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Abstract—The results of experimental investigation into the dielectric losses in GaAs, InP:Fe, and Si semi-
conductor crystals in the millimeter wavelength range (80–260 GHz) using the original precise method of
measuring the reflectance and dielectric-loss tangent tanδ based on open high-quality Fabry–Perot cavities
are presented. It is shown that the losses in the frequency range from 100 to 260 GHz in ultrapure semicon-
ductor single-crystal GaAs substrates are mainly determined by lattice absorption, while the main loss mech-
anism in single-crystal silicon is absorption by free carriers; herewith, tanδ ≈ (1–2) × 10–4 even for a notice-
able, at a level of 1012 cm–3, free carrier concentration. In contrast with GaAs and Si, tanδ in compensated
InP:Fe crystals is almost independent of frequency in the range from 100 to 260 GHz, which is associated
with the material conductivity and optimization of microwave semiconductor devices, in particular, fre-
quency-multiplication devices and devices of the controlled emission output of continuous and pulsed gyro-
trons.
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1. INTRODUCTION
High-power sources of coherent radiation of the far

infrared (FIR) and terahertz (THz) ranges are in prac-
tical demand to solve many problems of a fundamental
and applied character such as the development of new
spectroscopy methods for semiconductor structures
and biological objects [1], control over chemical reac-
tions [2], manipulation by electron states in quantum
wells [3], etc. The complexity of the development of
such sources of the FIR/THz range is associated with
the fact that approaches to the construction of emit-
ting devices developed for optical or microwave
regions are poorly applicable in this case. At the same
time, to develop high-power radiation sources in the
mentioned ranges (and subsequent broad use at the
laboratory level) we could rely on nonlinear transfor-
mation of the emission frequency of gyrotrons [4] pro-
viding generation in the subterahertz (sub-THz) and
THz ranges with a high output power both in the
pulsed and continuous modes [5–7]. The develop-
ment of such an approach requires the solution of such

engineering and technical problems as the develop-
ment of optical keys for controlling the output of gyro-
trons and frequency multipliers to extend the working
frequency range. Both these problems can be poten-
tially solved when applying semiconductor materials
as controllable mirrors or nonlinear elements. We note
that along with an increase in the frequency, the devel-
opment of controllable semiconductor mirrors opens
up the possibility of implementing active compressors
making it possible to provide nanosecond emission
pulses with a power level of hundreds of MW, which is
of interest for problems of high-gradient particle
acceleration [8]. The necessity of operation of such
devices in a high-power gyrotron radiation beam
determines the requirement of the weak absorption of
microwave radiation by the used materials to avoid
their overheating and, finally, mechanical destruction.

Investigation into dielectric losses in various semi-
conductor materials in the millimeter and THz ranges
seems to be important for the development of a corre-
sponding element base for high-power devices and
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systems. Despite a notable number of works on this
theme [9–17], available published data seem to be far
from complete. In this work, we present the results of
measurements of the absorption (tanδ) of a series of
semiconductors, notably, GaAs, Si, and InP:Fe, in
the sub-THz spectral region and discuss certain
aspects of device applications of the mentioned mate-
rials in problems of frequency multiplication and con-
trolling f lows of high-power microwave radiation.

2. SAMPLES UNDER STUDY
Interest in high-purity GaAs and Si crystals is due

to the possibility of constructing optically controlled
semiconductor mirrors for microwave radiation on
their base. The “switching on” of such a mirror can be
performed due to “illumination” by high-power band-
to-band radiation forming a reflecting mirror with
“quasi-metallic” conductivity near the semiconductor
surface due to a high concentration of nonequilibrium
carriers, ~(1018–1019 cm–3); a similar concept was pre-
sented at the megawatt power level in some works [18–
20]. The Fresnel reflection from such a mirror in the
“switched-off” state (without illumination) can be
minimized due to the destructive interference of waves
reflected from the front and back plate faces. The
question of studying dielectric losses and minimizing
the absorption of high-power sub-THz radiation in
semiconductor plates forming such an “optical key” is
critical here.

