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Measurement of the complex dielectric constant down to helium
temperatures. Il. Quasioptical technique from 0.03 to 1 THz

J. A. Reedijk, H. C. F. Martens,? B. J. G. Smits, and H. B. Brom
Kamerlingh Onnes Laboratory, Leiden University, P.O. Box 9504, 2300 RA Leiden, The Netherlands

(Received 25 June 1999; accepted for publication 22 October) 1999

A quasioptical method is described that allows the determination of the complex dielectric constant
almost continuously in the millimeter wave regime without the use of electrical contacts. The
technique allows the dielectric properties of bulk sampgsesids, powders, and liquii@nd thin

films (free standing or deposited on a substratebe measured with excellent absolute accuracy
down to 2 K. © 2000 American Institute of Physid$S0034-6748)0)04902-9

I. INTRODUCTION GHz) is produced by a local yttrium-iron-garn@tlG) oscil-
. . . lator. At the sender hori(2), a harmonic generator creates
As argued in the preceding artidepferred to as paper the millimeter wave radiatiori30—120 GHz, which is di-

|, the frequency.dependent dlelgctrlc respoas:éa material rected towards the sample by the horn antenna and focused
generally contains a wealth of information about the natur%
y means of a polyethylene lens. At the sample spot, the

f carrier transport, localization of char rrier ipolar S :
of carrie transport, oca gtg ot charge carriers, qpoamatenal is placed at an oblique andlesually 10°—-15°).
relaxation, etc. To obtain this information, it is essential thaLl_ . o .
Tis accurately measured over as broad a range in frequend he transmitted radiation is again focused by a second lens
c}ﬁto the receiver hor(3). At this horn, the incoming radia-

as po_SS|bIe. : tion is mixed with a higher harmonic of a second YIG oscil-
Microwave techniques, see paper |, are generally re-

stricted on the high frequency side to approximately 20 GHZIator frequency, which is phase locked to the first YIG and

above which coaxial lines and connectors start to Shov\tl)peratmg at a slightly lower frequency. The resuiting beat

. . : signal is returned to the ABmm oscillator/detector, where the
strong damping. Far-infrared detection mettfodsn the . ) e
- . mplitude and phase of the transmitted radiation are ex-
other hand are limited to the long wavelength side to abou

_ - ted.
5cm ! (150 GH2 due to thew Y2 dependence of thermal = oC . . .
noise power The limitations of the above mentioned tech- For frequencies above 120 GHz the higher harmonics of

niques thus leave a aap of approximately one frequenc déthe YIGs are insufficiently powerful in this case, a base fre-
q gap P y g y uency is created by an intense, external Gunn diode oscil-

cade wide, where dielectric experiments cannot be performe@jltor operating around 95 GHz, and multiplied by a number
by standard methods.

Shridaret al solved this problem by the use of complex N<6 by a special harmonic generator. Because the Gunn

impedance bridges. This technique is particularly well suitec{requency is phase locked to the YIG oscillators, phase in-

to measure the temperature and frequency dependence c()){matlon is maintained, i.e., vector detection is possible up

. . : . to 570 GHz. In principle, using a set of Gunn diodes operat-
needle-shaped samples, like quasi-one-dimensional materi-
als. Here we present a quasioptical technique that overlaps in

frequency with the end of the microwave regime as well as

with the long wavelength side of the far-infrared spectrum

and allows easy access of low temperatures. It provides

necessary tool to obtain a complete frequency scan of the @ AL ) @)
dielectric function from low(Hz) to high (infrared frequen- -- ! : g o

cies and is especially suited for films of, e.g., polymers and Pete ’ ' ' ' L

pellets of powders. The complex transmission through a

sheet of material is measured in small frequency bands. Fit
ting the data to first principles formulas, the dielectric param-
eters follow directly from the experiments without further
assumptions and without the use of Kramers-Kronig analy-
sis.

8-18 GHz

Il. EXPERIMENTAL SETUP
. . . . . . FIG. 1. Typical arrangement of a quasioptical setup, illustrated for an
The quasioptical setup is schematically drawn in Fig. 1.ABmm vector network analyzer. The frequency of the main frateis
A monochromatic signal with adjustable frequen@~18  variable between 8 and 18 GHz. Multiplication to higher harmonic frequen-
cies occurs at the sender hor(®3; at the receiver horii3) a beat signal is
generated, which is returned t@). The sample is located in the tail of an
¥Electronic mail: martens@phys.leidenuniv.nl optical cryostat4) in the focus of two lenses.
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2 T T . . . . 150 mediumi to j, and vy, is the component along the axis,
Y chosen normal to the slab, of the propagation constant in
% or 1 100 material 2.
2 2 Consider now a plane electromagnetic wave with propa-
é -2 4 50 8 gation constanty, in air (medium 1, incident on nhonmag-
2 — netic medium 2 with relative complex dielectric constant
&4 40 =¢'—i€". When theE field is polarized perpendicular to
, the plane formed by, and the surface normal, the trans-
2 S — T 150 mission is given by
E‘ o bo§ &
= ol 4 100 2 cosé
g 2 12~ —, (2
z £ cosf+ e, —sir’ 6
a2k 4 50 ®
é _® whered is the angle betweef, andn. The transmission and
,;S 4l 1 0 reflection of a plane wave in medium 2 incident on a bound-
ary with air are given by
2 150
E T T T T T T T T t B Zm (3)
= 217 - )
- ol 1 100_ Y cosO+ e —sirP o
1 =2
E -2} 1 50 & - Ve —sir? 6—cosé @
% \ . — 1 cosf+ e —sir 6
S o4t i
The complex nature of the amplitudes in E¢®)—(4)

implies the fact that the transmitted and reflected waves dif-
fer in phase from the incident wave.

