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Introduction

It is well known that millimetre waves can be used
for non-destructive characterization of a wide spectrum of
materials. Usually the bulk or surface resistance as well as
the dielectric constant of the material can be measured in
this way. In many cases, the quality of the fabricated
material depends on spatial distribution of these parameters
in the whole area of the sample. This is especially
important for large area dielectric substrates and thin films
used in electronics. Relatively short wavelength of the
millimetre wave provides the possibility to utilise them for
non-destructive homogeneity characterization of materials.
The method based on the scanning of the material surface
by millimeter wave beam and the measurement of reflected
(transmitted) power has been suggested yielding a
resistivity map [1]. The probe size and the probe-sample
distance determine the spatial resolution of the method.
Several designs of the millimeter wave probes based on a
narrow resonant slit [1], metal micro-slit [2] and thin-slit
aperture in a convex end plate of rectangular waveguide
[3] were used. A non-destructive millimeter wave resonant
measurement method based on the open resonator
technique for the homogeneity characterization of
dielectric [4], high-temperature superconductor wafers [5]
was also proposed. Although the sensitivity of this method
is very high, its spatial resolution that depends on the
millimeter wave beam aperture (J ~ 7 mm) is not
sufficiently good. In this paper we propose a millimeter
wave technique that is capable of solving this problem.

Theoretical background

It is known that electromagnetic wave transmitted
through a dielectric plate demonstrates resonance
character. Maximum of transmission is observed at the
condition d/A = 1/2, 1, 3/2, 2,...n/2, where d is a thickness
of the plate, 1 is a wavelength, n is an integer. This

59

resonance is known as Fabry-Perot resonance. An analysis
of electromagnetic wave transmission through the
dielectric plate with losses was presented recently [6].
Typical calculated dependences of transmitted wave
coefficient and phase for different values of plate
conductivity ¢ are presented in Fig. 1. The conductivity of
the plate in the figure is characterized by the dimensionless
parameter ¢ = Z,0d/2, where Z, is an impedance of the free
space, and o is conductivity. When the thickness of the
plate contains whole number of half-waves the Fabry-Perot
resonance condition is fulfilled and the transmitted wave
power reaches its maximum. When o increases the
transmitted wave power decreases. It is important to point
out that the influence of the conductivity on the transmitted
wave phase is negligible. It is seen from the lower part of
the figure where the dependences of the phase for different
values of & are presented. The largest influence on the
transmitted wave phase has a dielectric constant ¢ of the
material under test. Its change causes the strongest shift of
the transmitted wave phase at the same Fabry-Perot
condition [7]. It means that the largest sensitivity
determining inhomogeneities of the dielectric constant and
conductivity in semiconductor wafer can be obtained by
measuring transmission coefficient and phase distribution
at Fabry-Perot resonance conditions. Therefore wishing to
determine both dielectric constant and conductivity
variation in the wafer area the phase and amplitude views
in transmitted wave at a resonance condition should be
analysed.

Measurement technique

The main idea of the measurement technique
operation is the local excitation of millimeter waves in the
sample under test and the measurement of transmitted
(reflected) wave amplitude and phase at different points of
the sample. In essence, we use a millimeter wave bridge
consisting of a reference signal and a measuring signal



channels (Fig. 2). The tested sample is placed between
special waveguide probes that provide both local excitation
and reception of the low power millimeter wave signals.
The sample can be moved relative to the exciting and
receiving probes by scanning mechanism. Changes of the
electric or dielectric parameters in the sample area cause
changes in the amplitude and phase of the transmitted
(reflected) signal. By probing the sample at different points
with the millimeter wave beam, information about the
homogeneity of the sample can be obtained. All
measurement processes are computer controlled and the
measurement results are compiled in the computer. Some
examples of the applications of our technique for
homogeneity measurement of dielectric and semiconductor
wafers are presented below.

