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TRENDS 1N SUBMILLIMETER SPECTROSCOPY OF SOLIDS 

G. V. Kozlov* 

А brief review of new experimental methods in submHHmeter spectroscopy is 
given. Particular attention is given to time resolution techniques based on 
femtosecond measurements. Ways of increasing the accuracy of measuring the 
spectra of conductivity and dielectric losses in materials opened Ьу multibeam 
resonance systems are discussed. 

1. INTRODUCTION 

Recent years have witnessed а substantial enhancement of studies in submillimeter radiophysics and 
spectroscopy. The interest of researchers in these fields stems from the demand, long since recognized, for 
mastering the submillimeter range in practice; it was aroused Ьу а series of important events, of which the 
principal one was the discovery of high-temperature superconductivity (HTSC). Experimental data on the 
conductivity of superconductors in the far infrared (far IR) region are of key importance for elucidating the 
mechanism of formation of the superconducting state. No wonder that all of the larger laboratories that 
received financial support for studying the proЫem of HTSC strived to purchase the necessary spectroscopic 
instrumentation. The past six years have been the golden (in the true meaning of the word) age for firms 
producing Fourier spectrometers, submillimeter lasers, and other spectral equipment for the far IR region. 

The second serious stimulus for developing submillimeter techniques is public concern for the quality 
of the environment related to such proЫems as ozone holes and the greenhouse effect. Experiments showed 
that recording radiation that corresponds to rotational and vibrational transitions in molecules is one of the 
most sensitive and reliaЫe methods of control of the atmospheric concentrations of gases that play the key 
role in these global processes of climatic changes [1, 2] . 

Other applied proЬlems whose вolution iв in воmе or another way related to the use of giga- and tera­
hertz frequencies include the proЫems of fiber optical waveguides with high-frequency modulation, precision 
location, navigation and radiovision, nondestructive control of semiconductors, dielectrics, and other radio­
transparent substances, etc. Doubtless, the use of submillimeter waves for scientific purposes in spectroscopy, 
solid-state physics, Ьiology, plasma physics, astrophysics, and radioastronomy is of as great importance as 
ever. 

2. THREE TRENDS IN SUBMILLIМETER SPECTROSCOPY 

So far the most extenвively used technique for studies in the far IR region has been Fourier spectroscopy. 
Thiв technique is being developed Ьу increasing the sensitivity of detectors, designing more effective in­
terferometers (largely of polarization type), and Ьу turning to measurements of complex reflectance and 
transmission spectra [3-5]. All these improvements aim at increasing the efficiency of Fourier spectrometers 
primarily in the long-wave region (v:::::: 10 cm-1 ) . 

Another and qualitatively new approach to submillimeter measurements is time resolution spectroscopy. 
Originally, this method was based exclusively on femtosecond laser techniques. Measurements were made 
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Ьу detecting а short optical or infrared laser pulse to obtain terahertz r~diation corresponding to the broad 
spectrum of the pulse envelope. This approach was for the first time realized using nonlinear optical crys­
tals [6, 7] ; later , а more convenient and effective photoelectric technique was developed [8, 9]. This technique 
deserves some consideration. 
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Fig. 1 

(а) Schematic diagram of а generator of millimeter waves based on а femtosecond laser [9] : 
laser beam 1 is focused onto а semiconducting substrate between the conductors of а coplanar 
circuit. (Ъ) Quasi-optical schematic diagram of а laser time-resolution spectrometer [10]: 
laser pulses ( 1 and 7) irradiating generator 2 and detector 6; sample 4 is situated in the 
focus of the beam of millimeter radiation between two parabolic mirrors 3 and 5. 

