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Abstract. We report the contactless determination of the
conductivity, the mobility and the carrier concentration of
[I-VI semiconductors by means of the technique of the par-
tially filled waveguide at a microwave frequency of 9 GHz.
The samples are CdHgTe epitaxial layers, grown on CdZnTe
substrates by molecular beam epitaxy. The conductivity is
determined from the transmission coefficient of the sample
in the partially filled waveguide. For the analysis of the ex-
perimental data, the complex transmission coefficient is cal-
culated by a rigorous multi-mode matching procedure. By
varying the conductivity of the sample, we obtain an opti-
mum fit of the calculated data to the experimental results.
Comparison with conductivity data determined by the van
der Pauw method shows that our method allows to mea-
sure the conductivity with good accuracy. The behaviour of
the transmission coefficient of the sample is discussed in
dependence on the layer conductivity, the layer thickness
and the dielectric constant of the substrate. The calculations
require to consider in detail the distribution of the electro-
magnetic fields in the sample region. The usual assumption
of a hardly disturbed TE,; mode cannot be used in our case.
By applying a magnetic field in extraordinary Voigt config-
uration, galvanomagnetic measurements have been carried
out which yield the mobility and thus the carrier concentra-
tion. These results are also in good agreement with van der
Pauw transport measurcments.

PACS: 72.20.—i, 72.80.Ey, 78.70.Gq

There is a growing interest in I[-VI semiconductors be-
zause of their potential applications as devices in the areas
of opto-electronics and photonics. Their bandgap spans a
mide range from the infrared (CdHgTe) to the violet (ZnS).

nsequently, some members of this semiconcutors family
#re used as sensitive infrared detectors while others will be
suitable for the realization of LED’s etc. with light emission
jin the blue part of the visible spectrum. But a number of

hnical problems have to be overcome before we know
Fw to fabricate reliable devices of this kind. A major step

|

towards solving these problems is the growth of high qual-
ity epitaxial films by means of a new, recently developed
growth process, namely photoassisted molecular beam epi-
taxy (PAMBE) {1,2]. The growth of such films has always
been difficult because of the tendency of 1I-VI compounds
to incorporate local defects such as vacancies, interstitials
and impurities [3]. After the growth of the epitaxial layers,
it is absolutely necessary to characterize the samples, i.c. to
measure the conductivity, the Hall effect etc., in order to
control and optimize their quality with sufficient accuracy
in a short time. The knowledge of the electrical transport
parameters is especially required in the field of device fab-
rication. Unfortunately, that is often hampered by the fact
that it is difficult or sometimes even impossible to obtain
good ohmic contacts. One reason for this is the well known
tendency of self-compensation in II-VI compounds.

To avoid these problems, a useful alternative is the con-
tactless measurement by means of microwave methods. For
small or thin needle-shaped samples, transmission or reflec-
tion cavities are usually used to obtain information about
the conductivity of semiconductors [4-6]. The Hall effect
has been investigated by employing bimodal cavities [7].
For large samples which fill a rectangular wave-guide to-
tally or which are at least large enough to cover the wave-
guide cross-section, it is appropriate to measure the reflec-
tion or the transmission coefficient of the sample. Concern-
ing dielectric materials, a large number of methods for mea-
suring reflection or transmission can be found in the stan-
dard literature of microwave techniques [8]. Many of these
methods have also been applied for the characterization of
semiconductors, e.g., for the determination of the dielectric
constant of silicon [9] or of the conductivity and mobility of
GaAs layers [10]. Even the quantum Hall effect has been in-
vestigated on GaAs/GaAlAs heterostructures by the crossed
waveguide method [11, 12]. Another field of the application
of microwave methods are mecasurements of the transport
properties where the main interest is to study the relative
changes of the transport quantities, e.g. cyclotron resonances,
and not to obtain their absolute values. One example of this
kind is the investigation of the voltage and magnetic field
dependence of the conductivity in MOSFETS {13, 14].
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Fig. 1. The partially filled waveguide with the sample in upright po-
sition near the center

