperature range of the measurements.
The densities and energy levels of donor species were determined from n(T ) by a graphical peak analysis method
called free carrier concentration spectroscopy (FCCS) [911]. By using the experimental n(T ) , the FCCS signal is
defined to be [9-11]
H (T , Eref ) 

n(T ) 2
E 
exp ref  ,
(kT )5 / 2
 kT 

(3)

where k is the Boltzmann constant and Eref is a parameter
that shifts the peak temperature of the FCCS signal within
the temperature range of the measurement. The FCCS signal
has a peak at the temperature corresponding to each donor
level. From each peak, the density and energy level of the
corresponding donor can be accurately determined. Software
for FCCS (for the Windows operating system) can be downloaded for free at our Web site (http://www.osakac.ac.jp/
labs/matsuura/).
3. RESULTS AND DISCUSSION
Fig. (1) shows the experimental n(T ) before irradiation
() and after irradiation with 200 keV electrons at
 = 1 1016 cm-2 () and  = 2  1016 cm-2 (). From each
experimental n(T ) shown in Fig. (1), two types of donor
species were detected by FCCS, and the density of donors
and the compensating density ( N comp ) were determined.
Judging from the accuracy of Hall-effect measurement and
FCCS analysis, the density values have two significant figures, and values larger than 1013 cm-3 are accurate. N comp is
the density of electron traps deeper than the N-donor levels
plus the density of acceptors.

The two energy levels detected here correspond to the
energy levels of the isolated, substitutional N donors at hexagonal and cubic C-sublattice sites [12-15]. The energy level
of N donors at hexagonal C-sublattice sites was
ENH = EC  70 meV, where EC is the conduction band
minimum. The energy level of N donors at cubic Csublattice sites was ENK = EC  120 meV.
The corresponding densities were N NH = 5.1 1014 and

N NK = 4.7  1014 cm-3. N NH  N NK , which coincides with
the expectation that N atoms equally occupy hexagonal and
cubic C-sublattice sites because the number of hexagonal
sites is equal to the number of cubic sites in 4H-SiC.
The electron concentration was simulated numerically by
using the following equations:
n(T ) + N comp = N NH [1  f FD (ENH )]+ N NK [1  f FD (ENK )] (4)

and
 E  EF (T )  ,
n(T ) = N C (T ) exp  C

kT



(5)

where f FD ( E ) is the Fermi-Dirac distribution function,
given by
f FD ( E ) =

,
1

1
E
E
(
T
)


F
1 + exp

2
kT



(6)

and N C (T ) is the effective density of states in the conduction band, which is given by
 2me*kT 

N C (T ) = 2
2
 h


3/ 2

Further, EF (T ) is the Fermi level at

MC .

(7)

T , me* is the electron

effective mass, M C is the number of equivalent minima in
the conduction band, and h is Planck's constant. Each solid
line in Fig. (1) is the result of an n(T ) simulation using the
values of N NH , ENH , N NK , ENK , and N comp for the corresponding  . The simulations are in good agreement with
the corresponding experimental results.
Fig. (2) shows the fluence dependence of N NH and

N NK , denoted by  and , respectively. N NH decreased
substantially with increasing  , whereas N NK decreased
only slightly, indicating that N donors at hexagonal Csublattice sites are less radiation-resistant than N donors at
cubic C-sublattice sites. This finding suggests that 3C-SiC
should be the most radiation-resistant and 6H-SiC should be
the least radiation-resistant of N-doped 3C-SiC, 4H-SiC, and
6H-SiC.
Let us now consider other mechanism of the reduction in

n(T ) by 200 keV electron irradiation. 200 keV electron irradiation can only displace Cs in SiC [7, 16, 17]. Therefore,
VC and an interstitial C (Ci) are created by the irradiation.
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N CD ( ) =  CD  + N CD (0) .

(9)

With the rate of displacement of Cs by collision with 200
keV electrons being denoted by  CD , the density of carbon-

Therefore,

related defects (VC or Ci), N CD ( ) , can be expressed as [5]

In other words,  CD is the generation rate of carbonrelated defects. The density of defects related to Cs displacement (i.e., Z1/2 centers with EC  0.65 eV and EH6/7

dN CD ( )
=  CD .
d

(8)

centers with EC  1.55 eV) has been reported to be nearly
proportional to  [18], as expected from Eq. (9). The HK4
center with EV+1.44 eV has been reported to be a complex
including defects induced by Cs displacement [7, 16-18].
According to studies of intrinsic defects in SiC [19], the
(0/+) level of VC is at EV + 1.4 eV and its (+/++) level is at

Electron Concentration [cm-3]

1015

EV + 1.68 eV. Since the defects induced by Cs displacement
are located around the middle of the band gap in SiC, they
should act as electron traps in n-type SiC.
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We now turn to the influence of N CD ( ) on n(T ) . In
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order to simulate n(T ) for irradiated cases, the following
assumptions are made: (1) the 200 keV electron irradiation
does not change N NH , ENH , N NK , and ENK from their
values at  = 0 cm-2, and (2) the irradiation only increases
N comp (that is, N comp for an irradiated sample is the sum of

10 11 12

N comp for the non-irradiated case and the increase in
N CD ( ) due to the irradiation). Fig. (3) shows n(T ) simulations with N comp of

Fig. (1). Temperature dependence of electron concentration before
and after 200 keV electron irradiation. Solid lines represent the
n(T ) simulation using the values determined by FCCS.

which are used in order for the values of n(T ) simulated at
higher temperatures to be close to the experimental n(T ) ,
denoted by solid, broken, and dot-dashed curves, respec-
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Fig. (2). Fluence dependence of the density of N donors at hexagonal and cubic C-sublattice sites.
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Fig. (3). n(T ) simulations using three values of N comp , along with

N NH , N NK , ENH , and ENK for a non-irradiated sample.
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tively. Also shown for comparison are the measurements of
n(T ) for total fluences of 0 , 1 1016 and 2 1016 cm-2,

[2]

denoted by , , and , respectively. In the irradiated samples, at lower temperatures, the n(T ) simulation is much
lower than the experimental n(T ) .

[3]

In a comparison between Figs. (1 and 3), the deviation of
the simulation curve from the experimental data is much
larger in Fig. (3) than in Fig. (1). Therefore, it is clear that,
although n(T ) does decrease with increasing N comp , the
reduction in n(T ) by electron irradiation cannot be explained by only an increase in the density of deep-level defects.
Irradiation-induced defects in N-doped n-type 4H-SiC
have been intensively studied by deep level transient spectroscopy (DLTS) [16-18]. By DLTS, deep-level defects with
density much lower than the total density of N donors can be
investigated [5]. On the other hand, changes in N-donor density due to irradiation can be investigated by FCCS. In this
study, therefore, it is found that N donors are less radiationresistant at hexagonal C-sublattice sites than at cubic Csublattice sites.

[4]

[5]
[6]
[7]

[8]

[9]

[10]

4. CONCLUSION
The electron concentration in lightly N-doped n-type 4HSiC epilayers was decreased by 200 keV electron irradiation.
The influence of the increase in the deep-level defects' density and the decrease in donor density on the decrease in the
electron concentration by irradiation was investigated by
using simulation results. Finally, this decrease in the electron
concentration arose because the electron irradiation reduced
the density of N donors. Moreover, the density of N donors
at hexagonal C-sublattice sites was reduced much more than
the density of N donors at cubic C-sublattice sites. This finding suggests that 3C-SiC should be the most radiationresistant and 6H-SiC should be the least radiation-resistant of
N-doped 3C-SiC, 4H-SiC, and 6H-SiC.
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