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Excess carrier lifetime of 3C–SiC measured by the microwave
photoconductivity decay method
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Excess carrier lifetime of 3C–SiC grown on a Si substrate by chemical vapor deposition is measured
at room temperature by the noncontact microwave photoconductivity decay method. A N2 laser is
used to excite carriers in the SiC layer. The measured decay curves of the excess carrier
concentration have fast~t '3 ms! and slow~t .200ms! components. The origin of the slow decay
is discussed on the basis of the numerical simulation of the recombination process, and the presence
of traps with a very small electron capture cross section (,1310221 cm2) is predicted. ©1997
American Institute of Physics.@S0003-6951~97!01613-6#
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Cubic SiC ~3C–SiC orb-SiC! is one of the candidate
materials for high-temperature and high-power devices,
characterization techniques for it have not been establis
For Si, characterization techniques are very well develop
and the material quality is constantly monitored during
device fabrication process. The lifetime measurement is
of the most popular characterization techniques for Si. T
excess carrier lifetime is a very important physical parame
and influences performance of most of electronic devic1

The noncontact measurement based on observation o
sorption or reflection of electromagnetic wave by free ca
ers is now adopted in many wafer and device factories
this study, we use the noncontact microwave photocond
tivity decay~m-PCD! method to measure excess carrier lif
time of n-type 3C–SiC. The results show that the lifetim
has fast and very slow components. To discuss the origi
the slow component, we perform a theoretical calculat
taking into account a recombination center and a trap.

The samples used in this study are unintentiona
doped,n-type 3C–SiC grown on ap-type ~001! Si substrate
~100 V cm! by a chemical vapor deposition~CVD!. The
thickness and the carrier concentration of the SiC laye
4–9 mm and 131017 cm23, respectively. The carrier con
centration was determined by the Hall measurement.

Figure 1 shows the schematic illustration of the appa
tus for them-PCD measurement. The sample is irradiated
a pulsed light at room temperature. The microwave~10 GHz!
is incident on the opposite side and penetrates the w
sample. An increase in the microwave reflectance after
pulsed light irradiation is thought to be proportional to t
excess carrier concentration. The reflectance variation
monitored and recorded by a digital oscilloscope as a fu
tion of time after turn-off of the laser pulse. For the lig
source, we use both an N2 laser~wavelengthl5337 nm! and
a laser diode~LD! ~l5904 nm!. The pulse width is 1 ns for
the N2 laser and 50 ns for the LD. The penetration depth
the N2 laser light is about 2.5mm for SiC,2 and thus it is
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mainly absorbed by the SiC layer. On the other hand, SiC
transparent for the light ofl5904 nm.

Figure 2 shows measured decay curves of the exc
carrier concentrations for SiC/Si. When the LD is used,
decay curve has a single time constant of about 2ms. The
excess carriers are excited only in Si in this case, and t
this time constant corresponds to effective lifetime in Si.
contrast, the decay curve has fast and very slow compon
when the N2 laser is used. Since such a slow decay is
observed for the excitation by the LD, it is attributed to t
recombination process in SiC. The time constant of the
tial ~fast! decay is about 3.3ms, which is defined as the tim
interval of the decay from the peak to 1/e. Although we
measured the decay curve for a time interval up to 4 ms,
time constant of the slow decay is difficult to obtain acc
rately because the decay is not rigorously exponential.
slope of the curve fort.30 ms corresponds to a time con
stant larger than 200ms.

When the decay curve for the N2 laser shown in Fig. 2
was recorded, the output of the laser was attenuated dow
4.5% by a filter. In this case, the excitation density is ab
131016 cm23 on average within the penetration depth, a
thus the injection is low level. Figure 3 shows decay curv
at various excitation levels. The excitation strength is rep
sented as percentage with respect to the initial output of

FIG. 1. Schematic illustration of apparatus for them-PCD measurement.
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laser. As shown in Fig. 3, the slow component becomes r
tively smaller with increasing excitation level.

Okumuraet al. observed a similar slow decay for 3C
SiC at room temperature.3 Persistent photoconductivity ha
been observed for 6H–SiC but only at low temperatures,
its origin seems not clear.4–6 In the following, we discuss the
origin of the slow component in the decay curves.

It is known that certain minority carrier traps can i
crease apparent lifetime. The number of excess carr
which survive long is limited by the number of the trap
Thus the slow component due to trap should be relativ
small under strong excitation. Therefore, the results in Fig
indicate that the slow component is in fact due to some tra

FIG. 2. Decay curves of excess carrier concentration in 3C–SiC/Si m
sured by them-PCD method. The decay curve has a single time cons
when the laser diode was used for excitation, while it has a fast compo
~t '3 ms! and a slow one~t .200ms! under the N2 laser excitation.

FIG. 3. Excess carrier decay curves of 3C–SiC/Si for various excita
strengths. The N2 laser is used for excitation, and the intensity on the sam
surface was varied from 100% to 4.5% of the initial output using filters
1746 Appl. Phys. Lett., Vol. 70, No. 13, 31 March 1997
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Okumuraet al. assigned the slow decay to the carrier em
sion process from the trap.3 However, the following analyses
show that this is in general not the case.