The propagation constant in medium 25 a+i de-
FIG. 2. Frequency scan from 75-110 GHz of a quartz slab, fitted té#£q.  serves some attention, since the attenuation veetnd the

(a) Measurement outside the cryostédt) raw data of experiment inside the
cryostat;(c) data of(b) after Fourier-spectrum manipulation; the fast oscil- phase VeCtOB are generally not parallél]’hez component

lations observed irib) are due to multiple reflections on the cryostat win- Of ¥ is given by y,=a+ip cos{, where a= | a/|3 B= |_ﬁ|, _
dows. The slow modulation is due to multiple reflectiovithin the sample, ~anda- 8= a8 cos{. After some elementary manipulations, it

which are incorporated in the transmission analysis. Fhealues of the fits is found that a=—w/cIim . ’er—SiF # and Bcos!

70 80 90 100 110 80 90 100 110
Frequency [GHz] Frequency [GHz]

are 31072, 3x10°, and 4x10™ %, respectively. —wlcRe f——nz—er_si 6, so that we can write

ing at 110 GHz, frequencies up to 0.9 THz can be achiéved.  y,=i @ Ve —sir? 6. (5)
Experiments at reduced temperatures are performed us- ¢

ing a modified Oxford Instruments optical cryodtaidicated Combining Eqgs(1)—(5) leads to

by (4) in Fig. 1]. Because of the long wavelength of the GHz

radiation(up to 1 cm, the cryostat windows were enlarged _ 4¥2702 €XH — 72d] (6)

from 12 to 40 mm to minimize effects of scattering on the (Yor+ ¥2)*— (Yor— v2)’exd —2,d]’

window edges. The sample space windows are made from : .
. . where yo,=iw/c cosf is thez component ofy,. In ever
130 um Kapton foils. The sample is cooled down to 4.2 K Yoz~ 1@ b Yo y

by flowing hell th h th | T i experiment, the measurement of the transmission of a mate-
y Towing helium through the samp'e space. fTemperalureg, jq directly preceded or followed by a similar measure-
between 2.0 and 4.2 K can be achieved by pumping th

liquid helium filled sample space. Using a slidable and rotat?nent without the presence of the sample. Dividing the com-

ble | t th | b d ds t K plex transmission data in principle leads to a canceling of all
able Insert, e sample can be moved upwards 10 Maxe g ots that are not due to the sample, apart from a phase

baseline measur_enjent possible with the possibility of vVarygpit of ex—yo,d] due to the optical path of the removed
ing the angle of incidence. sample; after the data are multiplied by this phase factor,
they can be fitted to Eq6), thus allowinge to be directly
extracted from the measurements.
IIl. CALCULATION OF TRANSMISSION One effect, that cannot be compensated for by a baseline
measurement, is the transmission of radiation that is initially
When a plane wave falls from medium 1 on a plane-reflected by the sample, cryostat windows or receiver horn,
parallel slab of material 2 of thicknesis generally the trans-  pyt reflected again by one of these elements. This radiation,
mission through the slab is given by which will interfere with the transmitted signal, is different
| tidmexd — y,d] for sample and baseline measurements, since inserting a
T 12 exd—27,d]" (1) sample changes the_ optical path and he_:nce the mterfgrence
21 Yz patterns. The resulting dafan example is plotted in Fig.
wheret;; andr;; are the transmission and reflection from 2(b)] show clear oscillations as a function of frequency,
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FIG. 3. Complex dielectric constant of a conducting carbon-black/polymer — '
composite p=1 vol%) measured at seven frequency intervals between 30 E 60 L .. |
and 600 GHZ(filled circles. The open triangles represent data from open- 9} °
ended coaxial and FTIR spectroscopic techniques, respectively. % o
— 40 | ® -
which are eliminated using Fourier-spectrum manipulation. e ol ® ® |
Whenl is the distance between reflecting elements, the os-
cillations in the frequency dependent transmission will have o , ,
a period ofc/l, giving a peak in the Fourier spectrum tat 1 10 100 1000
=|/c. Removing this peak and transforming the spectrum T [K]

back[see Fig. Zc)] leads to a considerable improvement of

the data quality and hence of the fits givieg andée” FIG. 4. The dielectric constant and conductivity at 475 GHz of a polyaniline

film close to the metal-insulator transition, measured between 2 and 300 K.