From the beginning of our experiments on epitaxial layers
of II-VI semiconductors, we aimed at the accurate determi-
nation of the absolute values of the transport properties such
as conductivity, mobility and carrier concentration. In our
case, the epitaxial layers with a thickness between | um and
Sum are grown on CdggsZng s Te substrates with dimen-
sions 10mm x Smm X I mm. These samples fit very well
into a rectangular X-band waveguide in the way shown in
Fig. 1. The layer conductivities range between 1(Qcm) !
and 3000 (Qcm) !. To reach our goal for this wide range of
conductivities, we found the method of the partially filled
waveguide the most appropriate, among a large variety of
microwave methods. In this method, the sample is inserted
in the center of a rectangular standard waveguide (see Fig. 1)
and the conductivity of the layer is deduced from the attenu-
ation and the phase shift of the microwave which has passed
the sample. This procedure requires one to measure the com-
plex transmission coefficient of the sample region (cf. Fig. 1)
and to compare it to calculated data, where the conductiv-
ity of the sample is varied until an agreement is reached. A
second requirement is to know in advance the conductivity
and the dielectric constant of the substrate which also has
a perceptable influence on the experimental data. For the
calculation often the assumption is employed, that the TE;q
mode is hardly disturbed by the sample. The TE;y mode is
the only propagating mode in the empty waveguide for the
frequency range between 8 GHz and 12 GHz. The condition
of a nearly undisturbed TE;;, mode is only fulfilled if the
thickness of the sample is sufficiently small in relation to
its dielectric constant. In this way, investigations of the di-
electric constant of BaF,—PbSnTe—BaF, sandwich structures
[15,16] have been performed. In our case, however, it will
turn out that the assumption of a nearly undisturbed TEq
mode is not justified for layers with conductivities above
100(Qcm)~!. If we, nevertheless, analyse our data using
this assumption, the results are not in agreement with usual
transport measurements. Obviously, the conductivities of the
samples and thus the imaginary part of the dielectric constant
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are so high that the TE|; mode is strongly distorted. There-
fore, we had to apply a more sophisticated theory which
describes the distortion of the propagating mode by calcu-
lating the distribution of the electromagnetic fields in the
sample region using a large number of modes in a multi-
mode analysis.

In the next section, we will describe the theoretical con-
siderations with the multi-mode matching procedure. The
following sections are devoted to the microwave equipment
as it was used in the experiments and to the experimental re-
suilts including galvanomagnetic measurements, which yield
the mobility of the carriers and the carrier concentration by
using a simple one carrier model.

1 Theoretical Considrations
1.1 Transmission Coefficient

In this section, the mathematical procedure will be derived
which is used to calculate the transmission coefficient (mod-
ulus and phase). The results of this calculation are then com-
pared to the experimental data and an optimum fit is obtained
by varying the conductivity of the layer as an input param-
eter.

A number of possible ways to do this calculation have
been reported in the literature. The problem of the partially
filled waveguide has been of interest for many years be-
cause of its great importance in microwave techniques, e.g.
in the construction of devices such as phase shifters, polar-
ization converters, attenuators and filters. One of the most
frequently applied methods in dealing with the discontinuity,
corresponding to our sample in the waveguide, is the varia-
tional principle combined with an equivalent network analy-
sis [17], especially for dielectric or metallic posts [18, 19]. If
the samples have dimensions comparable to the wavelength
of the microwave, these problems are often studied with
the finite element or the effective dielectric constant method
[20]. Recently, combinations of network analysis with other
theoretical approaches have been reported [21]. Xu Shanjia
introduced a method which combines rigorous multi-mode
matching with the multi-mode network theory {22]. So far,
all these methods have been applied mostly to bulk dielec-
tric material with very small imaginary components of the
dielectric constant or to metallics.

In contrast to the above mentioned methods of network
analysis using the equivalent network theory, we start from
the propagation of electromagnetic waves directly. This
method is very clear because the whole field distribution
and the transmission and reflection coefficients are built up
step by step while maintaining the same accuracy as the net-
work analysis. Figure2 shows a cross-section of the wave-
guide with the sample located at the position a;, the sub-
strate located in the segment between a; and a», and the
layer between a, and a3. The segments | and 4 are empty,
i.e. filled with air. Input parameters for our calculation are
the effective dielectric constants ¢ and &g, the thicknesses
dg = a3 — ay and ds = a; — a,; of the epitaxial layer (sub-
script “E”) and of the substrate (subscript *S”), respectively,
the microwave frequency f, the length w of the sample and
its position in the waveguide. The effective complex dielec-
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Fig. 2. Waveguide cross-section in the sample region. The different
segments are denoted by 1-4, their interfaces being at z = a4, ay,
and a3

tric constants combine the effects of the lattice and of the
free carriers:
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where the static dielectric constants jgice, s/g are assumed
to be real and frequency independent. The dc-conductivities
o /E are isotropic. In addition, 75 /g is the relaxation time and
w = 27 f (microwave frequency). The samples are assumed
to be nonmagnetic with the relative magnetic permeability
fi = 1. Among the input parameters listed above, the quan-
tities w, ds, a1, and f are fixed according to the experimen-
tal conditions. As already mentioned, the effective diclectric
constant &g (substrate) has to be measured before growing
the epitaxial layers. The thickness dg of the epitaxial layer is
determined independently by Fourier transform spectroscopy
and by X-ray diffraction. Finally, g of the layer is obtained
from the fit procedure, where epyce, g Icf. (1)] is taken into
account by inserting an appropriate value.