As for InP, this material is interesting due to a larger
quadratic susceptibility of the crystal lattice (χ(2) ≈
3.45 × 10–8 cm/V; for comparison, for GaAs, χ(2) ≈
5.7 × 10–9 cm/V [21]). Thus, InP can be used in prob-
lems of multiplying the gyrotron-radiation frequency
to form intense THz and sub-THz beams. In particu-
lar, it is shown in [22] that the efficiency of nonlinear
transformation during generation of the second har-
monic in InP:Fe crystals can reach 3%.

In this work, we studied plates of high-purity GaAs
with a resistivity (R) no lower than 10 MΩ cm and Si
plates with a resistivity at a level of units of kΩ cm. The
samples of InP crystals were compensated by iron
(InP:Fe) to decrease the background concentration of
free charge carriers. The parameters of the studied
samples are presented in Table 1.

3. PROCEDURE FOR MEASURING
THE DIELECTRIC LOSSES

In this work, we used the method of measuring
ultrasmall losses in dielectrics using high-quality open
Fabry–Perot cavities [23–26]. The quantities mea-
sured for calculation of the refractive index and dielec-
tric-loss tangent are resonant frequencies of the widths
of the resonant curve of the empty and loaded cavity.
Measurements were performed at resonance frequen-
cies of the analyzed samples, at which the integer
number of the half-waves is laid over the plate thick-
ness. The sample arrangement in the cavity was
selected so that the sample planes coincided with the
maxima or minima of the standing-wave electric field
in the cavity according to recommendations formu-
lated in [27]. We note that this procedure for measur-
ing the reflectance n and tanδ of plane-parallel plates
does not require individual determination of the plate
thickness.

The radiation source is a backward wave tube with
a precision digital frequency self-controlling system
based on frequency phase self-tuning over synthesizer
harmonics with the reference-frequency quantum
standard controlled by a computer. To record the
shape of the cavity resonance curve, we used a rapid
scanning system over the frequency f in the phase self-
tuning mode with conservation of the radiation phase
under switching. The measurement accuracy of the
resonance-curve width at a characteristic resonance of
~200 kHz of measuring the resonant curve width after
averaging ~500 double-sided scans reached 20 kHz,
which corresponded to a measurement error of tanδ at
a level of ~(10–7–10–6). These values exceed the sensi-
tivity of the spectrometers constructed according to
other schemes by more than an order of magnitude
[28] and is sufficient for studying all modern dielec-
trics.

4. RESULTS AND DISCUSSION

4.1. Measurement of the Magnitude of the Dielectric 
Losses in GaAs and Si

The results of measuring the magnitude of losses
(dielectric-loss tangent tanδ) for the considered GaAs
and Si samples are presented in Table 1. The value of
tanδ increases with frequency (Fig. 1); herewith, the
data that are obtained for various samples fit well one
model curve corresponding to the quadratic depen-
dence of the losses on frequency. A similar frequency
dependence was predicted in [9] for lattice absorption
by means of “differential” two-phonon processes,
notably, photon absorption with the frequency ω is
accompanied by phonon emission with the fre-
quency ω1 and phonon absorption with the frequency
ω2 = ω1 – ω. We note that in addition to the “qua-
dratic” part of the losses, noticeable “support” is also
seen in Fig. 1, which is characterized by a weaker fre-
quency dependence. The presence of such a “back-
ground” can be attributed to the contribution of other
differential two-phonon processes, for which the reso-
nance frequency is far from the range under study. It is
important that the measured magnitude of losses
(tanδ) in the GaAs plates under study is independent
of the concentration n of free carriers (for rather pure
samples with n < 108 cm–3), and “lattice” absorption is
indeed the main (and irremovable in principle) mech-
anism of losses in the GaAs samples under study.
SEMICONDUCTORS  Vol. 54  No. 9  2020
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Table 1. Parameters of the samples under study and results of measurement of the reflectance  and the dielectric-loss tan-
gent tanδ

