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Abstract. Resonant excitation of space-charge waves (SCW) by means of an oscillating light pattern has
been investigated in hexagonal silicon carbide with 4H and 6H stacking sequence, respectively. The ex-
perimental data set can be well explained by the existence of trap recharging waves for the 4H sample
and allows to determine the product of mobility and lifetime µτ = (5.7 ± 0.6) × 10−7 cm2/V, and the
effective trap density Neff = (8.0 ± 1.0) × 1013 cm−3, respectively. The data set of the 6H polytype indi-
cates a comparably smaller effective trap density, but an unambiguous assignment to the existence of trap
recharging waves fails. Taking into account the general classification of material parameters which provides
the existence for SCW, the particular case of damped, forced charge-density oscillations can be concluded.

PACS. 42.65.-k Nonlinear optics – 42.70.Nq Other nonlinear optical materials; photorefractive and semi-
conductor materials – 71.45.Lr Charge-density-wave systems

1 Introduction

Space-charge waves (SCW) are eigenmodes of spatial-tem-
poral oscillations of a space-charge density, which can ap-
pear in semi-insulating materials in the presence of an ex-
ternal electric field. The existence of eigenmodes of SCW,
associated with the trap recharging process in semiconduc-
tors, was theoretically predicted in 1972 [1]. Hence, they
are well-known as trap-recharging waves (TRW). Detailed
experimental investigations of SCW started with the de-
velopment of proper methods for the optical excitation
and were mostly performed with photorefractive crystals
of the sillenite family [2,3]. In recent years, SCW studies
were extended to classical high resistive semiconductors
like InP:Fe [4], CdTe:Ge [5,6] and hexagonal silicon car-
bide (SiC) [7].

The fundamental properties of SCW, such as their dis-
persion law, are determined by the charge-carrier mobility
µ and life time τ , the dielectric constant ε as well as the
effective trap density Neff of the material. The latter is
defined by Neff ≈ NA(ND − NA)/ND, where ND is the
number density of donors and NA that of acceptors.

The main criterion for the existence of SCW is the
magnitude of the quality factor Q = d(1 − β)/(1 − βd2),
which must exceed unity if we deal with an eigen-
mode of SCW rather than with forced oscillations. Here,
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the factor β = E0/(Eqd) = εε0(µτeNeff)−1 comprehends
the key material parameters and the electron charge e.
The experimental conditions are covered by d = µτE0K
with the applied electric field E0 and the spatial fre-
quency K. The so-called trap saturation field is repre-
sented by Eq = eNeff/(εε0K) [8]. In accordance with ref-
erences [9,10], the general physical description of SCW
in semiconductors can be roughly classified by three spe-
cific cases depending on the combination of the material
parameters and the experimental conditions:
(1) the first case corresponds to a high quality factor

Q > 1 and β � 1. A high Q can be provided by
selecting proper experimental conditions, i.e., E0

and K must satisfy the requirements that d > 1 and
E0/Eq < 1. In this case, the SCW dispersion reads
ΩK ∼ 1/K, where ΩK is the eigenfrequency of the
SCW, and the quality factor can be simplified to
Q = (d−1 + E0/Eq)−1. For experimental convenience,
it is assumed that the magnitudes of µτ and Neff are
large enough, simultaneously. These waves are also
called ordinary TRW and are typical for sillenites [2,3]
and InP:Fe [4];

(2) the second case corresponds to the condition β � 1.
It is assumed that the magnitudes of µτ and Neff

are simultaneously small enough for experimental
convenience. In this case, the magnitude Q > 1 is
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provided if d < 1 and E0/Eq > 1. Here, the dispersion
law of the SCW has a linear character (ΩK ∼ K)
and Q ≈ E0/Eq. This type of SCW was found in
reference [5] in CdTe:Ge;

(3) the third case occurs when β ≈ 1. In this situation,
Q < 1 for any experimental conditions and there are
no eigenwave modes at all. Here, only damped, forced
charge-density oscillations can exist.

This classification does not take into account some specific
factors such as the diffusion process, bipolar conductivity
or a large ratio n/Neff with the density of free charge car-
riers n. The latter can approach large values for the case
of optical interband excitation of charge carriers. These
factors can modify the numerical criterion, but do not
change the basic concept. This classification implies that
the SCW concept can be well applied for material and
defect analysis [11].