А schematic of the radiation source is given in _Fig. 1 а. This is а coplanar circuit on а semiconducting 
(Si or GaAs) substrate charged from а constant voltage source. Laser beam 1 is focused onto the surface of 
the semiconducting substrate between the electrodes forming the coplanar circuit. А laser pulse generates 
photocurrent which plays the role of а switch closing the circuit. The current-generated field is collimated 
Ьу а lens into а quasi-optical beam. The beam passes through а measuring device and is then focused onto 
а detector [10] . The detector is also made as а coplanar circuit , but connected to а measuring device rather 
than а charging voltage source. Together with the terahertz radiation, the optical laser pulse (beam 2) is 
transmitted to the detector. This pulse is branched off the major (generation) pulse and preliminarily passes 
through а controlled delay system not shown in Fig. 1. Measurements give the dependence of the detector 
current on the laser pulse delay time, or time interferogram. The interferogram carries information about 
both the amplitude and phase of the terahertz signal. А comparison of two interferograms oЬtained with 
and without а sample in the measuring circuit makes it possiЫe to calculate the spectra of the complex 
permittivity of the sample without using the Kramers-Kronig relations. 

This method was applied to study the spectra of conductivity of superconductors [10- 12], semiconduc­
tors and dielectrics [13-16] in the terahertz region and gave poвitive results. 

Recently, an important improvement was introduced into time-resolution spectroscopy, namely, а wide­
band source of terahertz radiation based on а nonlinear sharpening line was realized (17, 18] . А schematic 
of such а generator is shown in Fig. 2. А coplanar circuit plays the role of the nonlinear element, and 
the velocity of signal propagation in this circuit depends on the signal amplitude. This is achieved Ьу the 
attachment to а semiconducting substrate of а series of Schottky diodes connecting the circuit conductors. 
А signal in the form of а voltage step from an SHF generator is applied to the circuit input. After passing 
the circuit, the signal is sharpened, and the width of the voltage drop front decreases to less than 1 ps at 
the output. The radiated spectrum is approximately the same as with the laser photoelectric generator 
considered above. The proЫem of recording the terahertz radiation is solved in а similar way. An obvious 
advantage of the generator with а sharpening circuit is its greater simplicity and lower cost compared to 
femtosecond laser systems. 

The third trend in submillimeter spectroscopy is the use of monochromatic radiation sources . In 
this field , backward wave tube (BWT) spectroscopy has long been the leader. BWTs are monochromatic 
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Schematic diagram of а generator based on а sharpening transmission line with an antenna. 
The hatched regions are metallized surfaces on а semiconducting substrate. Jumpers repre­
sent Schottky diodes connecting the transmission circuit conductors. 

generators developed in Russia. These generators are characterized Ьу wide-range frequency retuning and 
work at frequencies up to 1.2 THz [19, 20]. Modern BWT spectrometers can Ье used to directly measure the 
dielectric and magnetic spectra of virtually all substances and materials [21-23] . They give more accurate 
data than most other far IR instruments. 

Frequency synthesizers with Gann diodes as а radiation source (11 ~ 100 GHz) and frequency multipliers 
based on Schottky diodes begin to compete with BWT generators. At present , such sources operate at 
frequencies up to 700 GHz [24]. Although the higher harmonics give а comparatively low radiation power, 
analyzers based on frequency synthesizers have а rather high margin of the signal level ( about 50 dB) because 
of the use of high-sensitivity heterodyne receivers. An advantage of frequency synthesizers over BWTs is 
the high Q-factor of generation circuits, and а disadvantage is the absence of continuous coverage ·of the 
operating range and а low power of hig~er-harmonic radiation. 

А noticeaЫe progress is also observed in gas laser techniques. The number of generation spectral lines 
in the region of submillimeter waves is constantly increasing, and the range of laser tuning broadens. The 
high Q-factors of gas laser generation lines make it possiЬle to effectively use heterodyne receivers [25] . 

The ellipsometric technique based on the use offar IR lasers has been advanced consideraЬly [26] . 
То summarize, the brief review of the developments in the submillimeter spectroscopy techniques leads 

us to conclude that recent years have been а period of consideraЬle progress in this field involving an ever 
increasing number of new researchers into this branch of study. 