The first step in the calculation is to describe the electro-
magnetic fields in and near the sample region. The sample
fills the rectangular waveguide in the y-direction (see Fig.2)
and is assumed to fill it completely. Thus, the solution of the
problem will not depend on y. Far away from the sample,
there will be a pure TE,y mode propagating in z-direction
(cf. Fig. 1). But near the sample, the electromagnetic field
will be composed of a number of modes because of the
distortion of the TE o mode by the sample. For reasons of
symmetry (no y-dependence), the modes near the sample but
outside the sample region in the empty waveguide will be
TE o modes, where the field components of the mth mode
can be written as:

E;n = - iCIImOGm() CXP( - i(Im Z) 3

HT' = iHp0qm G mo exp(—igm 2) (2)
H" = HpnoGl o exp(—iQn,2) ,
with

Gmo = Gmo(z) = (a/mm) sin(mnz/a)exp(iwt)

Grno = Grolx) = cos(mmz/a) expliwt) .

In (2), gm, is the propagation constant with g2, = (w/c)* —
(mm/a)* and C is the abbreviation for C = (w/c) (uo/€0)"/>2.

For the partially filled waveguide, i.e. the sample region (cf.
Fig. 1, 0 € z < w), the electromagnetic field will be com-
posed of a number of modes of a different type. These modes
are solutions of the Maxwell’s equations when we take into
account the boundary conditions between the segments 14
(cf. Fig.2) and at the wall of the waveguide. The symmetry
of the problem allows the modes to be TE,,o-like. Then, the
field components of the jth mode are defined for each of the
segments a = 1, 2, 3, 4 as follows:

Eja = —i(C/Ga,j)Ha,; $in(Ga,;Z + Pa,;) )
x expliwt — §;2)],

HJJ;,Q - i(qu/qu,j)Ha,j Sin(‘ia,jx + ‘Pa,j)
x expli(wt — 4;2)],

HI , = Hy jcos(Ga ;T + Qa ;)
x expli(wt — ¢;2)], J

3

with

fiz,] = éa(w/c)z . Q? 3

where §; is the complex propgation constant for the jth
mode. The different solutions for ¢; and thus the different
possible modes j in the sample region are calculated by us-
ing the boundary conditions, i.e. continuity of E,, B, and
H, in the transversal x-direction at a;, a,, and a3. These con-
ditions lead to a homogeneous system of linear equations for
H, jsingg ; and H, jcos ¢, ;. Solving the transcendental
secular equation of this system yields §; and the eigenvec-
tors, and consequently, the amplitudes H, ; and the phase
angles ¢q ;.

The second step is to relate the modes in the sample re-
gion to the modes outside this region by means of the bound-
ary conditions at z = 0 and z = w. In this procedure, the j
modes in the sample region are expressed as TE,,o modes
of the empty waveguide by means of a Fourier analysis. We
can then describe the field distributions inside and outside
the sample region in terms of the same TE,,o modes which
are known to form a complete set of orthonormal functions.

.

z=0

Fig. 3. Amplitudes of the mode incident on the sample and of the
modes reflected and transmitted at the interfaces at 2 = 0 and z = w,
respectively, including multiple reflections. For reasons of clarity, we
have drawn a finite angle of incidence which is zero in reality

Z=W
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This method with the Fourier analysis facilitates the mode
matching in which we have to match the field distributions
inside and outside of the sample region. We can now treat
the boundary conditions for each TE,,o mode separately. In
principle, an infinite set of modes has to be used for these
calculations, but we shall restrict ourselves to a finite num-
ber of modes which is large enough to describe the actual
field distribution across the waveguide sufficiently well.

It is assumed that a TE;; mode propagating in the 2-
direction with amplitude H\g is incident to the sample region
at z = 0. According to the scheme in Fig. 3, the reflected
wave consists of TE,,s modes with coefficients R,,; and
the transmitted part of the j modes (sample region) with
coefficients Ajx. where k is the order of zig-zag-reflections
in the sample. At z = w. the incident wave consists of
modes with coefficients A;,. The transmitted parts are TE o
modes with coefficients T,,x and the reflected parts the j
modes with coefficients Bjy, propagating in the negative
z-direction. In this way, the total field distribution inside and
outside the sample region is built up step by step as shown
by the arrows in Fig. 3, starting with k& = 0. The final result is
given by the following expressions for the field components:

.a) for z < 0 (before the sample region):

Ho [Hobm,1: k =0 only!'],
Ai [Ajk exp(—i2kg;w)l,
Al LAk exp(—il2k + 1]G;w)],

—iC Z (Hl()ém,l + Z Rmk)
™m k

X G oo eXpl—igm 2},

i Z (H1<>(5m,1 + Z Rmk)
k

m

X gmGmo exp(—igmz),
H. Z (H|(>5m,.| + Z Rmk>
k

m
s/ : .
X G exp(—igm2);

H,

4)

b} for 0 < z < w (sample region).

—iC Z Gmo{ Z Finj ZlAgk exp(—ig;z)

m 7 k

E, =
+ By exP(i@Z)l},
Ho=iY Gmo{ 37 Foj @ Y Ak exp(—id;2)
m 3 k
— Bji, cxp(icjjz)j}.