 Materials Frequency f, THz tanδ, 10–4

Gallium arsenide (GaAs), sample 1,
R > 107 Ω cm

82.54 3.588 2.7
165.08 3.597 3
247.62 3.589 3.8

Gallium arsenide (GaAs), sample 2,
R = (1.41−4.4) × 108 Ω cm

123 3.592 2.8
148 3.592 2.9
172 3.592 3.1
197 3.592 3.3

Indium phosphide (InP:Fe), sample 1, 
R > 107 Ω cm

130.12 3.527 4.7
195.17 3.539 4.6
260.26 3.532 4.6

Indium phosphide (InP:Fe), sample 2 200.80168 3.534 4.5
194.71756 3.534 4.6
188.64189 3.534 4.5
182.5599 3.534 4.6
176.46374 3.533 4.6
170.38461 3.535 4.7
164.29418 3.534 4.7
158.21386 3.534 4.7
152.13162 3.533 4.85
146.0445 3.534 4.85
139.95624 3.534 4.8
133.87197 3.534 4.8
127.78492 3.534 4.8
121.70348 3.534 4.75
115.61746 3.535 4.8
109.53387 3.534 4.75

Indium phosphide (InP:Fe), sample 3, 
R > 5 × 106 Ω cm

85.82 3.525−3.528 4.8
128.71 3.534−3.537 5
171.63 3.530−3.533 4.8
214.655 3.533 4.4

Indium phosphide (InP:Fe), sample 4 109.530 3.534 4.7
200.800 3.534 4.7

Silicon (Si), N ≈ 6.5 × 1011 cm−3, n-type 135.9 3.415 1.7
203.794 3.415 1.1

Silicon (Si), N ≈ 2.2 × 1012 cm−3, p-type 168.505 3.42 1.6

Silicon (Si), N ≈ 2.3 × 1012 cm−3, n-type 168.505 3.42 4.8

�n

�n
The results of studying the reflectance n and quan-
tity tanδ for several c-Si samples are also shown in
Table 1 and in Fig. 2. It is seen that the magnitude of
losses in silicon in the frequency range under consid-
eration is noticeably smaller than in gallium arsenide.
This is explained by the fact that the structure of the
SEMICONDUCTORS  Vol. 54  No. 9  2020
silicon crystal lattice facilitates suppression of the
multiphonon “lattice” component of losses; in this
case, the losses associated with the conductivity of free
carriers give the main contribution to material absorp-
tion in the sub-THz range. Such an assumption is con-
firmed both by an inversely proportional dependence



1072 MAREMYANIN et al.

Fig. 1. Frequency dependences of the dielectric-loss tan-
gent tanδ for two samples of GaAs semiconductor crystals.
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Fig. 2. Absorption (tanδ) for silicon plates of n-type and
p-type conductivity. The data presented in the figure are
normalized to the free carrier concentration in the samples
under study (in units of 1012 cm–3).
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of tanδ on the test radiation frequency and by a pro-
portional rise in losses in the samples with an increase
in the free carrier concentration.

Despite the fact that the Si samples under study are
characterized by a relatively high residual impurity
concentration (~1012 cm–3), the resulting magnitude
of losses (tanδ) is noticeably smaller than in high-
purity GaAs crystals. When compared with GaAs, a
higher thermal conductivity and, in general, higher
beam resistance are characteristic of silicon. In addi-
tion, the smaller absorptance at the band-to-band
transition in the visible and near-IR spectral regions
makes it possible to implement a more uniform
reflecting layer with a high concentration of nonequi-
librium carriers of the desired thickness (at a level of
tens of μm) with the optical pumping of silicon plates.
We note that the band-gap width both for GaAs and Si
is extremely “convenient” for pumping by available
and practical high-power solid or semiconductor
lasers—for example, Nd:YAG. From this viewpoint,
GaAs and Si are much more practical than diamond,
although the latter is also characterized by a very low
level of dielectric losses. A certain advantage of GaAs
as the base for controlled semiconductor mirrors
(when compared with Si) is the rather rapid “switch-
ing time” of such a mirror due to the short lifetime
(~1 ns) of excess carriers in a direct-gap semiconduc-
tor, which potentially makes it possible to form nano-
second THz and sub-THz radiation pulses. As for sili-
con, to implement such a fast-operating optical key, it
is necessary to substantially decrease the (nonradia-
tive) nonequilibrium carrier lifetime, for example, due
to doping by gold. It is known that the doping of sili-
con by gold will lead to recombination enhancement
according to the Shockley–Read–Hall mechanism
and will make it possible to retain a low level of losses
in the sub-THz range [10, 17].