IV. EXAMPLES light. Fitting the data to Eq(7) leads toe’ =11.4+0.1 and

A typical measurement is shown in Fig(b®, here the o¢'=(0.0+0.1) S/m without light, ande’=11.2+0.1 and
transmission of a quartz substrate mounted inside the cryg’ =(12.6+0.2) S/m for the silicon slab irradiated with
ostat is plotteddots. The full lines represent fits to E¢6).  light.

The same data, after the Fourier-spectrum manipulation

r_nenﬂoned above, are shown in quqz _together with the V. DISCUSSION

fits to Eq.(6). For comparison, transmission data on the same

sample outside the cryostat are shown in Fig),2also with A strong point of the quasioptical technique described

a corresponding fitting lines. The fit to the first data set yieldshere is the high accuracy with which the dielectric properties
€'=3.81+0.01 ande”=0.009+0.006, the second data set can be determined. Because the detection is phase sensitive,
gives e’ =3.80+0.10 ande”=0.02+0.05. In the third case, incoherenti.e., thermal noise is averaged out, and the mea-
the dielectric parameters aeé=3.81+0.02 ande"=0.015 surement accuracy will be limited by other sources of error.
+0.010. In the first place, the stability of the setup has to be

The room temperature dielectric function of a compositeconsidered. Because a frequency scan typically takes a time
of carbon black dispersed into an insulating polymer matrixof the order of a minute, the setup has to be stable during
is shown in Fig. 3. The data taken in the range 30—600 GHseveral minutes to get reliable results. For the ABmm used
are seen to interpolate well between those taken with operhere, typical figures for the drift in phase) and amplitude
ended coaxiafup to 20 GHz and Fourier-transform infrared (A) ared¢/dt<0.5°/min andd A/dt<0.02 dB/min, respec-
(above 500 GHgtechniques. tively. The effects of drift are eliminated to first order by

In Fig. 4, the dielectric constant and conductivity at 475taking two baseline measurements, one before and one after
GHz of a 1um-thin poly-aniline film close to the metal- the sample measurement, and averaging the results.
insulator transition is shown as a function of temperature  The fact, that the incoming waves are not truely plane,
between 2 and 250 K. The conductivigy is related to the also forms a possible source of error. The radiation is created
imaginary part of the dielectric function via'=we"€y. In at the sender antenna, which is a point source and thus pro-
this plot, the measurement uncertainty is approximatelyduces a spherical wave. This means that strictly speaking the
given by the symbol sizede’ =10 andAo’'=4 S/cm at all transmission equation, Ed6), being only valid for plane
temperatures. incident waves, may not be used. However, when the dis-

When the number of charge carriers present in the studance between horns and sample is kept ldng@ur case it
ied material can be varied by means of an external signal, fois always fixed at 40 cm, i.e., 50 to 1000 wavelengttise
instance via electrode injection or carrier excitation usingwave front will be very close to being plane at the sample
light, an additional possibility of the experimental setup canspot, thus resulting in negligible errbr.
be exploited. By modulating the carrier density and measur- A more serious deviation from the ideal geometry is
ing the transmission on the appropriate side-band, the sendbrmed by the finite size of the sample, cryostat windows,
tivity can be easily increased by a factor’1n Fig. 5, the  and lenses; because of this, scattering on the edges of these
transmission is plotted of a silicon slab irradiated by 2 eVelements can become important. This effect can be mini-
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2 S T 200 apparent at high frequencies. Choosing the thickness small
B ool {180 enough, the transmitted signal will sufficiently exceed the
0 Jie0 2 coherent noise level up to the highest frequentikscase
3 s the signal can be modulated, the influence of coherent noise
T 1'%= can be completely eliminated by detection at the appropriate
E6F 1120 side band.

T Y S ' In summary, we have described a quasioptical technique

80 90 100 110 80 90 100 110

Frequency [GHz] which allows the accurate determination of dielectric prop-

erties down to low temperatures without the use of electrical
FIG. 5. Frequency scan between 80—110 GHz of a silicon &&hyithout ; il inh i _
light and (b) irradiated with 2 eV light. The solid lines represent fits to Eq. contacts .In the millimeter Wavelength range, WhI.Ch IS gener
). ally considered one of the hardest frequency regimes for per-

forming reliable dielectric experiments. For the setup de-

scribed here, the absolute value of the errars/|e| and

mized by properly lining out the setup, so that the radiation® €| €| typically are<2% for room temperature measure-

is maximally focused on the sample spot. However, in pracMents, and<49% for experiments inside the cryostat, which

tice an error of at least 1% remains, which rapidly become$® .excellent compar_ed to other gxperimental techniques in the
larger when the sample size decreases below approximateffjicrowave and far infrared regimes.
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portant. Slr?ce both the penetratl_on deﬁt‘hC/ ool €o, and %In our case, the dynamic range varies from 110 dB at 30 GHz to 50 dB at
the dynamic range decrease with frequency, the effects 0f570 GHz(Ref. 5. Choosingd<56, measurements with an accuracy of a
coherent noise for weakly transmitting samples will be most few percent can be made up to 570 GHz.