In this paper the excitation of SCW is investigated in
two polytypes of hexagonal silicon carbide having a stack-
ing sequence of 4H and 6H, respectively. The experimen-
tal dependences point out the presence of trap recharging
waves according to case (1) for the 4H sample and are
found in full accordance with the results of reference [7]
obtained for a sample from a different source. The experi-
mental data set for the 6H sample indicates a comparably
low effective trap density which results in a small quality
factor Q < (0.36 ± 0.18) and β = (0.5 ± 0.2) by our anal-
ysis. Therefore, the conditions Q > 1 and β � 1 are not
satisfactorily fulfilled, and the particular case of damped,
forced charge-density oscillations according to case (3)
must be concluded. According to these considerations the
experimental accuracy, the validity of prerequisites, as well
as the applicability of the simplified model of the theoret-
ical approach are discussed.

2 Samples and experimental setup

We performed measurements with two samples of hexag-
onal silicon carbide with 4H and 6H stacking sequence,
respectively. These investigations allow us to compare the
reproducibility of the SCW data for different samples hav-
ing the rather similar crystallographic structure. Further,
we can compare the data set with a sample from another
source investigated in reference [7]. The studied samples
differ with respect to the hexagonality which is 50% for
the 4H-SiC and 33% for the 6H-SiC polytype. The hexago-
nality is defined as the ratio between the number of atoms
in hexagonal positions and the total number of atoms in
one unit cell. These two polytypes have different band
gaps of 3.26 eV (4H-SiC) and 3.0 eV (6H-SiC), respec-
tively. Both samples are quite transparent in the visible
spectral range which indicates a high purity, i.e., a low
trap concentration (ND − NA) < 1016 cm−3 [12]. The di-
mensions of the samples are 4.4 × 7.4 × 0.52 mm3 (4H-
SiC) and 3.7 × 6.5 × 0.62 mm3 (6H-SiC), respectively. For
application of the electric field, electrodes were painted
onto the samples surface with silver paste in a distance

Fig. 1. (a) Scheme of the experimental setup, LP: combi-
nation of a half-wave plate and a polarizer, BS: beam split-
ter, R: reference beam, S: signal beam, PM: phase modulator,
FG: function generator, BE: beam expander, BP: beam split-
ter plate, M: mirror, HV: high-voltage source. An Ar+-laser
at λ = 488 nm served as pump source. (b) Principle of electric
detection of SCW in an external circuit; RL: loading resistor.

of L = 4 mm. Excitation of SCW was performed by il-
lumination of the silicon carbide samples with a light in-
terference pattern oscillating around an equilibrium po-
sition. Since the crystals exhibit photoconductivity and
an external electric field is applied, the oscillating inter-
ference pattern generates a static and two counterpropa-
gating space-charge gratings. Resonant excitation occurs
if the oscillation frequency of the interference pattern co-
incides with the eigenfrequency of the SCW mode which
possesses a spatial frequency equal to the light pattern.

The optical setup is shown in Figure 1(a). The light
of an Ar+-laser of λ = 488 nm is split into signal and
reference beams. The phase of the signal beam is mod-
ulated with an electrooptic phase modulator, where the
modulation frequency Ω and modulation amplitude Θ are
adjusted by a function generator. The two beams are over-
layed at the sample forming an oscillating interference
pattern. Beam expanders in both arms of the two-beam
interferometer provide the complete illumination of the
investigated sample. The modulation depth m of the in-
terference pattern can be varied by changing the intensity
ratio of the two beams. Detailed information about the
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Fig. 2. Frequency dependence of the ac current for 4H-SiC
and 6H-SiC with a total light intensity W0 = 125 mW/cm2,
E0 = 3.5 kV/cm, K = 1.7 × 103 cm−1, Θ = 0.3π, and m = 0.6.
The circles (◦) and the triangles (�) are experimental data. The
lines correspond to theoretical approximations in accordance
with equation (1): solid line 4H-SiC; dashed line 6H-SiC. The
fitting parameters used to calculate the theoretical curves are
given in Table 1. Note that these parameters were used consis-
tently in any of the following plots.

principles of optical SCW excitation can be found in ref-
erences [2,7]. The interaction of a running space-charge
wave with the static periodical electric field formed by
the static space-charge grating results in the appearance
of spatial rectification. Hence, an alternating current arises
which can be detected in an outside electric circuit. The
advantage of this detection technique is, that the pres-
ence of the Pockels effect for an optical detection via light
diffraction as used in photorefractive sillenites is not re-
quired [2]. Figure 1(b) shows the electric circuit for SCW
detection via spatial rectification. The alternating current
in the sample arising from spatial rectification is detected
with the help of a loading resistor. The signal is fed into
a Lock-In amplifier and is recorded as a function of the
modulation frequency.