£=25

Fig. 1. Typical dependences of the transmission coefficient (top)
and the phase (bottom) of wave transmitted through the dielectric
plate (&=25) with losses on its thickness normalized to the
wavelength of the plate for different values of dimensionless
parameter & characterizing conductivity of the plate. 1- &0, 2 —
¢&=0.01,3-£=0.03,4-¢=0.1,5-0.3,6 - &=1.0
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Fig. 2. Schematic diagram of the device measuring transmitted
and reflected electromagnetic wave amplitude and phase: 1 is
millimeter wave oscillator, 2 is reference signal channel, 3 is
transmitted signal channel, 4 is reflected signal channel, 5 is
frequency converter, 6 are directional couplers, 7 are mixers, 8
are antennas, and 9 is the sample under test
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Measurement results

Semiconductor Si and dielectric LaAlO; wafers have
been used for material homogeneity measurement tests.
Measurements were performed in the frequency range 120
— 150 GHz. Open end sections of circular waveguide were
used for local excitation and reception of millimeter waves.
A spacing between the end of the waveguide and sample
surface was roughly 0.2 mm. Scanning of the sample was
performed using two step motors. One of them serves for
the sample rotation and the other one provides its linear
motion. Therefore, the scanning process is going on the
helix way (Fig. 2) covering all surface of the sample.

Measurement results are presented in Fig. 3 to Fig. 5.
The distribution of the amplitude and phase of the wave
transmitted trough the homogeneous Si wafer is shown in
Fig. 3. It is seen that both the amplitude and phase
distributions are rather homogeneous as well. Measured
amplitude and phase variations within sample are less than
0.2 dB and 2°, respectively It seems that these values are
the limits of the sensitivity of the present-day device.
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Fig. 3. Millimeter wave amplitude (top) and phase (bottom)
images of the Si wafer. Wave frequency is f = 130 GHz.
Thickness of the wafer is 0.30 mm

More significant variation of the amplitude and phase
has been observed in the corresponding images for LaAlO;



wafer (Fig. 4 and Fig. 5). They can be related to the
dielectric constant inhomogeneous distribution in the
volume of the wafer occurring due to twinning
imperfections that are common for this type of material
[8]. Comparing images shown in Fig. 4 and Fig. 5 that are
measured at f=120 GHz and /=150 GHz, respectively, one
can see that in the latter image smaller changes of the
transmitted wave amplitude and phase are observed. The
point is that for LaAlO; (¢ = 25) wafer second order Fabry-
Perot resonance condition (d = 1) is fulfilled at /=120 GHz.
As for /=150 GHz, d = 5/4 A and this frequency is far
enough from the resonance. Analyzing the phase images
for both frequencies, one can see that the largest change in
the phase angle is roughly 30° for the frequency f =120
GHz whereas at higher frequency where the condition for
Fabry-Perot resonance is not satisfied the variation of the
phase is only 4°. These results confirmed in general our
earlier predictions that the largest sensitivity of
homogeneity mapping can be achieved when the
measurements are performed at Fabry-Perot resonance
conditions.
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Fig. 4. Millimeter wave amplitude (top) and phase (bottom)
images of the LaAlO; wafer at frequency 120 GHz. The thickness
of the wafer is 0.52 mm
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Fig. 5. Millimeter wave amplitude (top) and phase (bottom)
images of the LaAlO; wafer at frequency 150 GHz. The thickness
of the wafer is 0.52 mm
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Fig. 6. Calculated dependences of the phase shift on the dielectric
constant for LaAlO; wafer used in measurements for /=120 GHz
frequency (solid line) and for /=150 GHz (dashed line)



Calculated dependencies of the phase shift on the
dielectric constant for LaAlO; wafer at frequencies that
correspond to the measurement results are shown in Fig. 6.
Making use of these dependencies and experimental data
one can estimate that experimentally observed phase
variation corresponds to 8 % change of the dielectric
constant. It is worthwhile to mention that similar value of
dielectric constant variation has been determined from the
measurement results performed earlier using dielectric
filed resonant cavity method [8].

