Math-Net. Ru

A. V. Skripal, D. V. Ponomarev, A. A. Komarov, V. E. Sharonov, Tamm resonances
control in one-dimensional microwave photonic crystal for measuring parameters of
heavily doped semiconductor layers, Izv. Sarat. Univ. Physics, 2022, Volume 22,
Issue 2, 123-130

DOI: 10.18500/1817-3020-2022-22-2-123-130

Use of the all-Russian mathematical portal Math-Net.Ru implies that you have read and agreed to these terms
of use
http://www.mathnet.ru/eng/agreement

Download details:
IP: 18.97.14.86
March 16, 2025, 22:22:58




A. V. Skripal et al. Tamm resonances control in one-dimensional microwave photonic crystal @

PAAVNODUIUKA, Q,g
NEKTPOHUKA, AKYCTUKA

W3Bectna Capatosckoro yHuBepcuteta. Hoas cepus. Cepus: ®usuka. 2022.T. 22, soin. 2. €. 123-130
lvestiya of Saratov University. Physics, 2022, vol. 22, iss. 2, pp. 123-130
https://fizika.sgu.ru https://doi.org/10.18500/1817-3020-2022-22-2-123-130

Article

Tamm resonances control in one-dimensional
microwave photonic crystal for measuring
parameters of heavily doped

semiconductor layers

A.V. Skripal=, D. V. Ponomarev, A. A. Komarov, V. E. Sharonov
Saratov State University, 83 Astrakhanskaya St., Saratov 410012, Russia

Alexander V. Skripal, skripala_v@info.sgu.ru, https://orcid.org/0000-0001-7448-4560
Denis V. Ponomarev, ponomarev87@mail.ru, https://orcid.org/0000-0002-7822-937X
Andrey A. Komarov, androkom86@gmail.com, https://orcid.org/0000-0002-9869-7920
Vasily E. Sharonov, 769545.1998@mail.ru, https://orcid.org/0000-0001-6035-7747

Abstract. The possibility has been explored to control the photonic Tamm resonances (TRs) in
the one-dimensional microwave photonic crystal (MPC) with the dielectric filling by changing the
thickness of the MPC's outer layer adjacent to the heavily doped layer of the semiconductor GaAs
structure. The controlled photonic TRs have been used to measure the conductivity of the heavily
doped semiconductor layer. It has been shown that depending on the conductivity of the layer the
specific tuning of the TR frequency is necessary in order to achieve a high sensitivity of the TR to the

change of the conductivity. The possibility of observing the plasma resonance in the infrared range
has additionally allowed to determine the concentration and mobility of free charge carriers in the % %
- J

heavily doped layer of the GaAs structure.
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AHHOTaymA. AccnegosaHa BO3MOXHOCTb ynpasieHus ¢0TOHHbIMM TAMMOBCKUMW pe30HaHCamn B 04HOMEPHOM (BY (I)OTOHHOM Kpucranne
CANINEKTPUYECKIM 3aN0IHEHNEM CMOMOLLbH U3MEHEHWA TONLLNHBI CN0A ¢0TOHHOF0 Kpucranna, rpaHuYalLero C CUbHONErnpoBaHHbIM C10€M
I'IOJ'IyI'IpOBO,qHI/IKOBOVI GaAs CTPYKTYpbI. yl'lpaBﬂﬂeMble ¢0TOHHbIe TaMMOBCKWE Pe30HaHCbl B MUKPOBOJIHOBOM [Mana3oHe 4acToT UCMoJib30-
BaHbl ANg U3MepeHud yp,EHbHOVI JIEKTPONPOBOAHOCTA CUNbHONETMPOBAHHBIX NONYNPOBOAHUKOBbLIX cnoée. lokasaHo, uTo Ans JOCTMXKEHNS
BbICOKOW YyBCTBUTENIbHOCTU TAMMOBCKOrO p€30HaHCa K U3MEHEHNIO y,qeanoﬁ JNEKTPONPOBOAHOCTU CUIbHONIErMPOBAHHOTO (104, HEO6XOAI/IMa
onpejeneHHas HEPECTPOVIKH 4acToTbl TAMMOBCKOI0 p€30HaHCa, BeNNYNHa KOTOPOVI onpepensaerca BE/IMUMNHOIA y,qeanon 3/IEKTPONPOBOAHOCTH
CUNbHONErNPOBAHHOIO CNo4. Bo3mMoXxHOCTL HaﬁﬂlOAEHVIﬂ NNa3MeHHOro pe3oHaHca B VIHq)paKpaCHOM [AWana3oHe N03BOANN0 ONPeAENUTb KOH-
LLEHTPALMI0 N NOABMXHOCTD CBOGO,U,HI:IX HocuTenen 3apaja B CUAbHONErMPOBaHHOM CJ10€ I'IOJ'IyrIpOBO,qHI/IKOBOVI GaAs CTPYKTypbI.