3 Experimental results

Figure 2 shows typical resonance signals for the 4H-SiC
and for the 6H-SiC sample, respectively. The amplitude
of the ac current is normalized to its maximum value
and is plotted as a function of the phase modulation fre-
quency. The symbols denote experimental data whereas
the lines are theoretical calculations in accordance with
equation (1). The used fitting parameters are listed in Ta-
ble 1. A dielectric constant of ε = 10 was assumed for the
calculations. The dependence of the resonance frequency
on the spatial frequency K is shown for both polytypes
in Figure 3. An external electric field of E0 = 3.5 kV/cm
(4H-SiC) and of E0 = 1.0 kV/cm (6H-SiC) was applied. In
Figure 4 the dependence of the resonance frequency on the
applied electric field E0 is shown for both samples. Both
measurements were performed with a spatial frequency of
K = 1.7 × 103 cm−1. Obviously, the resonance frequency

Table 1. The fitting parameters for 4H-SiC and 6H-SiC.

4H-SiC 6H-SiC

µτ (5.7 ± 0.6) × 10−7 cm2/V (4.5 ± 0.5) × 10−7 cm2/V
τM (1.8 ± 0.2) × 10−4 s (5.2 ± 0.2) × 10−4 s
Neff (8.0 ± 1.0) × 1013 cm−3 (2.5 ± 0.5) × 1013 cm−3

Fig. 3. Resonance frequency as a function of the spatial
frequency K for 4H- and 6H-SiC with E4H

0 = 3.5 kV/cm,
E6H

0 = 1.0 kV/cm, W0 = 125 mW/cm2, Θ = 0.3π, and
m = 0.6. The circles (◦) and the triangles (�) are experimental
values and the lines are theoretical approximations in accor-
dance with (4).

Fig. 4. Resonance frequency as a function of the applied elec-
tric field E0 for 4H- and 6H-SiC with W0 = 125 mW/cm2,
K = 1.7 × 103 cm−1, Θ = 0.3π, and m = 0.6. The circles (◦)
and the triangles (�) are experimental values and the lines are
theoretical approximations in accordance with (4).

decreases with increasing values of K as well as of E0 for
both samples investigated. This is in a good agreement
with (4). The amplitude of the ac current at resonance is
normalized to its maximum and plotted against the spa-
tial frequency in Figure 5. The applied fields correspond
to those in Figure 3. The appearing maximum at low val-
ues of K is caused by a low number of traps and allows to
determine the effective trap density Neff . Figure 6 shows
the dependence of the normalized amplitude at the res-
onance frequency on the applied electric field. The same
spatial frequency like in Figure 4 is chosen. The amplitude
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Fig. 5. Dependence of the ac current amplitude at the
resonance frequency on the wave number K for 4H- and
6H-SiC with E4H

0 = 3.5 kV/cm, E6H
0 = 1.0 kV/cm, W0 =

125 mW/cm2, Θ = 0.3π, and m = 0.6. The circles (◦) and
the triangles (�) are experimental values and the lines are the-
oretical approximations in accordance with (5).

Fig. 6. Dependence of the ac current amplitude at the reso-
nance frequency on the applied electric field E0 for 4H- and 6H-
SiC with W0 = 125 mW/cm2, K = 1.7× 103 cm−1, Θ = 0.3π,
and m = 0.6. The circles (◦) and the triangles (�) are experi-
mental values and the lines are theoretical approximations in
accordance with (5).

of the 4H-SiC sample increases with increasing field, but
shows a saturation for E0 > 7 kV/cm. This behavior cor-
relates with the theoretical calculation, equation (5). The
amplitude of 6H-SiC shows no saturation, but increases
still at the highest applied field. The agreement with the
theoretical curve is very poor.

