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Space-charge waves in silicon carbide
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Space-charge waves �trap recharging waves� and the effect of spatial rectification of space-charge
waves have been investigated in single crystals of 4H-SiC polytype. The relevant experimental
dependencies have been found to be in quite good quantitative agreement with the theory of
space-charge waves. The following parameters of the samples studied were determined: ��
= �7.4±0.8��10−7 cm2/V, �M = �5.3±0.6��10−4 s, and Neff= �5±1��1013 cm−3. © 2005 American
Institute of Physics. �DOI: 10.1063/1.2112180�
I. INTRODUCTION

Silicon carbide �SiC� is a wide-band-gap semiconductor
which is of great interest for such applications as high-power
semiconductor devices �thyristors and diodes�, high-
frequency electronics, and sensors operating in hostile envi-
ronment and at high temperatures. Another very important
area of applications is the use of these crystals as substrates
for the fabrication of GaN-based devices emitting light in the
green and blue spectral regions.1,2 The investigation of
space-charge waves �SCW� in SiC can be interesting for two
reasons: The first one is the determination of the material
parameters of the crystal under investigation, as SCW mea-
surements provide information about the product of mobility,
lifetime of the carriers ����, the trap concentration �Neff�, the
Maxwell relaxation time ��M�, and others. The second reason
is the investigation of the properties of SCW themselves,
since this can be useful not only for a better understanding of
the nature of SCW in semiconductors but also for the opti-
mization of optical sensors detecting weak vibrations of vari-
ous surfaces, for the development of devices for laser ultra-
sonic diagnostics, and for the optimization of specific
photoreceivers.

SCW are eigenmodes of spatial-temporal oscillations of
a space-charge density appearing in semi-insulating semicon-
ductors in an external electric field.3 For this paper we
present investigations of the so-called low-frequency branch
of SCW or �in other words� trap recharging waves. These
waves are examples of the so-called backward waves where
the dispersion law has an unusual shape �the eigenfrequency
is inversely proportional to the wave number K� and, as a
consequence, group and phase velocities are oriented in op-
posite directions. In the present paper we used an optical
method for the excitation of SCW. The sample is illuminated
by an oscillating interference pattern. For the detection of
SCW we registered an alternating current arising in the
sample due to the effect of spatial rectification of SCW.4–6

Using this technique we detected resonance SCW excitation
and investigated the position of the resonance and its signal
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amplitude at the resonance frequency as function of the ap-
plied field E0, the K number of SCW, and the light intensity
illuminating the crystal. A comparison of the obtained data
with the developed theory allowed us to find ��, Neff, and
�M. Up to now investigations of SCW have mostly been per-
formed in photorefractive crystals of the sillenite family.7–10

Hence, there are only few papers devoted to the SCW inves-
tigations in classical semiconductors �e.g., Ref. 11�.

II. DESCRIPTION OF THE SAMPLE
AND EXPERIMENTAL SETUP

In the experiments a single crystal of the 4H-SiC poly-
type was used �a hexagonal unit cell with a wurtzite struc-
ture�. The size of the sample was 6.5�8�0.45 mm3. The c
axis is perpendicular to the surface �6.5�8 mm2� illumi-
nated by the oscillating fringe pattern. The electric field was
applied via two metallic �Ni� electrodes deposited by mag-
netron sputtering on the surface of the sample, so that the
electric field was normal to the c axis. The distance between
the electrodes was approximately 5 mm. The configuration
of the experimental setup is shown in Fig. 1�a�. An Ar+-ion
laser was used as a source of coherent light ��=488 nm,
output power of 2 W�. The adjustment of the light intensity
was accomplished by a combination of a half-wave retarder
plate and a polarizer. The expanded light beam was split into
two arms to form an interferometer. The phase of the light in
one of the beams was modulated by a phase modulator. Two
beams incident upon the surface of the sample and form a
light intensity interference pattern W�x , t�. The interference
pattern is given by

W�x,t� = W0�1 + m cos�Kx + � cos �t��

� W0 + W0m cos Kx −
W0m�

2
sin�Kx − �t�

−
W0m�

2
sin�Kx + �t� . �1�

Here, W0 is the average light intensity, m is the contrast ratio
of the interference pattern, K=2� /	 is the wave number of

