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Abstract. Creation of controllable narrow-band emission sources for the mid- and long-
wavelength infrared ranges is one of the primary tasks of infrared technology. In this paper,
we propose and demonstrate non-luminescent (thermal) magnetically controllable sources
of infrared emission based on semiconductor magneto-optical photonic structures (MOPS).
It is shown that interference effects cause narrow-band thermal emission spectrum of such
sources, and magnetic field makes it possible to effectively control the spectral and
amplitude characteristics of emissivity in the mid- and long-wavelength infrared range.
Influence of the MOPS composition and design on the source emissive characteristics is
studied. Using the obtained results, the designs of A®B® semiconductor compounds based
sources with dynamically tunable spectrum and amplitude modulation of emission are
proposed. Theoretical modeling has shown the possibility of dynamic control of their
emission parameters by achievable magnetic fields. Such sources may be used in
environmental monitoring systems, medicine, forensics, infrared spectroscopy, etc.
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1. Introduction

At present, infrared (IR) emission sources are widely
used in scientific research, gas analysis systems,
spectroscopy, medicine, etc. Use of the mid-wavelength
(MWIR) and long-wavelength (LWIR) IR spectral
regions significantly expands the scope of application of
optical devices due to the following reasons: these
regions comprise the atmospheric-transmission bands,
many substances have characteristic absorption lines in
these spectral regions, these regions account for the
maximum of thermal emission of objects with the
temperature of 10...50 °C, which is relevant for a
number of analysis, control and monitoring systems.
Modern optical IR systems need controllable
narrow-band sources of IR emission, i.e. those that can
operate in pulsed or pulse-frequency modes. Of special
interest are also the sources enabling smooth tuning of
their spectral characteristics. Although LEDs operating in
the near-infrared (A < 2 pm) region are successfully used,
their quantum yield sharply decreases in the MWIR and
LWIR ranges. Application of quantum wells and super-
lattices makes it possible to shift the LED spectral

characteristics to longer wavelengths (up to A =10 um)
[1-4] and even to create LEDs with a two-color spectral
characteristic [5, 6]. However, such LEDs operate at
cryogenic temperatures, which makes their application
difficult.

A promising field is application of non-luminescent
(thermal) sources of IR emission, the emission intensity
of which can be controlled by changing their emissivity.
In [7, 8], semiconductor IR sources with dynamic
intensity control by changing the concentration of free
charge carriers by contact injection [7] or illumination [8]
were investigated and proposed. The advantage of IR
sources is that they do not require additional means of
intensity modulation. However, they have a broad
(A=3...18 um) spectrum. Therefore, additional filters
are needed when narrow-band emission is required.

A new potential for realizing thermal type
controllable narrow-band IR sources is provided by
photonic structures (PS) used as the emission elements.
These structures can produce highly directional thermal
emission in a narrow spectral range and, with a matching
design of PS, the emission line intensity can practically
achieve the intensity of the blackbody emission. To date,
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a large number of such structures have been synthesized
and investigated with that end in view. PS such as
photonic crystals [9-12], resonant cavities and layered
structures [13-18] have been proposed as the narrow-
band IR sources for MWIR and LWIR spectral regions.
If one or more PS layers have non-zero absorption, the
heated PS emits in the spectral region of a pass band. In
the framework of classical optics, the coherent pecu-
liarities of their thermal emission (TE) are explained by
multi-beam interference of light spontaneously emitted in
the structure. The TE spectral and amplitude characteris-
tics of such emitters are defined by the layer parameters
and the PS design. A number of them [9-13] are the
sources of invariable emission (without possibility of
dynamic control of the spectrum or amplitude).

Use of materials, the properties of which can be
changed by some external influences, makes it possible
to change the PS optical characteristics and to control its
TE characteristics. In [14-16], the possibility of changing
the emission characteristics of PS containing a layer of
phase-changing material (PCM) was studied. It was
shown that the emissivity of such structures can be
changed by changing the PCM phases by heating.
However, in authors’ opinion, use of heating for dynamic
control of the parameters of thermal IR emitters is
difficult to implement in a finished product provided its
stability is ensured. In [17], a narrow-band emitter
operating in the LWIR range and enabling dynamic
intensity control by external illumination was described.
The emitter was based on a metamaterial consisting of
the matrix of the resonant cavities filled with
photosensitive material ZnO. The device included an
ultraviolet light source that illuminated this metamaterial.
The emission intensity of the IR emitter was controlled
by the intensity of the ultraviolet light, which changed
the transmittance of ZnO and, with it, the Q factor of the
resonant cavities.