4 Theoretical background

The experimental data show that the resonance frequency
drops with increasing K for both samples. For a start we
can assume that we are dealing with trap-recharging waves
according to case (1). We therefore use the approximation
β � 1 for our analysis, ignore the diffusion effect, con-
sider the ratio n/Neff � 1, ignore any screening effects,
and consider τ/τM � 1, where τM is the Maxwell relax-
ation time. In this case, the detected current as a function

of the modulation frequency is expressed by

I1(Ω) =
σE0m

2ΘΩ

2ω
√

[(1 − Ω/ω)2 + Q−2][(1 + Ω/ω)2 + Q−2]
.

(1)
Here, σ is the conductivity.

ω =
1 − β

τMd(1 + d−2)
, (2)

Q =
d(1 − β)
1 + βd2

. (3)

Additionally, in equation (1) the term correcting the fre-
quency dependence at high frequencies is omitted for sim-
plicity of our calculations (this correction is not important
in the vicinity of the resonance). It follows from equa-
tions (1), (2) that the resonance frequency is described by

ΩR = ω
√

1 + Q−2. (4)

At the resonance frequency, the current reaches its maxi-
mum value with

I1(ΩR) =
1
4
σm2ΘE0Q. (5)

It follows from equations (3) and (5) that the intensity of
the output signal has to exhibit a maximum as a function
of K if

βd2 = 1. (6)

Equation (1) is very similar to equation (2) in reference [7].
However, unfortunately there are some misprints in [7].
Formulae (1)–(5) are correct for each of the three cases
of the classification mentioned above, if the applied field
is less than the saturation field. However, if the applied
field is higher than the saturation field, the right part
of the relationship (1) must be multiplied by a factor
1/(1 + (E0/Eq)2) in accordance with the relationship (40)
in [10]. This is of particular importance in the case β � 1.
Here, the modulus of the frequencies and the quality factor
must be used in (2)–(4).

5 Discussion

We will first discuss the results of the hexagonal silicon
carbide sample with 4H stacking sequence. The exper-
imentally determined dependences on the grating spac-
ing and electric field are found in a good agreement with
the presented theory and indicate the presence of TRW
belonging to case (1). This assumption is confirmed by
the estimated values for β = (0.12 ± 0.04) � 1 and for
the quality factor Q = (1.26 ± 0.19) > 1, which ful-
fill the presumptions of the theoretical approach for or-
dinary TRW. The discrepancies for high K in Figure 5
can be explained by the mentioned presumptions (d > 1
and E0 < Eq), which limit the interval for the existence of
TRW to 0.5 × 103 cm−1 < K < 4.4 × 103 cm−1 at a field
of E0 = 3.5 kV/cm. Furthermore, the material parameters
µτ , τM and Neff deduced from our present analysis coin-
cide within the experimental error very well with those



M. Lemmer et al.: TRW vs. damped, forced charge-density oscillations 13

obtained for a different 4H-SiC sample in reference [7].
In that publication, unambiguous dependences owing to
TRW according to case (1) were found. So, we can state
that TRW of case (1) are excited in the investigated sili-
con carbide sample with 4H stacking sequence. Moreover,
it means that material parameters between samples from
different sources show-up no significant difference. There-
fore, the excitation of TRW with an inverse dispersion law
could be expected for 4H silicon carbide of other sources
as well.

A little bit more complicated is the case of the 6H-
SiC sample. The dependences of the resonance frequency
ΩR on the spatial frequency K (see Fig. 3) and on the
electric field E0 (see Fig. 4) hint to an inverse dispersion
behaviour. Further, the theory for ordinary TRW taking
into account the effect of trap saturation describes very
well the experimental data of this sample. In addition,
significant similarities are obvious in the comparison be-
tween the data set for the 4H- and 6H-SiC samples: a
clear resonance maximum (cf. Fig. 2) with a good signal-
to-noise ratio showing an inverse dependence on K and
E0 can be detected in both samples. The conclusion of
TRW of case (1) – which was unambiguously drawn for
the 4H-SiC – therefore could be considered for the 6H-
SiC sample, as well. Nevertheless, the obtained material
parameters yield β = (0.5± 0.2) < 1 and a maximal value
Q = (0.36 ± 0.18) < 1. The result β < 1 rather than
β � 1 does not severely contradict the postulation for or-
dinary TRW of case (1), especially if the experimental er-
ror is considered. But the determined value of the quality
factor does not reflect the necessary condition of Q > 1
for the existence of SCW, i.e., we have to exclude the
existence of SCW. The experimentally determined signal
therefore should be assigned to the presence of damped,
forced charge-density oscillations according to case (3),
and not to TRW of case (1).