Hl = Z Glm() {Z ij
m J

+ Bji exp(iq*jzn}:

(5

Z {Ajrexp(—id;2)
k

R;
By
B
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c) for z > w (after the sample region):

Ey = -ic Z (Z ka>G7”()exp(_iQmZ):
m k
Hy =1 Z (Z ka’)qmcm‘) expl—igm2), (6)
m k
Hz = Z (Z T""”')G;n() exp(_igrnz) .
k

m

In (5), the factors Fy,,; are the Fourier coefficients of the
jth mode in the sample region with respect to the mth
mode of the empty waveguide according to the above men-
tioned Fourier analysis. The longitudinal boundary condi-
tions, namely continuity of Iy, H,, and B, at z = 0 and at
z = w, lead to an inhomogeneous system of linear equations
which allows us to evaluate all coefficients Ajr, Bk, Rk,
and T}, as quantities proportional to H,y, the amplitude of
the incident wave. As already pointed out, this calculation
can be performed only for a finite number of modes N which
means that m and j are restricted accordingto | <m < N
and 1 < 5 < N, respectively. This inhomogeneous set of
linear equations may be expressed in matrix form, where
we define the following N-dimensional vectors as well as
specify their components in brackets:

IRmk] s ka Ika] )
{ B exp(—i2kg;w); Bjo = 0],
{Bjr exp(—i[2k — 1]¢;w); Bjp = 0].

(7

Similarly, we define the following N x N matrices and their
elements in brackets:

(F+) I(l +‘§j/Qm)P‘mjls (17-) [(1 _éj/QF7t)F7llj}- (8)

With these definitions, the inhomogeneous system of linear
equations representing the boundary conditions reads in ma-
trix form as follows:

a) z=0

(F*) Ag + (F7)Bg = 2Hopbr o, } )
(F7) Ag + (FHBr = 2Ry

b} z=w
(F~) A} +(FHB, =0, } 00,
(F*y A} +(F7)B) =2Tk.

For each value of k (cf. Fig. 3), there are two sets of matrix
equations for z = 0 [see (9)] and two sets for z = w [see
(10)]. The calculation starts with & = 0 to determine Ay
and Ry from Hy by means of (9), where By = 0. The next
steps are to calculate successively Bf, ,, and Ty from A}
(10) for each value of k starting with £ = 0, and then A,
and Ry, from By (9). It is evident from (7) that A; and A},
and as well as B, and B}, differ only by a phase factor and
are otherwise identical. This procedure is continued until k
is large enough, i.e. more reflections back and forth do not
contribute significantly to the signal. Near the sample region,
the transmitted signal consists of a number of TE,,; modes
with amplitudes T}, added up for all values of £ (see Fig. 3).
Far away from the sample, however, only the propagating
TE;p mode persists and the measured transmission signal is
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Fig. 4a,b. Calculated transmission coefficient, i.e. attenuation (a) and
phase shift (b), evaluated for & = 11.0 — 0.51 and for various layer
thicknesses dg (full lines, dg in um as a parameter) and for &5 =
10.6 — 11.01 and dg = 2.0um (broken line). For further explanations
and values of the other parameters see text

therefore

T:ZT,k. (1)
k

As a reference, we consider the corresponding transmission
signal of the empty waveguide which is

To = Hypexp(—iqw) .

The complex transmission coefficient of the sample is then
the ratio of 7" and Tj. Its modulus A = |T'/Tp/| is the attenua-
tion of the microwave caused by the sample. The attenuation
will usually be expressed in decibels (dB). The phase shift
originating from the sample is ¢ = arc(T/Tp), which will
be expressed in degrees.

For the analysis of the experimental data, it is very useful
and is found to be the most appropriate representation when
A and ¢ are plotted as a function of the conductivity og of
the layer. An example is shown in Fig. 4. Values of the ex-
perimental parameters used in all calculations are compiled
in Table 1. The value for &g is given in Fig. 4. In calculating
g from og, we have used epyice, g = 20.0 for the lattice
contribution to £g. This value for €jyuice, g is discussed in de-
tail below in context with Table 2. The curves in Fig. 4 show
a large increase in A with increasing layer conductivity for
og < 100(Qcm)~'. At higher values of og, A reaches a
maximum and is then nearly independent of the conductiv-

Table 1. Values of the parameters which are fixed by the experimental
conditions and which were used in all calculations without variation