the interference pattern, 	=� / �2 sin 
� is the grating spac-
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ing, 
 is the angle of incidence of the illuminating beams �a
symmetrical geometry of the illumination of the crystal is
supposed�, � is the phase modulation amplitude, and �
=2�f , where f is the frequency of the phase modulation. In
Eq. �1� we assumed that ��1, so any term with a higher
order of � is ignored. However, it has been experimentally
verified that Eq. �1� can be used for the description of the
experiments, even for the interval 0��
1. The incident
light excites photocarriers �electrons in our case� in accor-
dance with the interference pattern of Eq. �1� resulting in
several charge gratings. Some of them are gratings of free
carriers and others are gratings of ionized traps. The charge
grating that is proportional to W0m cos�Kx� is a static one,
whereas the charge gratings proportional to sin�Kx−�t� and
sin�Kx+�t� are running gratings moving in opposite direc-
tions. When the direction of propagation as well as the K
value and � of one of the running gratings coincide with the
direction of propagation, wave number, and eigenfrequency
of one of the eigenmodes of SCW, this mode of SCW expe-
riences a resonance excitation. As the excited space-charge
wave propagates along the static grating, a current–
alternating in time but homogeneous in space—arises due to
the interaction between the moving periodical charge
density and the static periodical field of the static grating.

FIG. 1. �a� Experimental setup �schematically�; LP is a combination of a
half-wave plate and a polarizer, BS is a beam splitter, PM is a phase modu-
lator, BE is a beam expander, M is a mirror, and PRC is a studied crystal. An
argon-ion laser at �=488 nm with an output power of 2.0 W �W0

=106 mW/cm2� was used. �b� Diagram demonstrating the electronic detec-
tion of SCW; HV is a high-voltage source, RL is a loading resistor, and FG
is a function generator.
The moving charge density contains phase multipliers of the

Downloaded 15 May 2006 to 131.173.8.81. Redistribution subject to 
form exp�Kx−�t� and the static space-charge field grating
contains multipliers of the form exp�−Kx�. Since the current
is proportional to the product exp�Kx−�t�exp�−Kx�
=exp�−�t�, it does not depend on the coordinate but it os-
cillates in time. This current can be detected in the outside
circuit �see Fig. 1�b��. In the experiment, we placed a loading
resistor �with a much lower resistance than that of the
sample� in series with the crystal, so that in our case the
output signal was an ac voltage on the loading resistor. This
signal was then amplified by a lock-in amplifier and finally
data were stored in a computer.

III. THEORETICAL BACKGROUND

The general theory of SCW and the effect of spatial rec-
tification of SCW has been developed in detail4–6 for a num-
ber of most important specific situations. However, in the
published papers,4–6 where the effect of SCW rectification
was analyzed, the effect of trap saturation was not taken into
account because the trap density in the materials studied was
high enough. In this paper we perform similar calculations,6

but we take a limited trap density in SiC into account. The
details of our calculations will be published elsewhere. Here
we present the expressions for the frequency dependence of
the output signal real amplitude I1��� and the expression for
the frequency position ��R� of the signal maximum.

The expression for the modulus of the output signal am-
plitude is

I1��� =
�E0m2���Md

2����Md − 1�2 + ���M + �E0/Eq��2�1/2���Md + 1�
.

�2�

Here, d=��E0K, � is the carrier mobility, � is the carrier
lifetime, E0 is the applied electric field in the crystal, Eq

=eNeff / ���0K�, Neff is the effective trap concentration, � is
the relative dielectric constant of the crystal, and e is the
charge of an electron. Equation �2� is obtained under the
conditions d�1, E0 /Eq�1, arbitrary dE0 /Eq, and the ab-
sence of screening effects that reduce the internal electric
field. Note that in many cases the screening effects in sille-
nites play a very important role. However, in SiC we did not
observe any experimental indications of screening effects
and, therefore, these effects were not taken into account in
our calculations. In Eq. �2� we ignored diffusion effects as
the applied electric field was much higher than the so-called
diffusion field at any K used. More general theoretical cal-
culations will be published elsewhere.

As can be seen from Eq. �2�, the signal amplitude exhib-
its a maximum which indicates �under definite conditions�
that SCW are excited. The maximum occurs at frequency

�R =
1

�M
��d2 + 1�

. �3�

This expression is correct not only for d�1 but also for
d	1. Note that in the case d�1 the maximum of the signal
corresponds to the resonance excitation of SCW, and the

resonance frequency is then given by
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�R 	
1

�M��KE0
. �4�

Equation �4� coincides with the dispersion law of trap re-
charging waves.3 However, at d�1 the maximum of the out-
put signal means that a maximum of the current arises due to
the competition between the two components of the current
propagating in opposite directions. These two components
correspond to the resonant and nonresonant terms of running
gratings in Eq. �1�. At d�1, both components correspond to
the excitation of relaxation oscillations rather than to the
excitation of SCW. Under the conditions which are quite
typical of the SiC sample studied �d�1, E0 /Eq�1, and
dE0 /Eq�1� the signal amplitude at the resonance maximum
is

I1��R� 	
�E0m2�Md

4�1 + �dE0/Eq��
�

E0
2K

1 + ���0��E0
2K2/eNeff�

. �5�

It follows from Eq. �5� that the dependence of the output
signal on K may have a maximum that allows us to estimate
the trap concentration Neff.