KnioueBble cnosa: n3MepeHne npoBoaMMOCTH, CUJIbHO ﬂeWIpOBaHHbIVI nonynpoBOAHKK, CBY q)OTOHHI:Ie Kpucrannsbl, MNa3MeHHbIN PE30HaHC,
TaMMOBCKIE PE30OHAHCbI, X-AuanasoH

bnarogapHoctu: Pa6ota nogaepxaHa MuHobpHayku Poccum B pamkax rocyAapcTBeHHoro 3aganus (npoekt Ne FSRR-2020-0005).
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Introduction

One of the directions in the development of mi-
crowave technology is the creation of microwave
components based on periodic structures called
Bragg microwave structures or microwave photonic
crystals (MPC) [1-5]. The appearance of resonances
(defect modes) in MPC due to the introduction of ele-
ments that disturb the periodicity of the MPC makes
it possible to create measurement techniques of the
material parameters and structures in the microwave
range.

The materials and samples under test, such as
dielectrics, polar liquids, composites, and structures
with semiconductor layers, are generally inserted in-
side the MPC, most commonly in its central layer [1,
6-91].

However, this method has a number of limita-
tions associated with the almost complete disappear-
ance of the defect mode in the MPC’s band gap when
the samples characterized by high losses are intro-
duced into the MPC. The disappearance of the defect
mode is observed, for example, at the measurement
of the samples containing thin highly conducting
nanolayers.

Thin highly conducting layers are used in a wide
range of microwave technology applications. Mi-
crowave matched loads, bolometric power meters of
the millimeter and sub-terahertz ranges, electromag-
netic shields, and elements of integrated microwave
circuits are created on their basis [10-16]. Highly
conducting films, created using various conducting
ink printing technologies, are essential elements of
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flexible electronics and photonics with large areas
[17-26].

The studies of thin conducting layers using
transmission line methods [27-30], as a rule, are
based on the transmission/reflection coefficient mea-
surement. The range of measured thicknesses and
conductivities is determined by the dynamical range
of the measured transmission/reflection coefficients
of the used measuring system. For implementing
resonator measurement methods [27, 31, 32], which
provide a wider range of measured thicknesses and
conductivities, it becomes necessary to create a pre-
cision high-Q resonator and carry out its preliminary
calibration without a sample.

One of the approaches providing measurements
of highly conducting layers in the microwave range
is the use of surface states in MPCs. The approach
was successfully applied to measure the conductivity
of metal nanolayers [33]. However, the measure-
ment ranges of the thickness and conductivity are
limited due to the fact that the pronounced Tamm res-
onance (TR) is observed only at specific values of the
thickness and conductivity of the metal nanolayer.

In this work, we have developed an approach
aimed at solving the problem of diagnostics of
conducting layers with high and extremely high
conductivity, which are used in various fields of mi-
crowave technology. This is especially important for
diagnostics of conducting graphene structures with
thicknesses of several nanometers as well as heavily
doped semiconductor layers with thicknesses from
tens of nanometers to several micrometers.
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To achieve this goal, it is proposed to tune the
Tamm resonance’s frequency in the MPC depending
on the thickness and conductivity of the conducting
layers under test.

The possibility to tune the frequency and ampli-
tude of the TR in the optical range was demonstrated
in a number of works [34-39].

Note, that in contrast to the optical range, in
which the tuning of the TR can be carried out both
by a change of the conductivity and thickness of the
conducting layer, and by a change of the parameters
of the photonic crystal, in the MPC, a change of the
conductivity and thickness of the conducting layer
does not change the frequency of the TR, but only its
amplitude.