This discrepancy between the interpretation at first
sight and the quality factor less than unity enforces
us to discuss the validity of the assumptions made to
derive the formula set. First, only one type of charge
carriers (electrons) was assumed to participate in the
formation of TRW. This monopolar model looks quite
reasonable for silicon carbide since it describes perfectly
the experimental results. Furthermore, at the used wave-
length (Ephoton < Eg) excitation of two kinds of carri-
ers might happen, but a monopolar conductivity is much
more probable. In the case of band-to-band photoexci-
tation, the case of a bipolar conductivity definitely has
to be taken into account for analysis. Then, the maxi-
mum of the resonance signal can exist not only due to
the trap saturation effect, but as well due to the com-
petition of two kinds of carriers (holes and electrons).
However, this can be well excluded for SiC. A second
assumption was to neglect diffusion processes. The con-
tribution of this process can be estimated. At the high-
est spatial frequency used (K = 10 × 103 cm−1) the value
of the diffusion field at room temperature is equal to
ED ≈ 250 V/cm. For the same conditions, the trap satura-
tion field is Eq ≈ 1.4 kV/cm and the applied fields exceed

1 kV/cm. So, the diffusion field is less than Eq and E0,
and therefore it can be ignored in the first approximation.
Of course at higher K, diffusion can play a more impor-
tant role which reduces the quality factor. For 6H-SiC it
is not such crucial, because even for K = 3 × 103 cm−1

the quality factor is less than unity. A third assumption
was to exclude the presence of the screening effect. Such
phenomena are well-known for SCW due to non-ohmic
contacts and were particularly found in reference [4] with
InP:Fe. However, for SiC we can well exclude an influence
of the screening effect, because the theoretical function
making use of this assumption describes the experimen-
tal data with high accuracy, particularly for the 6H-SiC
sample (cf. Fig. 2). The fourth assumption made is to as-
sume τ/τM � 1. This assumption seems fulfilled with the
determined values for the µτ -product, τM , and common
values of µ in 6H-SiC in the order of 450 cm2(Vs)−1 [12].

Taking these considerations into account and that the
theoretical presumptions are fulfilled in a strict sense, we
have to remark that the determined material parameters
for the 6H-SiC sample represent valuable bench marks.
The determination of these parameters with higher accu-
racy enforces to accommodate the formula set by consider-
ing the determined tendencies of the material parameters,
i.e., a reduced effective trap density.

Taking into account the set of results on SiC from the
present study together with our previous investigations
with 4H-SiC in reference [7] we deduce a completed pic-
ture on the properties of SCW in SiC: obviously, the study
of space-charge waves yields comparable results between
SiC samples having the same stacking sequence, but taken
from different sources. This is of interest from the point
of view of material analysis since the parameters µτ and
Neff can be determined with an accuracy which is suffi-
cient for many applications in semiconductors. However,
a more careful analysis of the data set is required with
SiC samples having a different stacking sequence, as it is
demonstrated with the 6H-SiC sample. Although the exis-
tence of trap recharging waves from the data set might be
concluded at a first sight, we recommend a careful analy-
sis. We stress that the quality factor Q and the material
parameter β represent necessary criteria. For an adequate
statement, however, the assumptions made to derive the
formula set for analysis should be checked in detail.

6 Conclusions

Excitation and analysis of space-charge waves were stud-
ied in silicon carbide with 4H and 6H stacking sequence.
The effective trap concentrations and the µτ product were
estimated from the experimental data considering the
presence of trap recharging waves with an inverse disper-
sion law. The analysis remarkably yielded a quality factor
less than unity for the 6H-SiC sample. The existence of
space-charge waves therefore has to be excluded and only
damped, forced charge-density oscillations can be exited
in this material. A general classification of the material pa-
rameters providing the existence of trap-recharging SCW
in semiconductors is presented.
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