It was experimentally discovered in [18] that the TE
spectrum of a magnetophotonic layer changes signi-
ficantly in a magnetic field. Both the disappearance of
emission lines and their inversion in the spectrum were
observed. In [19], it was determined that magnetic field
leads to the deformation of the directional diagram of TE
as well. Based on the obtained results, the authors
concluded that use of magneto-optical photonic
structures (MOPS) is promising for creating controllable
narrow-band emission sources in the MWIR and LWIR
spectral regions.

This paper theoretically investigates the possibility
of using one-dimensional MOPS as the controllable
narrow-band sources of IR emission in the MWIR and
LWIR spectral regions with the possibility of dynamic
control of their emission characteristics. The dependence
of the emission parameters of such sources on the optical
characteristics and design features of the emitting
structure is studied. Based on the obtained results,
designs of magnetic field controllable emission sources
with tunable spectral characteristics and dynamic
amplitude modulation are presented.

2. Model and basic relations

Consider an emitter that consists of a 1-D magneto-
photonic structure placed on a finite incoherent substrate
as shown schematically in Fig. 1. MOPS includes a
magneto-optical layer (MOL) sandwiched between two
one-dimensional stacks, which are built by superposing
layers of two different dielectric materials A and B. The
materials are characterized by the isotropic real refractive
indexes np and ng and thicknesses d, and dg, respectively.
These stacks form the Bragg mirrors R; and R,
respectively.

MOL is characterized by the isotropic zero-field
complex refractive index NyoL =NwvoL +1XMoL

(nmoL <<7ZmoL ) and thickness dyor. The substrate is

characterized by the complex refractive index
N, =ng +iy, and thickness ds. The external magnetic
field (H) is directed along the normal to the layers.

For normal light incidence on the mirror Ry, the
reflectance and transmittance of the emitter in the
magnetic field are, respectively [11]:

(Tmops) “N2Rs

T Taopsns (L Rs)
1-nRyopsRs

1-nZRivopsRs
6]
where ng=exp(-4m ds/%), Tiops and Ryops are

the transmittance and reflectance components of MOPS
in the magnetic field, respectively:
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Fig. 1. Schematic of a 1-D magnetophotonic structure on a
substrate.
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The intensity of thermal emission of MOPS in the
magnetic field coming out through the mirror R,
normally to the surface is

P=P"+P", (@)
where
P* =R, (1-R*-T*)/2, 5)

and Py, is the TE intensity of the blackbody under the
same conditions.

3. Theoretical analysis of the emission parameters of
emitter

3.1. Analysis of spectral tuning

As can be seen from Eq. (4), the thermal emission of
MOPS in the magnetic field is a sum of two independent
components P~ and P* with the narrow-band spectra. The
spectral positions of the components in the absence of
magnetic field coincide and correspond to the
interference maximum condition §=nk (k=12,...).
The lines shift in the long-wave and short-wave regions
in the magnetic field, and the spectral positions of their
maxima are

_nd
k+o/2n

+

M

(6)

At ¢=m/2, other lines of the P~ and P* components

moving toward each other merge pair-wise. It is easy to
see that the spectral positions of the double lines
correspond to the zero-field spectrum interference
minima condition & = n(k —1/2) .

Therefore, in the spectral regions between an
interference maximum ( Ay, ) and a neighboring

minimum (A, ) of the zero-field TE spectrum, the

spectral characteristic of the emitter can be smoothly
tuned by changing the magnetic field. The waveband
Am, SA <Ay, (we denote it by A) is the maximum

spectral tuning range. With further increase in the
magnetic field, the process is repeated. Fig. 2 shows the
dependences of A on the optical thickness of MOL for
the lines with different interference orders k when the
line is shifted in the long-wave (Fig. 2a) and short-wave
(Fig. 2b) spectral regions. It can be seen from this figure
that the maximum range of the emission source spectral
tuning increases with the increase in the MOL optical
thickness. At the same time, A decreases when an
emission line with a higher interference order is chosen.

3.2. Dependence of the parameters of source emission
line on MOPS optical characteristics

Since the emission of the source is thermal, the intensity
of its TE changes with the change of emitter temperature.
To eliminate the temperature dependence of the source
emission characteristics, we will analyze the source

oL .