In this regard, in order to observe a pronounced
TR at different values of the conductivity and thick-
ness of the conducting layer, we have implemented a
frequency control procedure of the TR in the MPC by
changing the thickness of the outer layer of the
MPC adjacent to the conducting layer.

1. Computer simulation of controlling
the TR characteristics

The MPC assembled from Al,O3 ceramic (the
odd positions, € = 9.6, the thickness — 0.5 mm) and
teflon (the even positions, € = 2.0, the thickness —
18 mm) layers has been tested in the range 7—13 GHz.
The MPC consisted of 11 layers; the thickness of the
one of the outer layers is varied.

The semiconductor structure under test con-
sisted of three gallium arsenide GaAs layers. The
semiconductor structure was placed behind the
MPC in such a way that the highly doped epitaxial
nT-layer was directly adjacent to its outer dielec-
tric layer. In this case, two configurations were
considered: the thickness of the MPC’s outer layer
adjacent to the n -layer of the GaAs structure d; was
0.5 mm (configuration 1 in Fig. 1), the thickness of
the MPC’s outer layer adjacent to the n*-layer of the
GaAs structure d;, was 1.0 mm (configuration 2 in
Fig. 1).

To find out the possibility to solve the prob-
lem of measuring thin conducting layers with high
and extremely high conductivity using frequency-
controlled TRs, the transmission (S, ) and reflection
(S11) coefficients of the MPC containing a semicon-
ductor structure with a conductivity of the n"-layer
0.8-10° Q'm~! and 1.6-10° Q 'm~! were calcu-
lated (Fig.2).
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Fig. 1. Design of the one-dimensional waveguide MPC with

the semiconductor nt-n-i-structure: 1 — ceramic layer, 2 —

teflon layer, 3 — n"-n-i-structure, 4, 5, 6 — n™, n and i-lay-

ers, 7 — outer layer (ceramic) of the photonic crystal with the
changed thickness, adjacent to the n™-layer
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Fig. 2. Calculated S11 (curves 1), S»; (curves 2) of the
MPC adjacent to the n™-layer of the semiconductor structure
with the conductivity equal to 0.8-10° Q~'m~! (solid curves)
and 1.6-10°> @ 'm~! (dashed curves) for two thicknesses dj,
of the MPC’s outer layer: a — 0.5 mm, b — 1 mm. S,; of the
MPC without the semiconductor structure is curve 3

The coefficients S;; and S,; were calculated by
the transfer matrix method with allowance for only
the fundamental H;, wave type propagation in the
waveguide [33, 40, 41].
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The frequency of the TR was controlled by vary-
ing the thickness of the MPC’s outer Al,O3 ceramic
layer adjacent to the n'-layer.

As follows from the calculation results, for the
thickness d; of the MPC’s outer layer adjacent to the
n*-layer of the GaAs structure equal to 0.5 mm (this
is the thickness of all odd layers of the MPC), two res-
onances appear at frequencies frammi1 = 7.476 GHz
and frammz = 12.4 GHz. When the conductivity
of the n'-layer changes in the range from 0.8x
x10° Q 'm~! to 1.6-10° Q 'm™!, the change of
S1; and Sp; at the TR frequency frammi is 2.4 dB
and 5.0 dB, and at frammp it is 4.1 dB and 4.5 dB,
respectively. It should be noted that for the chosen
parameters of the GaAs structure’s layers, S»; and
S1; are mainly determined by the parameters of the
n"-layer.

With a thickness d; = 1.0 mm, the frequencies

are framm1 = 7.432 GHz and frammp = 12.262 GHz.

At the frequency frammz = 12.262 GHz with an in-
crease in the conductivity of the n'-layer in the
range from 0.8-10° Q 'm ! t0 1.6-10° Q 'm™!, the
change of S;; exceeds 20.0 dB, while the change of
S»; remains at the level of 3.5 dB.

Thus, the results of computer simulation demon-
strate that the frequency tuning of the TR in the
MPC can be implemented by choosing the thickness
of the outer Al,O3 ceramics layer of the MPC adja-
cent to the n™-layer. In this case, the tuning of the TR
frequency, which provides a high sensitivity of the
TR to the change of the conductivity of the heavily
doped layer, is determined by the conductivity value
of this layer.