Conclusion

Millimeter wave bridge technique for nondestructive
material homogeneity characterization is presented. The
idea of this technique is the local excitation of the
millimeter waves in the wafer under test and the
measurement of the transmitted wave amplitude and phase
in the different places of the sample. Measurement results
of the homogeneity measurements for semiconductor and
dielectric wafers are presented. The space resolution is
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Characterization of Material Homogeneity // Electronics and Electrical Engineering. — Kaunas: Technologija, 2006. — No. 7(71).
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Millimeter wave bridge technique for nondestructive material homogeneity characterization is described. The idea of this technique
is the local excitation of the millimeter waves in the testing material and the measurement of the transmitted wave amplitude and phase
in different places of it, i.e. the material plate is scanned by the beam of the millimeter waves. Same results of the homogeneity
measurements for semiconductor and dielectric wafers are presented. The measurement technique sensitivity is discussed. Ill. 6, bibl. 8
(in English; summaries in English, Russian and Lithuanian).

A. JlaypunaBuuioc, K. Kanunepuc, T. Anounaepuc, O. Mapranosa, 10. [IpumyroB. TexHuKa MH/JIMMETPOBBIX BOJH Js
Hepa3pyLIaoniero KOHTPOJIs MATepHaIoB // DIeKTPOHHKA U dJ1eKTpoTexHuka. — Kaynac: Texnouorus, 2006. — Ne 7(71). C. 59—
62.

OmnucaHa TEXHMKa MUJUIMMETPOBBIX BOJH, TMpeHA3HadeHas AJIs Hepas3pyIIaroliero KOHTpoJsl MaTepuainoB. [Ipunnun e€ nelicTBus
OCHOBaH Ha JIOKQJIbHOM BO30YXIE€HWH MHJUIMMETPOBBIX BOJIH B UCCIICAYEMOil IIaCTHHE MaTepHalla U M3MEPEHUH aMIUIUTYAbl U (a3bl
npoulee yepe3 He€ BOJHBI, T. €. IJIACTMHA CKaHUPYETCs JTy4éM MUJUIMMETPOBOM BOJHBI. IIpencTaBieHbl HEKOTOpBIE pE3yNbTaThl
U3MEpEeHHsT ORHOPOJHOCTH MONYNPOBOAHMKOBOM M JHMINIEKTpHUecKoil IiacTHH. OOCyX[eHa YyBCTBHTEIHOCTh H3MEPHUTEIBHOMN
texHuku. Wi 6, 6u6i. 8 (Ha aHMIMIICKOM sI3bIKe; pedepaThl Ha aHITIHHCKOM, PyCCKOM U JIUTOBCKOM 513.).

A. Laurinavit¢ius, Z. Kancleris, T. Anbinderis, O. Martianova, J. PriSutov. Neardomoji medZiagy homogeni§kumo kontrolé
naudojant milimetriniy bangy technika // Elektronika ir elektrotechnika. — Kaunas: Technologija, 2006. — No. 7(71). — P. 59-62.

Aprasyta neardomosios medziagy homogeniskumo kontrolés matavimo metodika ir prietaisas, veikiantis milimetriniy bangy tiltelio
principu. Pagrindiné matavimo metodikos idéja yra ta, kad milimetrinés bangos yra lokaliai zadinamos tiriamosios medziagos
ploksteléje ir matuojama pragjusios bangos amplitudé ir fazé skirtingose jos vietose, t. y. plokstelé skenuojama milimetriniy bangy
spinduliu. Pateikti puslaidininkinés ir dielektrinés ploksteliy homogeniskumo matavimo rezultatai. Taip pat aptartas matavimo prietaiso
jautris. I1. 6, bibl. 8 (angly kalba; santraukos angly, rusy ir lietuviy k.).
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