IV. EXPERIMENTAL RESULTS

Figure 2 shows one example of the output signal ampli-
tude �in arbitrary units� as a function of the phase modulation
frequency. The resonance character of the frequency depen-
dence clearly points to the resonance character of SCW ex-
citation. The solid curve corresponds to the theoretical cal-
culation in accordance with Eq. �2�. One can see a reasonable
agreement between theory and experiment. Here the follow-
ing fitting parameters were used: ��= �7.4±0.8�
�10−7 cm2/V, �M = �5.3±0.6��10−4 s, and Neff= �5±1�
�1013 cm−3. The value of �	10 �Refs. 2 and 12� was used
to calculate Neff. The same fitting parameters will be used for
all theoretical curves in the figures below. Figure 3 shows the
dependence of the position of the signal maximum on the

FIG. 2. Frequency dependence of the ac current amplitude I1��� �which is
proportional to the SCW amplitude� for W0=106 mW/cm2, K=103 cm−1,
E0=1.5 kV/cm, �=0.62, and m=0.5. The circles ��� are experimental val-
ues and the solid line is the theoretical calculation in accordance with Eq.
�2�. Here, and in what follows, the fitting parameters mentioned in the text
were used to calculate the theoretical curves.
wave number K for two different values of the applied elec-
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tric field. Figure 4 shows the dependence of the signal maxi-
mum position on the applied electric field. Figures 3 and 4
provide the proof that the detected resonance is due to exci-
tation of SCW as resonance frequencies coincide with the
dispersion law for the considered SCW for the case d�1.

Figure 5 shows the dependence of the signal amplitude
at the resonance on K for two different values of E0. In the
case E0=1.5 KV/cm a pronounced maximum appears at K
	2�103 cm−1. This dependence allows us to determine the
trap density Neff.

Figure 6 shows the dependence of the signal amplitude
on the applied field E0. One can see a quite reasonable agree-
ment with the theory �relationship Eq. �5��. Figure 7 shows
the signal intensity and the resonance frequency as functions
of the average light intensity illuminating the crystal. Since
we deal with a photoconductor, the conductivity is given by

FIG. 3. Resonance frequency as a function of the wave number K for W0

=106 mW/cm2, �=0.62, m=0.5, and two different values of the applied
electric field E0. The circles ��� are experimental values for E0

=1.5 kV/cm and the crosses ��� are experimental values for E0

=5.0 kV/cm. The solid lines are theoretical calculations in accordance with
Eq. �3�.

FIG. 4. Resonance frequency as a function of the applied electric field E0

for W0=106 mW/cm2, �=0.62, m=0.5, and two different values of the
wave number K. The circles ��� are experimental values for K=0.5
�103 cm−1 and the crosses ��� are experimental values for K=1.3
�103 cm−1. The solid lines are theoretical calculations in accordance with

Eq. �3�.
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� = �d + �ph = �d +
��W0e��

h�
�6�

Here, �d is the dark conductivity, � is the light absorption
coefficient, � is the quantum efficiency of the photoactive
centers, and �� is the photon energy. In our case �d��ph, so
in accordance with Eqs. �3� and �5� the signal amplitude
must be proportional to the light intensity. This conclusion
corresponds with the experimental results. At the same time
the Maxwell relaxation time is expressed by �M =��0 /�.
Then it follows from Eqs. �4� and �6� that the resonance
frequency must be proportional to W0, which is also in agree-
ment with the experimental results. We further performed
measurements of the signal amplitude as a function of � and
contrast ratio m. It has been found that the signal is propor-
tional to � up to �=0.9 rad and to m2 up to m=0.6. This is
in good agreement with the relationships in Eqs. �3� and �5�.

FIG. 5. Dependence of the amplitude at resonance on the wave number K
for W0=106 mW/cm2, �=0.62, m=0.5, and two different values of the
applied electric field E0. The circles ��� are experimental values for E0

=1.5 kV/cm and the crosses ��� are experimental values for E0

=5.0 kV/cm. The solid lines are theoretical calculations in accordance with
Eq. �5�.