2. Use of controlled TRs in the 1D MPC for measuring the
parameters of the heavily doped semiconductor layer

The experimental MPC created according to the
described above model was tested for the frequency
range 7-13 GHz.

For the experimental observation of the TRs,
the epitaxial semiconductor structure made of gal-
lium arsenide (GaAs) was used. It consisted of three
layers: n', n and i-layers with the thicknesses of
1.8 wm, 11.4 um, and 473.8 um. The tested semi-
conductor structure was placed behind the MPC. The
highly doped epitaxial layer was directly adjacent to
its outer dielectric layer (Fig. 3).

To experimentally confirm the possibility of
tuning the TR frequency, which provides a high
sensitivity of the TR to the change of the conduc-
tivity of the heavily doped layer, two configurations
were considered: d; = 0.494 mm (configuration 1 in
Fig. 1), d;, = 0.973 mm (configuration 2 in Fig. 1).
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Fig. 3. The experimental waveguide section with the MPC
and the tested layered GaAs sample

The experimentally obtained coefficients Si;
and S,; of the MPC with the epitaxial semiconduc-
tor structure for two configurations, performed by
the network analyzer Agilent PNA-X N5242A, are
presented in Fig. 4.
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Fig. 4. Experimental S1; (curves 1) and Si» (curves 2) of

MPCs with the three-layer GaAs structure for two different

configurations: solid curves — d; = 0.494 mm; dotted curves —

d;, = 0.973 mm. S»; of the MPC without the semiconductor
structure is curve 3

As follows from the experiment at the thick-
ness d; = 0.973 mm of the MPC’s outer layer, the
resonances are characterized by a low value of the
S1; at frequencies frammi = 7.472 GHz and frammz =
= 12.396 GHz. In this case, the depth and frequency
of TRs are controlled by the thickness of the MPC’s
outer layer adjacent to the n " -layer of the GaAs struc-
ture. This is in good agreement with the presented
above calculation results and demonstrates the pos-
sibility to tune the frequency of the photonic TR to
achieve a high sensitivity of the TR to changes of
the conductivity of the heavily doped layer. In this
case, the required value of the frequency tuning is
determined by the conductivity value of this heavily
doped layer.
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The implementation of the highly sensitive TR
makes it possible to use the method based on the
measurement of Sp; and S1; of the MPC containing
the structure under test to determine the conduc-
tivity of the highly doped epitaxial semiconductor
n*-layer [33].

The sought value of the conductivity 6, of the
nt-layer is defined numerically by the least squares
method from solving the equation:

95(c+)
aGn+

=0. )
Here

2
K <|521 (Gn+7fexpi) |2_ |SZl€XPf |2) +

S(Grﬁ): 2| » (2)
i=1 +(|Sll (Gn+afexp,) |2_ |Sllexp,- |2>

where  Syiexp, Si1exp are the experimental and
S21(Cnts f), S11(Ons, f) calculated transmission and
reflection coefficients.

Using the results of measuring S,; and Sy; in the
vicinity of the TR frequency frammz = 12.396 GHz at
the thickness d;, = 0.973 mm of the MPC’ outer layer,
the value of the conductivity 6, of the highly doped
epitaxial GaAs layer with the thickness 1.8 um has
been determined as 0.843 - 10° Q'm™! by solving
the inverse problem.

The measured Sy;, S1; and calculated ones by
using the obtained value G,, = 0.843-10° Q 'm™!
of the highly doped epitaxial GaAs layer agree well
as shown in Fig. 5.

o
+

L
=

Reflectance and
transmittance, dB
& b
S S

—40

12.0 12.2 12.4 12.6
Frequency, GHz

Fig. 5. Measured (points) and calculated (curves) Sii

(curve 1) and Sy; (curve 2) by using the obtained value of the

conductivity 0.843-10° Q~'m~! of the MPC with the tested
GaAs structure

To evaluate the correctness of the results, ob-
tained by the method using the photonic TRs, the
conductivity measurements were carried out by an
independent method. A four-probe method based on
the measurement of the surface resistance p was used
as an alternative independent method for measuring
the conductivity 6, of the GaAs n™-layer. The con-
ductivity, at known thickness d of the GaAs n™-layer,

Paanogm3nka, INEKTPOHNKa, aKyCThKa

is obtained from the well-known relation:
_ 1
= S

The measured by the Jandel RMS-EL-Z probe
station value of the surface resistance p was 7Q per
square, which corresponds to the value of the con-
ductivity equal to 0.794-10° Q 'm~! with the n"-
layer thickness d = 1.8 um.