3. INCREASING ТНЕ ACCURACY OF MEASUREMENTS 

The traditional technique for measuring the dielectric spectra of solids on far IR spectrometers involves 
two procedures: the determination of the modulus of the coefficient of reflection from the surface of а 
sample in а wide frequency range and subsequent calculations of the spectra of the imaginary and real 
parts of the permittivity using the Kramers-Kronig formulas. With dielectrics, this technique often gives 
quite good results. This, however, hardly applies to conducting materials. The usual accuracy of reflection 
coefficient measurements (дR::::::: 1-5%) is insufficient for even а qualitative determination of the character of 
variations in the spectra of conductivity u(v) of high-conductivity materials in the region of millimeter and 
submillimeter waves. Unfortunately, the extensive modern literature usually contains data on far IR spectra 
of high-temperature superconductors without discussing or indicating their accuracy. This seems to Ье due 
to the fact that, according to scrupulous estimates, the errors of conductivity determination Ьу this method 
exceed 100% of the values measured. For this reason, to improve the accuracy of measuring the reflectance 
spectra of conducting samples is an urgent proЫem of far IR spectroscopy. 

An obvious and, at th.: same time, promising way of improving the methods of measuring high reflection 
coefficients is to apply multibeam systems, in which the surface of the sample acts as а resonator mirror (27-
30]. An increase in the accuracy is achieved Ьу increasing the effective number of reflections from the surface 
studied. 
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The specific features of resonator systems are to а large extent determined Ьу the type of the sample and 
vary from thin films to bulky samples. With thin films, the substrate itself, i. е., а plane-parallel dielectric 
plate with the film to Ье studied on one of its sides, can serve as а resonator [31] . The Q-factor of such а 
dielectric resonator is determined Ьу the refractive index n and the absorption coefficient k of the substrate 
material. The higher the n value the higher is the reflection coefficient from the surface and the higher the 
Q-factor. At the same time, the smaller the coefficient k the lower are energy losses in the resonator and 
the higher its Q-factor. Some dielectric and semiconductor crystals included in ТаЫеs 1 through 3 can Ье 
recommended as promising substrate materials [23, 32]. 

ТаЫе 1 

Crystal 11, GHz n k х 103 g' ! 11 х 102 tanб х 103 

Si02(0) 500 2.106 0.15 4.44 0.063 0.1 

700 2.106 0.20 4.44 0.084 0.2 

900 2.108 0.25 4.44 0.11 0.2 

Si02(e) 500 2.155 0.12 4.64 0.052 0.1 

700 2.156 0.15 4.65 0.065 0.1 

900 2.156 0.17 4.65 0.073 0.2 

Аl2Оз(о) 500 3.050 1.50 9.30 0.92 1.0 

700 3.060 2.00 9.36 1.22 1.3 

900 3.060 2.50 9.36 1.53 1.6 

Аl2Оз(е) 500 3.390 1.50 11.5 1.02 0.9 

700 3.400 . 2.00 11.6 1.36 1.2 

900 3.400 2.50 11.6 1.70 1.5 

MgF2(0) 300 2.335 0.70 5.45 0.33 0.6 

500 2.345 1.40 5.50 0.66 1.2 

700 2.354 2.40 5.54 1.13 2.0 

MgF2(e) 300 2.173 0.80 4.72 0.35 0.7 

500 2.181 1.70 4.76 0.74 1.6 

700 2.190 2.80 4.80 1.23 2.6 

The spectra of а dielectric resonator with а film can Ье measured in the reflectance and transmittance 
modes if the film is fairly thin. In the transmittance mode, the accuracy of conductivity measurements is 
especially high when а dielectric resonator is covered Ьу the film to Ъе studied on both sides. In reality, 
the Q-factor of а two-sided system can exceed 102, and the effective accuracy of determining the reflection 
coefficients of the films will Ье higher than 0.1% (Fig. 3) (31]. An important advantage of the resonator 
technique is the possiЪility of using transmission or reflectance spectra to extract information about the 
phase of the mirror reflection coefficient and to calculate directly the conductivity spectra of the films. 