4.2. Measurement of the Dielectric Losses in InP:Fe

The results of measurement of the losses tanδ for
the InP:Fe samples are presented in Table 1 and in
Fig. 3. Previously, the authors of [14] investigated the
dielectric losses in InP:Fe crystals in the region of
noticeably larger frequencies; the observed features
were attributed to lattice absorption, the magnitude of
which was in general rather substantial and led to
tanδ > 10–3 at frequencies f > 0.3 THz (herewith, the
value of 10–3 corresponded to the measurement error).
The application of a more sensitive measurement pro-
cedure in this work made it possible to accurately mea-
sure the magnitude of dielectric losses in the range of
100–260 GHz (Fig. 3). It is interesting that the mag-
nitude of tanδ for the InP:Fe samples have no pro-
nounced frequency dependence in the range of 100–
260 GHz and in fact comprises a “plateau” in the lim-
its of 10%.

We could have proposed the following hypothesis
for explanation of the observed “plateau” of the mag-
nitude of tanδ: the contribution of absorption by car-
riers increases in the range under consideration with a
decrease in the radiation frequency, which compen-
sates the drop in the magnitude of “lattice” (phonon)
absorption in the lower frequency region. Indeed, the
values of tanδ at frequencies of 250–260 GHz found in
this work are lower by more than twofold when com-
pared with those presented in [14] and, thus, corre-
spond well to the long-wavelength shoulder of the
absorption line associated with differential LO–TO
phonon processes (between longitudinal and trans-
verse optical phonons). At the same time, at a fixed
conductivity σ = enμ (which is no larger than 10–6

(Ω cm)–1 for the samples under study), where n and μ
are the electron concentration and mobility in InP,
SEMICONDUCTORS  Vol. 54  No. 9  2020
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Fig. 3. Frequency dependences of the dielectric-loss tan-
gent tanδ for samples of an InP:Fe compensated crystal.
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respectively, estimation of the absorption by free carri-
ers from the relationship

where γp = e/(m*μ) and ωp = 4πne2/(m*ε∞), e is the
elementary charge, m* = 0.08m0 is the effective mass,
and ε∞ ≈ 9.5 is the high-frequency permittivity of InP,
gives the magnitude of losses not exceeding tanδ ~ 10–5.
According to such estimation, absorption by free car-
riers is too weak and can determine only a small spread
in the measured values of tanδ for various samples. As
an alternative, it is possible to propose losses at local-
ized carriers, which appear due to the sample conduc-
tivity in accordance with the hopping mechanism.
Such a possibility is mentioned in [14] and was
observed in [29], while the sublinear character of the
frequency dependence of the hopping conductivity
(σ ∝ ων, ν ≤ 1 [30], ν ≈ 0.7–0.8 in [14]) makes it pos-
sible to explain the observed weak increase in losses
with frequency; tanδ ∝ ω(0.7–0.8)/ω.

In general, the low losses and almost zero disper-
sion of the reflectance of InP:Fe in the studied spec-
tral range allow us to count on a coherence length of
~(5–10) cm with frequency multiplication. In this
case, the efficiency of nonlinear transformation can
reach several percent with sufficiently moderate values
of the radiation intensity (~50 kW/cm2) at the funda-
mental frequency.

5. CONCLUSIONS

We measured the dielectric losses in GaAs, InP:Fe,
and Si semiconductor crystals in the frequency range
100–260 GHz. It is shown that the main magnitude of
losses in high-purity GaAs crystals is determined by
lattice absorption according to the “differential” two-
phonon mechanism. Phonon absorption in high-
purity silicon is substantially suppressed, and the main
mechanism of losses is absorption at free carriers

γ ωεδ =
ε ω ω + γ

2

2 2
Imtan ~ ,
Re

p p

p
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according to the Drude mechanism, while the total
magnitude of losses can be very small: tanδ ≈ (1–2) ×
10–4 even at a free carrier concentration of ~1012 cm–3.

The measured values of the losses for InP:Fe crys-
tals noticeably exceed the estimated values both for
lattice absorption and for absorption by free carriers.
We assumed that a noticeable contribution to the
absorption of the microwave radiation in InP:Fe crys-
tals can be associated with conduction according to
the hopping mechanism. Our data can be useful for
designing and optimizing microwave and terahertz
semiconductor devices based on GaAs, InP:Fe,
and Si.
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