FIG. 6. Dependence of the amplitude at resonance on the applied electric
field E0 for W0=106 mW/cm2, �=0.62, m=0.5, and two different values of
the wave number K. The circles ��� are experimental values for K=0.5
�103 cm−1 and the crosses ��� are experimental values for K=1.3
�103 cm−1. The solid lines are theoretical calculations in accordance with

Eq. �5�.
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V. DISCUSSION

The quite good agreement between the experimental and
theoretical data proves unambiguously that the observed ef-
fects are associated with the excitation of trap recharging
waves and with the effect of spatial rectification of these
waves. The fitting parameters �M and �� give quite reason-
able values. The Maxwell relaxation time �M can be deter-
mined from the relationship �M =��0 /�, too �when the mag-
nitude of � is determined from direct measurements of the
current�. From this estimation it follows that �M =1.6
�10−4 s. It correlates with �M =5.3�10−4 s determined from
SCW measurements. However, the value of the effective trap
concentration Neff seems to be very low. Let us discuss this
question in more detail. The formula Eq=eNeff /��0K men-
tioned above was obtained in the scope of a traditional sim-
plest monopolar model of the formation of a space-charge
distribution in semi-insulating crystals.7,12 In accordance
with this model, the crystal contains two kinds of the centers
with energy levels somewhere in the band gap of the crystal.
The first kind of the centers is a donor with concentration ND

�it is a sum of neutral donors and positively ionized donors
with concentration ND

+ �, and the second kind of the centers is
a negatively ionized acceptor with concentration NA

−. The
condition that the homogeneous part of ND

+ �in darkness� is
equal to NA

− is assumed. In the case when the incident light
interference pattern excites electrons from the neutral donors,
a spatially periodical variation of the space charge is associ-
ated with a periodical variation of ND

+ . The ratio between the
nonhomogeneous and the homogeneous parts of ND

+ is pro-
portional to m but is much less than m, as the number of
photoexcited electrons is much less than ND

+ �this assumption
agrees with the experimental fact that the photoconductivity
is linearly proportional to the light intensity�. In this model it
is assumed that only one trap level �donors� is active whereas
the acceptors are present only to ensure the overall charge
neutrality. In accordance with the described model, Neff is
determined as follows:

Neff = NA
−�1 − NA

−/ND� = ND
+ �1 − ND

+ /ND� . �7�

The same model is valid, if the photoconductivity is deter-

FIG. 7. Dependence of resonance frequency ��� and the amplitude ��� on
the average light intensity W0 for K=103 cm−1, E0=5.0 kV/cm, �=0.62,
and m=0.5.
mined by photoexcited holes. In this case the energetic posi-
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tions of donor and acceptor are changed, but the final rela-
tionship for Neff is the same. In many cases �in sillenites, for
instance� NA

− /ND�1 and Neff means the concentration of ion-
ized donors or acceptors. However, the trap concentration in
our sample of SiC measured by deep level transient
spectroscopy13 �DLTS� is of the order of 1015–1016 cm−3,
which is two orders of magnitude higher than Neff calculated
from our experimental data. There are several interpretations
of Neff. One possibility �it is likely that it is more probable� is
that Neff is the number of ionized donors. Note that in special
cases �but it is not our case� it can be equal to the number of
electrons in the conduction band. Another possibility is that
NA

− /ND is of the order of unity, which also explains a low
value of Neff. The condition NA

− /ND	1 means that Neff

	ND−ND
+ , i.e., the effective number of traps is equal to the

number of neutral donors, and the phenomenon of trap satu-
ration is associated with a shortage of neutral donors. Of
course, the low value of Neff can be explained in other ways
as well. A monopolar two species model �the model with at
least two active levels� and a bipolar model, or “one-species
electron-hole competition model” �with only one active
level, like in the monopolar model�, but with two kinds
�electrons and holes� of photoexcited carriers can be used. In
principle, even a more complicated bipolar model with two
active levels can also be invoked �a comprehensive review of
the papers devoted to various models of the space-charge
grating formation can be found in Ref. 7�. In any of these
more complicated models �including the formation of grat-
ings of positive and negative charges�, the space-charge
fields of the gratings partially �or even completely in definite
cases� compensate each other, which results in a weak net
electric field grating, which can also be described by a cor-
responding Neff. However, verification of different compli-
cated models requires complementary experimental data.

VI. CONCLUSIONS

The investigation of trap recharging space-charge waves
and the effect of SCW spatial rectification has been per-
Downloaded 15 May 2006 to 131.173.8.81. Redistribution subject to 
formed in the 4H-SiC polytype. The relevant experimental
dependencies, in particular, the dispersion law of SCW,
are in quite good quantitative agreement with the theory of
SCW. The dependences of the amplitude of the oscillating
current, caused by the effect of SCW rectification on
the wave number of SCW and applied electric field, are
described theoretically quite well with the following fitting
parameters: ��= �7.4±0.8��10−7 cm2/V, �M = �5.3±0.6�
�10−4 s, and Neff= �5±1��1013 cm−3.
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