Another variant of а measuring resonator is two separate films on substrates with an air gap between 
them (Fig. 4) [30] . In this variant, the material of the substrates is outside the resonator volume, therefore no 
severe requirements are imposed on its n and k parameters. The Q-factors of such resonators can Ъе higher 
than those of dielectric devices because there is no losses within resonators, and the reflection coefficient at 
the substrate-film interface is higher when the incident radiation comes from the outside than when it comes 
from the inside. The two resonator mirrors should not necessarily Ье made of the material studied. One of 
the mirrors can Ъе , for instance, а meshwork or а wire grid with an appropriate reflection coefficient [27]. The 
highest sensitivity in measuring the reflection coefficients of samples is achieved when the mirror reflection 
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ТаЫе 2 

Materials 
е' с' v, GHz (cm-1) 

300 к 100 к 5К 300 к 100 к 5К 

GdAIOз(.l) 18.4 0.12 300(10) 

GdAIOз(ll) 18.5 0.10 300(10) 

LaAIOз(.l) 24.7 24.4 (150 К) 24.3 0.05 0.05 (150 К) 0.05 390(13) 

LaAIOз(ll) 20.3 0.13 840(28) 

LaGaOз(.l) 25.7 24.б (50 К) 24.6 0.13 0.13 (50 К) 0.11 330(11) 

LaGaOз(ll) 26.4 25.0 (50 К) 24.9 0.12 0.10 (50 К) 0.08 330(11) 

SrLaAl04 17.0 0.02 540(17) 

CaNdAl04 19.7 19.8 19.8 0.04 0.02 0.01 510(17) 

BaLaGaз 01( .l) 9.44 0.06 630(21) 

BaLaGaз01(ll) 12.5 0.12 630(21) 

SrLaGaз01(11) 12.8 12.5 12.5 0.10 0.03 0.01 540(18) 

coefficients are the same. Operating а "hollow" resonator involves certain technical difficulties of realigning 
the mirrors when the temperature varies. 

о ,1 - т, re1.: units 

0.08 
sк_ 

0,06 -

0.04 -

0.02 -

1 

о 70 20 30 v, cm-1 40 

Fig. 3 

Тransmission spectra of а dielectric resonator made of 0.39 mm thick sapphire with а two­
sided coating Ьу а NbN film 540 А thick; the spectra were taken at 300 and 5 К. 

Measuring the conductivity spectra is generally а more complex proЪlem for bulky samples than for 
thin films. All the transmission techniques are then inapplicaЪle, and virtually the only suitaЪle measuring 
device is the reflection resonator , but its use in this case is а much more complex proЪlem than with thin 
films . Additional difficulties stem from stringent requirements to sample surface preparation. То measure 
the phase shift in reflection from а sample, the surface of the sample should Ъе made planar with accuracy 
to fractions of а micron. With thin films, this requirement is fulfilled when the substrate surface is treated 
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ТаЫе 3 

v = 10 ст- 1 v = 29 ст- 1 

1 и х 103 , ohm-1 ст- 1 t' 1 и х 103 , ohm-1 ст- 1 

Silicon (N:::::: 1.3 х 1013 ст-3) 

- 11.4 0.5 

1.1 11.4 0.5 

2.3 11.6 1.2 

2.4 11.6 1.2 

2.7 11.8 1.4 

12 11 .9 11 

Germanium (N:::::: 5.6 х 1013 ст-3 ) 

0.1 15.3 1.4 

1.5 15.4 1.6 

2.4 15.6 2 

10 16 .О 6 

430 15.7 240 

4000 13.9 2700 

Нigh-resistance gallium arsenide (N:::::: 2.4 х 106 ст-3 ) 

1.1 12.5 1.6 

1.2 12 .б 2.3 

1.3 12.8 3.8 

1.9 12.9 5.0 

2.0 13.1 6.0 

3.1 13.3 8.1 

Ьу ordinary optical techniques. Surface treatment of bulky conductors, such as HTSC single crystals and 
ceramics , organic conductors and semiconductors is а separate proЫem with each material , and its successful 
solution cannot Ье guaranteed and depends on many unpredictaЫe factors . ProЫems arise primarily because 
of crystal imperfections and the irreversiЫe effect of the treatment procedure on the physical properties of 
the surface. 