Sample position (cf. Fig. 2) a; = 10.5 mm
Sample length (cf. Fig. 1) w = 50 mm
Substrate thickness ds = 1.0 mm
Microwave frequency f = 89 GHz

ity. The phase shift ¢, on the other hand, varies strongly
with the layer conductivity for values between 20 (Q cm)™!
and 1000 (©2cm)~!. This means we can use both A and %
for the determination of o when o < 100(Qcm)~'. For
og > 100(Q2cm)™!, on the other hand, it is more appropriate
to use only ¢ for this purpose. Furthermore, both quantitics,
i.e. A and ¢, also depend strongly on the layer thickness dj;
as is evident from the various curves (full lines) in Fig. 4 with
dg as parameter. Also the influence of &g of the substrate is
illustrated in Fig.4 (broken line, dg = 2um). Therefore,
these two parameters have to be known with good accu-
racy when the layer conductivity is to be deduced from the
experimental data. The transmission coefficient of the sam-
ple and also the reflection coefficient depend, additionally,
on quantities such as frequency or sample length w. These
dependences will be discussed in a forthcoming paper [23].
The behaviour of the transmission coefficient, as demon-
strated in Fig. 4, results from the field distributions near the
sample in the waveguide. The field distributions are clear
evidence that the nearly undisturbed TE;y mode is not a
good approximation in the case of our samples. For low
layer conductivities, the dominant effects are due to the sub-
strate with its relatively high dielectric constant (real part of
£s). Therefore, the whole electric field is more or less con-
centrated in the substrate [see Fig.5a for a low layer con-
ductivity of og = 9.1(Qcm)~!']. For more clarity, only the
modulus [E,| of the electric field is shown in Fig.5 with its
variation over the waveguide cross-section (z-dependence)
for various values of z in the sample region (0 < z < w) and
beyond (2 > w). At some distance beyond the sample, only
the TE |y mode will be found since all the other modes are
cut-off modes and die out within about 10mm. When the
layer conductivity increases above the value demonstrated
in Fig.5a, the microwave properties of the sample will be
dominated more and more by the layer conductivity. for con-
ductivities larger than 500 (Qcm)~!, the field at the sample
position will approach zero and, thus, the field configura-
tion is practically that of a metallic strip in the center of
the waveguide. An example of a field distribution in and
near a sample with high conductivity (og = 500(Q cm)™h)
is shown in Fig. 5b. A comparison shows that the transmis-
sion coefficient is considerably smaller for the sample with
higher conductivity (|T/Ty| = 0.304 in Fig.5b) then for
the sample with the lower conductivity (|T'/Tp| = 0.706 in
Fig. 5a) for the reasons discussed above. There is also a dras-
tic change in phase shift between the two sample, namely
from ¢ = —61.93° in Fig. 5a to ¢ = 34.95° in Fig. 5b.

1.2 Galvanomagnetic Measurements

Our experimental equipment {see next section) enables us to
study the conductivity of our samples as a function of tem-
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Fig. 5a,b. Field distribution in and be-
yond the sample region for a layer con-
ductivity of a o = 9.1(Qcm)” ! and b
op = 500(Qcm)~'. The values of the
other parameters are £ = 11.0 — 0.81
and 11.0 - 0.5, dg = 2.0um and 3.0um,
N = 20 modes and 70 modes for a and b,
respectively. For more clarity, we present
only the modulus |E,| as a function of z at
various positions z

perature and an external magnetic field. The magnetic field
with a strength up to 0.6 T was applied in the z-direction
(see Fig.6). Following the classification in the literature,
this arrangement is called an extraordinary Voigt configu-
ration [24], where the layer conductivity becomes a tensor
of the following form

Cre 0 0
&= ( 0 Gy &yz> (12)
_6—yz 622
with
8yy = 6., = og[l —iwrel/[1 + (ueB)’], (13)
6y, = op(ueB) (1 — iwre)/[1 + (ue B, (14)
Ozr = OF = ENEUE . (15)

Here, pg is the mobility of the carriers in the layer, ng their
concentration and B the applied magnetic field. In (13)-
(15), it is assumed that (w7g)* < 1 and can be neglected
(see below). For further details, the reader is referred to the
literature [24,25]. According to (1), the effective dielectric
constant £g becomes a tensor of the same form as the tensor

/]
5 x

Substrate Epitaxial Layer

Fig. 6. Configuration of the sample in the external magnetic field

of the conductivity & (12). When a sample contains sev-
eral types of carriers denoted by &, the components of the
conductivity tensor become

Gy =Y o5, (16)
k

Now, the assumption is made that only a small and negligible
E, component of the electric field arises as a consequence
of the magnetic field and of the resulting Hall effect. Ne-
glecting thus the change in the field distribution originating
from E,, we have determined the conductivity of the sam-
ple, in particular of the epitaxial layer, in the way described
above for the case without magnetic field. This means, we
have measured the diagonal component £, of the dielectric
tensor under these conditions and, correspondingly, the com-
ponent &y, of the conductivity tensor. On the other hand,
we would not be able to observe the change in field distri-
bution with our equipment, namely the TM,,,,, modes with
an F, component of the electric field, because these are not
propagating modes in our waveguide.

2 Experimental Procedure

The experimental equipment (see Fig.7) consists of a mi-
crowave bridge {16] in standard rectangular waveguide tech-
nique for the X -band (8.2 GHz-12.4 GHz). The microwave
radiation emitted by the Gunn oscillator is divided by a 3dB
directional coupler and half of the power is sent through
the sample channel and the other half through the refer-
ence channel. By a second directional coupler, the radiation
of both channels is recombined and guided to the detector.
The transmission coefficient is measured by equalizing the
bridge, i.e. zero signal at the detector. This is performed
twice by means of the attenuator and the phase shifter for:

a) the empty transmission line and

b) the sample in the transmission line.