To cause the slow decay, the trap should effectively c
ture the minority carriers~holes! but not the majority carriers
~electrons!. If the trap captures both, it will act as a recom
bination center and shorten the lifetime. We carry out sim
lation of decay curves considering a single recombinat
center and a trap. Figure 4 shows the assumed models
trap is either~a! in the upper half or~b! in the lower half of
the band gap, and it can re-emit an electron~a hole! in the
former ~latter! case. The electron population in the trap lev
nt is, in the case of Fig. 4~a!, governed by

dnt /dt5snv thn~nd2nt!2ennt2spv thpnt , ~1!

where sn(sp) is the capture cross section for electro
~holes!, v th the thermal velocity of carriers,en the emission
coefficient, nd the trap concentration, andn and p are
the carrier concentrations.en is related to sn and the
energy level Ec2Et by the equation en5snv thNc

3exp$2(Ec2Et)/kT%, where k is the Boltzmann constant
Nc the effective density of states of the conduction band, a
T the temperature.7 Similar equations were written for th
recombination center, the conduction band, and the vale
band, and these four differential equations were solved
multaneously by numerical integration.

There are several unknown parameters in the equati
and we set their values based on the following considerat
The initial excess carrier concentration is set 131016 cm23

as expected from the excitation intensity in most cases,
higher excitation is also examined. All the capture cross s
tions of the recombination center and the trap are initia
assumed to be 1310215 cm2, which is a typical value~about
the size of an atom! for levels without capture barriers, an
the electron capture cross section of the trapsn is varied.
The concentration of the recombination centers is fixed
531013 cm23 so that the rate of the recombination due
the center corresponds to the time constant of the fast c
ponent~about 3ms!. The level (Ec2Et or Et2Ev) and the
concentration (nd) of the trap are varied.

First, we discuss the case Fig. 4~a!. Figure 5 shows cal-
culated decay curves of excess carriers for various value
sn . The trap level and concentration are assumed to be
eV and 531015 cm23, respectively. As shown there, a slo
component appears whensn is very small (,1
310221 cm2). It is due to excess electrons which are n
captured by the traps. Figure 6 shows the calculated de
curves with the trap level as a parameter.sn is set
10222 cm2. The bold lines correspond to the model Fig. 4~a!

a-
t
nt

n
e

FIG. 4. Two defect models assumed in the simulation of the excess ca
decay curves.
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and the thin lines the model Fig. 4~b!. In the case of Fig.
4~a!, the shape of the decay curve does not depend on
trap level significantly unless the level is less than about
eV. WhenEc2Et<0.1 eV, some of the traps are occupi
by a hole under the equilibrium and thus cannot capture
excess hole. Then, the slow component diminishes.

From simulations with various sets of parameters,
obtain the following additional results for the case of F
4~a!:

~1! When nd is decreased, the slow component begins
appear at a smaller~normalized! excess carrier concen
tration; the relative amount of the slow component
almost proportional tond .

~2! In the simulation for various excitation strengths, t
normalized decay curves exhibit the same tendency
Fig. 3, i.e., the slow component becomes relatively sm
under strong excitation.

Similar results are obtained assuming the model F
4~b!. The only difference is that the trap level should
deeper than 0.4 eV (Et2Ev>0.4 eV! for the decay curve to
have a very slow component, as shown by the thin lines
Fig. 6. If the level is shallow, the trapped holes are
emitted and recombine with electrons at the recombina
centers. In the model Fig. 4~a!, the slow component alway
corresponds to the rate of the electron capture by the trap
the model Fig. 4~b!, the slow component is also attributed
the electron capture by the trap whenEt2Ev.0.4 eV, and
to the hole emission from the trap only whenEt2Ev'0.4
eV. Thus, although Okumuraet al.assumed in their analysi
that the slow component is necessarily related to the h

FIG. 5. Decay curves calculated with the electron capture cross sectio
the trapsn as a parameter. The trap level and concentration are 1.0 eV
531015 cm23, respectively.
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emission from the trap, their assumption is valid only in
special case, i.e., the model Fig. 4~b!, Et2Ev'0.4 eV.

Comparing the experimental and theoretical results,
can draw the following conclusions about the traps in o
3C–SiC films:

~1! The traps have a very small capture cross section
electrons (,1310221 cm2).

~2! The trap concentration will be of the order of
31015 cm23.

~3! The trap level is either in the upper-half or in the lowe
half of the band gap. The trap level will be deeper th
0.1 eV in the former case and deeper than 0.4 eV in
latter case.

However, it should be noted that the experimental de
curves are seen to consist of more than two exponential
cays. This may indicate that although we consider a sin
trap and a recombination center in the analysis, there
more defect levels which influence the recombination p
cess. For more rigorous discussion, the deep-level trans
spectroscopy~DLTS! study is now in progress, and the re
sults will be reported in future publications.
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FIG. 6. Calculated decay curves for various values of the trap level.
model Fig. 4~a! is assumed for the bold lines and the model Fig. 4~b! for the
thin lines.sn is 1310222 cm2 andnd 531015 cm23.
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