The few examples of experimental realization of the resonator technique with bulky samples сап Ье 
found in (27-29] . The technique is illustrated Ьу Fig. 5. The resonator is а plane-parallel rutile (Ti02) plate. 
The spectral dependence of the resonator reflection coefficient represents а sequence of resonance minima. 
The frequency positions of the minima are determined Ьу the optical thickness of the rutile plate and the 
phase shift at the rear boundary. The depths of the minima depend on the reflection coefficient values at 
the boundaries and on the absorption coefficient of rutile. 

Figure 5 shows that substituting an aluminum mirror for а superconducting sample causes substantial 
changes in the resonator reflectance spectrum, which is indicative of а high sensitivity of the resonator 
technique. 

Above, we discussed the difficulties of measuring the spectra of low-transparent and nontransparent 
samples. An opposite situation, and also an important one for practical applications, arises in measuring 
very low ( of,..,, 10-4-10- 5) absorption coefficients. At such k values, the transmission spectra of even thick 
( d - 10 mm) samples show low sensitivity to losses. The transmission coefficients at interference maxima 
(these regions in the T(v) spectrum are the most sensitive to losses in the sample) differ from 100% Ьу 
дТ ~ 1 %, which is at the level of experimental errors. Low absorption coefficients are usually measured 
with the help of Fabry-Perot resonators (33] ." This approach gives satisfactory results when measurements 
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Schematic diagram of а quasi-optical Fabry-Perot resonator with two HTSC films on MgO 
single-crystal substrates as mirrors. D 1 and D2 are the thicknesses of the MgO substrates, 
and d is the gap between the HTSC mirrors. 

(i 
Ti02 

Superconductor 
R,% or Al 
700 

50 

13 14 

Fig. 5 

Scheme illustrating measurements of the modulus and phase of the reflection coeflicient of а 
ceramic HTSC material using а dielectric resonator made of rutile (Ti02 ) and experimental 
reflection spectra of tl1is resonator with а superconductor (1) and an aluminum mirror (2) . 

are made at а constant wavelength Л and use is made of samples of thicknesses d satisfying the resonance 
condition 

nd= mЛ/2, 

where m is an integer. However in wide-range spectroscopy, this technique cannot Ье used in its conventional 
version. As is known, proЫems arise because of power losses in the resonator through reflection from the 
sample surface. These losses appear as soon as the resonance condition for the optical thickness of the sample 
is violated. 

А resonator completely filled with а dielectric can Ье recommended for measuring low losses in samples. 
There exist at least two possibilities for preparing high-reflectance mirrors on the surface of _а plane-parallel 
dielectric sample. The first possibility is spraying or depositing metal films, networks , or grids directly on the 
sample surface. The second technique involves mechanical attachment of mirrors in the form of meshworks 
or one-dimensional nets to the sample surface. The second technique is simpler to realize, but it is less 
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Fig. 6 

Тransmission spectra of dielectric resonators made as plane-parallel crystalline quartz plates 
spray-coated with meshworks to increase the reflection coefficient of the surface at resonator 
thicknesses of 2 mm (1) and 4 mm (2). The decrease in height of the maxima of curve 2 is 
caused Ьу additional dielectric losses in crystalline quartz as а result of increasing the plate 
thickness Ьу 2 mm. 

convenient when measurements involve temperature variations. 
The absorption coefficient of crystalline quartz was measured on an Epsilon submillimeter BWT spec­

trometer [23). Two Fabry-Perot interferometers were made Ьу depositing identical meshworks onto two 
plane-parallel Z-cut crystalline quartz plates 2 and 4 mm thick. Figure 6 shows the transmission spectra 
of the interferometers. The substantial decrease in the amplitude of the maxima in the spectrum of the 
thicker resonator is fully determined Ьу dielectric losses in quartz : Calculations based on these spectra give 
an absorption coefficient k of 0.0002. Note that the transmission spectra of the samples without deposited 
meshworks are almost insensitive to such low losses in this spectral region. 

То summarize, the use of multibeam interferometers is an effective method of increasing the accu­
racy of measuring the dielectric spectra of conductors, superconductors , and radiotransparent materials at 
submillimeter wavelengths. 

The work was sponsored Ьу the Physics and Advanced Technologies Foundation. 
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