10 20

r.1MOLdMOL$ Mm

15

Fig. 2. Dependences of the maximum spectral tuning range of a
source. As a magnetic field increases: (a) the emission line
wavelength increases; (b) the emission line wavelength
decreases.

emissivity A=P/R,, . In the theoretical analysis, we

assume that dispersion of the refractive indices of the
constituent MOPS substances is negligibly small and the
reflection coefficients of the Bragg mirrors R, and R, are
constant in the considered spectral range.

We define the line height as

AA= Ay - A, ™

and consider the dependence of AA on the parameters of
the emitter. In (7), Ay and A, are the emissivity values in
the line maximum and in the neighboring interference
minimum, respectively.

Figs 3a—3c show the dependences of the line height
on the two optical parameters of MOPS when the third
one is constant. The substrate was supposed to be opaque
(ns = 0). As can be seen from these figures, the amplitude
of the emission line strongly depends on the MOPS
parameters. In contrast to non-resonant thermal emitters
[7, 8], these dependences have a complex hon-monotonic
character. AA reaches its maximum value at R, = 1 (see
Fig. 2a) and large values of R; and nyo., i.e. at high
MOPS Q factors. At this, if R, may be the totally
reflecting mirror (R, =1), R; must be less than one.
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Fig. 3. Dependences of the line height on the optical parameters of MOPS on

(b) Rl = 07, (C) Rz =1

Otherwise, the emission will not be able to exit the
MOPS volume. Also, the MOL absorption cannot be
absent (n <1). Otherwise, no emitting centers will be
present in the MOL volume. Therefore, as can be seen in
Fig. 3c, there is no emission at nyo. =1 and R; = 1.

At a high Q factor of MOPS, a compact expression
for the line height can be obtained:

(8)

Assuming R,=1 and solving the differential

equation

=0 , one can obtain an analytic
dnmoL

expression that links the optimal values of R; and nwoL,

at which the intensity of the emission line is maximal and

approaches the intensity of TE of the blackbody:

©)

For a line width at half-amplitude, the following
expression can be easily obtained:

e Cveed
——arccog 2 ,
nik 1+G

where k =2nyop dyoL /Aw is an interference order of

the line. At a high Q factor of MOPS, it is easy to obtain
a simpler expression for AL

AL 1 (1-G)
Am Tk JG
In Fig. 4, the dependence of the line width at half-
amplitude on the parameter G is shown. As can be seen
from this figure, AA decreases upon improving the MOPS
cavity properties. Curve 2 shows the results of the

calculation according to the simplified equation (11). As
it is seen, this equation is correct at G > 0.65.

R = T]ﬁ/IOL :

AL

Ay

; (10)
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T T
02 04

n MOL

0.8

T T T T
02 04 06 08 1

s

T
0.6
M moL

an opaque substrate (ns=0): (a) MvoL =0.8,

Fig. 4. Dependences of the line width at half-amplitude on the
parameter G=mporyRiR, - 1 — calculation by the full
equation; 2 — calculation by the simplified equation.

It should be noted that since the dispersion of the
MOPS optical parameters was neglected deriving Egs.
(10) and (11), the value of the emission line width of a
real structure may significantly differ from the calculated
value.

4. Examples of the possible designs of emission sources
4.1. Emission source with spectral tuning

A design of the IR emission source with a dynamically
tunable spectral characteristic, which can be implemented
in practice, is shown schematically in Fig. 5. The emitter
includes MOPS (Ge/KBr)?/InSb/(Ge/KBr)* placed on a
leucosapphire substrate with a heating element on the
reverse side. MOPS consists of a magneto-optical InSb
layer and the dielectric Bragg structures (Ge/KBr)? and
(Ge/KBr)* as the mirrors R; and R,, respectively. The
electron concentration in InSb was assumed to be N, =
1-10™ cm 3. Due to the low value of the electron effective
mass, doped InSb has sufficiently high magneto-optical
properties in the MWIR and LWIR regions (A > um). KBr
and Ge are widely used IR optical materials.
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Fig. 5. Schematic of IR emission source with dynamically
tunable spectrum.

The emitter is placed inside a variable magnetic
field source (in this case, it is an electromagnet) in such
way that the direction of the magnetic field is
perpendicular to the structure.