The differences in the setting of the attenuator and of the
phase shifter yield then the transmission coefficient of the
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sample. The four isolators in the microwave bridge ensure
that the microwaves can propagate only in forward direc-
tion and that the measurements are not obscured by reflected
waves propagating in the opposite direction. The typical fre-
quency for our measurements has been 8.9 GHz, where the
VSWR (voltage standing wave ratio) is lower than 1.1 in our
set-up. In contrast to usual microwave bridges, our equip-
ment includes a 1 T electromagnet and a cryostat which has
been constructed especially for the microwave bridge and
which allows continuous temperature dependent measure-
ments between 4.2 K and 300K.

3 Analysis of the Experimental Data

All our samples are epitaxial layers of II-VI semiconductors
grown on commercially available Cdy g6Zng g4 Te substrates
by MBE (molecular beam epitaxy). In Table 2, we have com-
piled the electrical properties of the samples studied by our
microwave method. The values for & of the substrates have
been determined by the microwave method before growing
the epitaxial layers. The real part of £g is essentially due to
the lattice contribution €uice, s. It decreases linearly with de-
creasing temperature. Our values are in good agreement with
data obtained by other methods [26]. The imaginary part of
&g results from the conductivity of the substrate material.
The conductivity varies between 0.0025 and 0.055 (Q cm)~!
at room temperature depending on the particular substrate
(cf. Table2) thus showing that a number of substrates do
not fulfill the requirement of a high resistivity. Also, the
structural quality is often not quite satisfactory [27]. The
values of the conductivity og of the epitaxial layers com-
piled in Table2 were determined at room temperature by
the van der Pauw method [28] which is fairly reliable for
our samples which all are n-type. From the conductivity
og (cf. Table2), we have calculated the effective dielectric
constant £g for the epitaxial layers [cf. (1)], where we have
used for the relaxation time a typical value of 5x 10™1* s and
for the lattice contribution to £g the value €jagice,e = 20,0
for all HgCdTe samples listed in Table2. This is actually
the value for pure HgTe [29]. Since our samples have rel-
atively small Cd-concentrations (cf. Table 2) and since the
microwave properties of the layers are clearly dominated
by their conductivity (imaginary part of £g), only a negligi-
ble error is introduced by using this value for all samples
instead of a more accurate individual value for each sam-
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Fig. 7. The microwave bridge with the TEy transmission line, com-
bined with a cryostat and a 1T electromagnet

Table 2. Properties of the epitaxial layers: All the layers are grown on
Cdg.96Zng g4 Te substrates. CMT xx and Q xxx are internal denotations
for the samples. The number in brackets denote the Cd-concentration.
Samples CMT 78 and Q 132 are superlattices

Sample & dg o £
[um] | [Q: cm])!
CMT 78 11.0-080i | 2.0 9.0 - 31-1.816-10%i
HgTe/CdHgTe |-
CMT 76 110 - 045i | 1.2 38.5 - 197 - 7.770- 10% i
HgTe
Q 105 1.0-0.50i | 1.6 1470 - 8275 - 2.967- 10° i
CdHgTe (0.17)
Q 107 11.0 - 11.0i | 29 1107 - 6226 - 2.234-10°
CdHgTe (0.16)
Q114 11.0-050i | 52 510 - 2858 - 1.029- 10° i
CdHgTe (0.175)
Q117 110 - 11,07 | 3.45 133 - 730 - 2.684- 10%i
CdHgTe (0.21)
Q 118 11.0- 0501 | 2.4 236 - 1312 - 4.763- 10%§
CdHgTe (0.19)
Q 132
CdHgTe/CdHgTe | 11.0 - 0.50i | 2.35 105 - 572 - 2.119- 10%i
(0.70/0.20)
Q 153 110 - 11.0i | 25 55.9 - 295 - 1.128- 10% i
CdHgTe (0.22)
Q 154 11.0-0.50i | 22 67.1 - 359 - 1.354-10%i
CdHgTe (0.22)

ple [29]. Finally, it tumns out in these calculations that the
condition (w7)* < 1 is always fulfilled for the microwave
frequencies under consideration and that we measure more
or less the dc-conductivity with the microwave bridge.