Thus, the difference between the results of mea-
suring the conductivity of the highly doped GaAs
nt-layer using the microwave TRs and the surface
resistance is no more than 6.2%. It should be noted
that the relative error in measuring the surface re-
sistance of highly conducting layers in the selected
range of resistance values by the four-probe method
can reach 14%.

For the heavily doped semiconductor structures
with high electron mobility it is possible to observe a
pronounced plasma resonance in the infrared range.
This provides the possibility of obtaining the concen-
tration n™ of free charge carriers from measurements
of the plasma resonance frequency ®, using the re-
lation [42]:

O+

©)

L mreeL(0,)°
e

; 4)

n

where m* is the effective mass of free charge carriers,
depending on their concentration at a high doping
level [43], €, is the permittivity of the crystal lattice
in the infrared range [43].

In the infrared range from 350 to 7800 cm™!,
the reflection coefficient of the tested GaAs structure
was measured using the Shimadzu IRAffinity-1S
spectrophotometer (Fig. 6).
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Fig. 6. Reflection coefficient of the tested layered GaAs sam-
ple in the infrared range

As follows from the measurement results, the
plasma frequency, defined as w, = 2mc/A, is equal

to 1.192- 10" rad/s. Here A = Apin [(82 — 1) /EL]I/Z,
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where Ay, is the wavelength in the minimum of the
reflection coefficient in the infrared range.

Using the obtained value of the plasma fre-
quency ®, = 1.192 - 10" rad/s and the expression
(4), the concentration has been determined as n* =
=3.9-10%* m~3. The permittivity of the GaAs crystal
lattice in the infrared range was chosen equal to
10.89, the effective mass of charge carriers in GaAs
at this doping level was 0.078 - m,, where m, is the
mass of a free electron.

To determine the free charge carriers mobility p
in the tested GaAs n*-layer the well-known relation
w=o0,,/(en"), where n" is the concentration of free
charge carriers, was used. The calculated value of
the mobility 0.134 m?/(Vs) correlates well with the
values known from the literature for heavily doped
GaAs layers [43, 44].

To evaluate the correctness of the results of the
mobility measurement using the photonic TRs and
plasma resonance, the mobility was measured inde-
pendently by the well-known method of microwave
magnetoresistance [45, 46].

In this method, the mobility is obtained from
the measured attenuation ¢, and o of the microwave
signal in the waveguide section containing the GaAs
structure with and without external magnetic field B,
respectively:

®)

The value of the mobility of charge carriers mea-
sured using this method was 0.129 m?/(V-s).

The difference between the results of measuring
u using the conductivity obtained by the method of
microwave TRs and by the methods of plasma reso-
nance and magnetoresistance is no more than 4.0%.

Thus, the use of controlled TRs in the one-di-
mensional MPCs and the additional observation of
the plasma resonance in the infrared range in the
tested semiconductor structure makes it possible to
implement along with the conductivity measurement
technique the method for determining the concentra-
tion of charge carriers and their mobility.

Conclusion

Thus, the approach aimed at solving the prob-
lem of measuring thin highly conducting layers with
high and extremely high conductivity, which are
used in various fields of microwave technology as
absorbers of electromagnetic radiation, bolometric
power meters in the millimeter and subterahertz
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ranges, electromagnetic shields, elements of elec-
tronics and photonics with large areas, has been
developed in this work.

To achieve this goal, it is proposed to tune the
TR’s frequency in the MPC depending on the thick-
ness and conductivity of the conducting layers under
test. The control of the TR in the MPC is provided by
the change of the thickness of the outer layer of the
MPC adjacent to the conducting layer. In this case,
the required frequency tuning value is determined
by the value of the conductivity of the conducting
layer. The applicability of the developed approach
has been confirmed by the example of measuring
heavily doped semiconductor layers.

The developed method can also find application
for diagnostics of microwave microfluidic circuits,
flexible and stretchable antennas for biointegrated
electronics [47-49].
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