The following values of the material refractive indi-
ces were used in the calculations: nge = 4, nkg, = 1.54 [20]
and the dispersion of the complex refractive index of leuco-

sapphire N o, () =154 +0.42/(12 ~12.622)+10.026 .

as obtained by approximating the tabular data [21]. For
doped InSh, the complex refractive index dispersion law

N = sw(l—}f/?fp) +iLo/4n was used, where ¢ is

the speed of light in vacuum, kC=2nm§c/eH )

hp=Cye,m/Ne? , £,=1568 [22] is the high

frequency dielectric constant, m; =0.03m [22] is the

electron effective mass, m is the electron mass, e is the
electron charge, and a =310 N,-A® is the absorption
coefficient by free electrons, the spectral dependence of
which was obtained from the data [23]. We used the
thicknesses of the Ge, KBr and n-InSb layers equal to
0.563, 1.47 and 5 um, respectively.

Fig. 6a shows the emission spectra of the source
without magnetic field (curve 1) and in the magnetic
field of 5kOe (curve2) and 25 kOe (curve 3). The
presented spectral region corresponds to the photonic
band gap of MOPS with high reflection coefficients of
the mirrors (R;=0.91, R, = 0.99). As can be seen from
this figure, the emission spectrum contains three
emission lines, which split when the magnetic field is
applied. The amplitude of the zero-field lines is close to
the emission intensity of the blackbody. The width of the
emission lines ranges from 2.3-107 um (at the shortwave
end of the region) to 1.34-10™" um (at the longwave end
of the region).

The dependence of the spectral positions of the lines
on the magnetic field strength is shown in Fig. 6b. It can
be seen from this figure that the lines of the P~ and P*
components with adjacent interference orders shift
toward each other. At the wavelength A = 13.85 pum, two
lines merge at the magnetic field H ~ 18 kOe. When the
field is further increased, the merged line splits again.

= Vg (a)

3 8 I o 1. 11 \Y

NE 6 i i : E : i i :

% 4 23 3 2 D 3 13 2 ,
N 2 I

(ol 0 |“ ﬂ A Jﬂ. Aik»

10 11 12 13
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Fig. 6. (a) Calculated emission spectra of the IR source based
on the (Ge/Kbr)?InSb/(KBr/Ge)* structure at the magnetic field
values: 1 — H=0, 2 - 5kOe, 3 — 25kOe. I, I, lll and IV are
the spectral regions of a smooth tuning of the source emission
line position; (b) 3D plot of the emission lines shift with
increasing magnetic field. The MOPS temperature was assumed
to be 400 K.

Four spectral regions are selected, in which smooth
tuning of the source emission spectrum is observed.
Under the stability condition of the line amplitude and at
achievable magnetic fields (H <25 kOe ), these regions

are:  10.09...103 pum (I), 11.19...11.69 um (ID),
10.92...1231 um (1) and 12.52...13.29 um (IV).
Although these regions are not too wide, their widths are
sufficient, e.g., to perform spectral analysis of a gas
absorption line in an optical gas analyzer.

4.2. Emission source with amplitude modulation of
emission intensity

A design of the IR emission source with amplitude
modulation of emission intensity, which can be
implemented in practice, is shown schematically in
Fig. 7. Its emitter is a combination of a emitting MOPS
with a photonic structure whose transmission line
coincides with the spectral position of the zero-field
emission line. The MOPS is a (ZnSe/KBr)’/InSh/Al
structure, the back mirror of which is formed by an Al
layer. The used thicknesses of the ZnSe, KBr and n-InSh
layers were assumed to be 1.017, 1.594 and 29.69 pm,
respectively. The electron concentration in n-InSb used
was N =2-10"% cm™. PS is a (ZnSe/KBr)*/(KBr/ZnSe)°
multi-layered structure with the thicknesses of the ZnSe
and KBr layers of 1.017 and 1.594 um, respectively.
MOPS and PS are separated by an incoherent KF layer.
The following values of the refractive indices were used
in the calculations: nzs =2.41 and ngr=1.31 [20].
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incoherent layer

heating element

Al mirror

Fig. 7. Schematic of the IR emission source with amplitude
modulation of intensity.

Dispersion of the Al complex refractive index
N =-13.19+3.841+i(20.23+6.9%) was used as

obtained by approximation of the tabular data [20].