The theoretical considerations in the foregoing sections
are the basis for the analysis of our experimental data. As
discussed above, we measure the attenuation and the phase
shift caused by the sample (cf. Fig. 1), and the theoretical
results according to (11), i.e. the calculated values of the
transmissioncoefficient, have to model these quantities. The
microwave value of the conductivity is then determined from
the intersection of the measured values of the attenuation A
and the phase shift ¢ with their caiculated dependence on
the layer conductivity o, A = f(og) and ¢ = f(og) (cf.
Fig. 4). The input parameters for the calculation are compiled
in Tables 1 and 2. Figure 8 shows, as an example, the graphic
determination of gg for the samples Q 132 and Q 154. No
corrections have been made. For Q 154, i.e. the sample with
the lower conductivity, it is useful to determine o from both
A and . With respect to ¢, the data in Fig. 8 show an off-
set, especially for sample Q 154, which is beyond the limits
of experimental error of typically +3% in this region. This
phase offset is the difference between the independently de-
termined van der Pauw value of g (circles in Fig. 8) and the
intersection of the microwave value (broken line in Fig. 8)
with the curve (og) (full line in Fig. 8). For A, the agree-
ment between van der Pauw value and microwave value is
much better. In the case of sample Q 132, i.e. the sample
with the higher conductivity, it is not recommended to use
A for the determination of o because A(og) has a maximum
in the corresponding o-range (cf. also Fig. 4). Therefore, we
have to rely on o in this case. but usually an accurate ex-
perimental determination of the phase shift is more difficult
than that of the attenuation.
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Fig. 8. Microwave determination of the layer conductivity og for sam-
ples Q132 and Q154 (see Table2 for their properties). Experimen-
tal data (broken lines) and calculated data (full lines) evaluated with
dg = 2.2 um and 2.5 um. For comparison, the van der Pauw conduc-
tivity is shown intersecting the experimental data (circles)

The relatively large phase offset observed in Fig. 8 can
be explained by the fact that we have assumed an ideal elec-
trical contact between the sample and the waveguide wall in
our theoretical calculations. In the experiment, we have tried
to improve the contact by inserting thin copper strips and/or
electric conductivity paste between sample and wall of the
waveguide. But an ideal contact cannot be achieved in this
way. Other methods whichinvolve soldering ete. [9, 30] are
not applicable for these thin layers which are produced in
a nonequilibrium process. It is most probable that residual
capacities lead to the phase differences [30]. On the other
hand, the phase offsets are totally reproducible and seem
to be typical for the corresponding conductivity range. This
offers the possibility of empirical corrections. Another pos-
sibility to overcome this problem is to include a very thin
air-gap in the calculations for a better modeling of the exper-
imental data. We shall pursue this way in the future, even if
this means a substantial extension of the theoretical consid-
erations because not only TE,,,o modes are to be considered
but the whole set of TE,,,, and TM,,,,, modes.

Before comparing these theoretical results with experi-
mental data, some comments are necessary about the con-
vergence of our calculation procedure. In this context, it is
important to choosc a sufficiently high number of modes
N for the calculation, but not so high that the computing
time would become unnecessarily long. The convergence has
been tested at various steps of our procedure with the final re-
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Table 3. Convergence properties of the theoretical calculations, de-
pending on the number of modes N used for evaluating the transmis-
sion coefficient |T/1p], the attenuation A and the phase shift ¢

N {T/Tl A ?
[dB] [degrees]

20 0.2490 10.61 66.43
30 0.2860 10.87 65.88
40 0.2841 10.92 65.53
50 0.2837 10.94 65.40
60 0.2834 10.952 65.30
70 0.2832 10.958 65.26

sults presented in Table 3, i.e. the transmission of the sample.
This calculation has been performed for €5 = 10.6 — 11.01,
og = 500(Qem)”! (g = —2805 — 1.010 x 10°i) and
dg = 2.0um. The results (Table 3) show that it is neces-
sary to use 70 modes. For gg < 100(Q2cm)”! however, the
aumber of modes NV can be reduced to 20. Due to the high
attenuation of the modes in the sample region, the number
of zig-zag-reflections k& can be restricted to 4.

4 Comparison of Microwave-Determined
and Transport-Determined Data

Under the conditions outlined above, we are able to calculate
reliable theoretical data for comparison to the experimental
results. In Table 4, such a comparison is made for various
samples. In the two columns with the designation “experi-
ment”, we have listed the measured values of the phase shift
 and of the attenuation A. The two columns with the des-
ignation “theory” contain the corresponding data calculated
using the parameter values in Tables 1 and 2, where of is
the van der Pauw value. With respect to A, the agreement
is excellent for the whole conductivity range, although the
values of ¢ agree well only for low layer conductivities. In
the high conductivity range, however, there is the phase off-
set in excess of the experimental error, as discussed above.
A large difference in the phase shift was observed for sam-
ple Q118 (cf. Table2). This phase offset is about 20° (not

Table 4. Experimental and theoretical results (attenuation A and phase
shift ) and the layer conductivity og deduced from the microwave
measurements (MW) compared with the van der Pauw conductivity
(VdP)

Experiment Theory Conductivity oy
Sample A ? A ? MW vdpP
[dB] [degrees]| [dB] [degrees] [Q-em]?
CMT 78 32 -27 332 -276 8.7 9
CMT 76 53 -20 524 -200 40 385
Q 105 109 68 10.31 74.0 820 1470
Q 107 10.5 73 10.40 75.5 742 1107
Q114 10.65 68 10.24 75.4 300 510
Q 117 1.3 42 11.41 524 93 133
Q 132 10.9 21 1067 298 87 105
Q 153 10.8 10 11.14 17.3 48 56
Q 154 8.4 8 9.5 9.2 52 67
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listed in Table 4) and, most probably, it is caused by struc-
tural defects such as inhomogeneous layer thicknes at the
edges or across the sample which was determined by X-ray
diffraction.

In the last two columns of Table4, we present a com-
parison of the layer conductivity deduced from microwave
measurements with the van der Pauw data. Generally, it has
to be kept in mind, when comparing the data in Table4,
that the accuracy of this determination of the conductivity
depends not only on the accuracy of the measurement of
A and ¢ but is also influenced by the experimental errors
in the measurement of &g of the substrate and of dg of the
layer (up to 20%), as well as by the errors in the van der
Pauw measurement. Apart from the phase-offset, the data in
Fig.8 and in Table4 show that the contactless microwave
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Fig. 9. Layer conductivity a,, (real part) of sample Q 154 as a function
of temperature: Microwave-determined (x) and van der Pauw data (o)
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Fig. 10. Layer conductivity oy, (real part) of sample Q 154 vs magnetic
field for several temperatures. The solid lines are guide to the eye
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Fig. 11. Mobility ;& and carrier concentration n for sample Q 154 vs
temperature; evaluated from the microwave data of Figs.9 and 10: n
(x) and p (+); and for comparison from transport data: n (o) and
(A). In both cases, a one carrier model has been used

method yields values for the conductivity of the layer which
are within the limits of tolerable experimental error.

For one sample (Q 154), as an example, the conductivity
has been mesured with the contactless microwave method as
a function of temperature and magnetic field. The results of
these galvanomagnetic measurements are compared to van
der Pauw transport data, also available for this sample. The
conductivities at various temperatures were derived in the
way outlined above (cf. Fig.8) by taking into account the
measured temperature dependence of €g of the substrate. It is
worthwhile mentioning that the conductivity of the substrates
did not show any measurable dependence on the magnetic
field. This is due to the low mobility of the carriers. On the
other hand, the conductivity of the substrate decreases very
strongly with decreasing temperature due to a decrease of
the carrier concentration.

Figure 9 shows the layer conductivity of sample Q 154 as
a function of temperature. In an applied magnetic field, the
conductivity &, always decreases with increasing magnetic
field because of the denominator in (13). This is shown in
Fig. 10 for several temperatures. The dependence of &, on
the magnetic field B can be used to evaluate the mobility
w of the carriers in the layer using (13). Then the carrier
concentration n is determined by means of (15). The results
are shown in Fig. 1 1. The corresponding data obtained with
the conventional method (van der Pauw, employing a one
carrier model) are aiso presented in Fig. 9 and Fig. 11. Com-
parison shows that the microwave values for o, p, and
n agree quite well with the van der Pauw data. Only for
high conductivitics and mobilities at low temperatures, the
agreement could probably be improved by solving the above
mentioned air-gap problem. Generally, the mobility of the
sample Q 154 is lower by a factor of three as compared to
data reported for high quality bulk material and epitaxial
layers [31-33].
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5 Conclusions

The conductivity of CdHgTe epitaxial layers has been mea-
sured by means of the microwave technique of the partially
filled waveguide. The essential characteristics of the wave
propagation in this configuration have been determined by a
multi-mode matching procedure. We have discussed in de-
tail the behaviour of the transmission coefficient and the field
configuration in dependence on the layer conductivity, the
layer thickness and the electrical properties of the substrate.
Al our results show that the procedure of multi-mode match-
ing has to be used for every sample, even for substrates and
epitaxial layers with low conductivities. Otherwise, we do
not obtain correct and reliable results. The assumption of
a hardly disturbed TE,, mode has proven to be inadequate.
The theoretical results are verified excellently by experiment
and they are in total agreement with recent theoretical cal-
culations based on a multi-mode network analysis [23].

Using the contactless microwave method with the calcu-
lated results as a basis for the analysis of the experimental
data, the conductivities of epitaxial layers of II-VI com-
pounds have been determined with an accuracy comparable
to van der Pauw transport measurement. With the help of
an external magnetic ficld not only conductivities but aiso
mobilities and carrier concentrations have been determined
over a large temperature range. These studies of the electri-
cal properties as a function of magnetic field and temperature
offer the possibility for detailed investigations of the trans-
port properties with respect to the presence of more than one
type of carrier.

There are still problems which have to be and will be
solved in the near future. First, a theoretical treatment in-
cluding an air-gap between the sample and the waveguide
is necessary to circumvent the contact problems and to im-
prove accuracy. Second, the influence of the E', component
originating from an applied magnetic field should be stud-
ied in more detail, especially with respect to the changes in
the field distribution and thus in the measured conductivity.
There are experimental indications that this influence is not
negligible for very high layer mobilities. In addition, this
extension of the method will offer the possibility of inves-
tigating the off-diagonal component &, of the conductivity
tensor.
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