This design uses a moving permanent magnet as a
variable magnetic field source. It should be noted that
modern neodymium magnets have sufficiently strong
magnetic fields. The strength of the magnetic field
passing through the MOPS is changed by moving the
magnet relative to the emitter.

Fig. 8 shows the emission spectra of the source
at different magnetic field values. It can be seen from
this figure that the emission spectrum of the source
is a narrow line. The parameters of the MOPS layers
were chosen in such way that the amplitude of the
zero-field line is almost equal to the emission intensity
of the blackbody, its width is 0.025 pm and its spectral
position is at 9.8 um. After application of magnetic
field the line height decreases. The intensity of the
source emission becomes almost equal to zero at
H = 10 kOe.

10

P, (mW/cm?)um'!

9.7 9.8
A, Lm

9.9

Fig. 8. Calculated emission spectra of the IR source based on
the (ZnSe/KBr)*/(KBr/ZnSe)®/(incoherent KF layer)/(ZnSe/KBr)%/
InSb/Al structure: 1 — H =0, 2 — 3 kOg, 3 — 10 kOe. The MOPS
temperature was assumed to be 400 K.

10
H, kOe

Fig. 9. Dependence of the line height on magnetic field
strength.

Fig. 9 shows the dependence of the line height on
magnetic field strength. In this figure, the line height is
normalized to the height of the zero-field line. It can be
seen that AA rapidly decreases with increasing H.

Note that the spectral position of the source emission
line coincides with the position of the absorption line of
ozone and gaseous ammonium (A = 9.8 um). Therefore,
such source can be used in optical devices for detecting
and measuring concentrations of these gases in the
atmosphere or in other gas mixtures.

5. Conclusions

The paper shows that one-dimensional magneto-optical
photonic structures may be used as the narrow-band
controllable emission sources of mid- and far-wavelength
IR emission. Influence of the composition and design
features of the structure on both the spectral and
amplitude characteristics of its thermal radiation and on
the possibility of controlling them by an external
magnetic field has been studied. Based on the obtained
results, the useful recommendations for creating such
sources were given.

The designs of two magnetically controllable
narrow-band sources of IR emission with controllable
spectral characteristic and with amplitude modulation of
intensity have been presented. The sources consist of
dielectric optical material layers and a A°B®
semiconductor compound layer as a magneto-active one.
As theoretical modeling showed, MOPS based on A°B®
semiconductor compounds demonstrate dynamic changes
of the emission parameters at achievable magnetic fields
and can be implemented in practice.

Application of such narrow-band controllable
sources of IR emission in optical devices makes it
possible to exclude dispersive elements (optical filters,
prisms, diffraction gratings) and amplitude modulators.
They can be used in the gas analyzers, optical devices for
determining the composition of substances and
identifying organic compounds, for calibrating IR
receivers and optical systems in narrow spectral ranges,
in detection systems of thermal objects etc.
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By3bkocmyrosi kepoBaHni p:xepena IY BunpomiHioBaHHsI HA OCHOBiI OTHOBUMIPHMX MATHITOONTHYHHUX (POTOHHUX
CTPYKTYP

€.®. Benrep, B.O. MoposkeHko

AHortanisi. CTBOpPEHHS KEpOBaHHX BY3bKOCMYIOBHX JDKEpel BHUIIPOMIHIOBAHHS CEPEIHBOrO Ta  JaJeKOTro
iH(ppadepBOHOTO iama3oHIiB € OJHUM i3 MEPIIOYEPTOBUX 3aBIaHb iHPPaYEPBOHOI TEXHIKH. Y POOOTI 3aIpOIIOHOBAHO
Ta MPOJEMOHCTPOBAHO HEMOMIHECIIEHTHI (TEIUIOBI) MarHiTOKEpOBaHi JyKepenna iHppauepBOHOTO BUIPOMIHIOBAHHS Ha
OCHOBI HAIBIPOBIAHUKOBUX MarHitoontuuHux (otoHHUX cTpykTyp (MO®C). IlokazaHo, 1o iHTepdepeHwiiiHi
e(eKTH 3yMOBJIIOIOTh By3bKOCMYTOBHIi CIIEKTp TX TEIUIOBOI'O BUIPOMIHIOBAHHS, @ MAarHITHE 10JIe J]a€ 3MOT'Y e()eKTHBHO
KepyBaTH CIEKTPaJbHUMH Ta aMIUTITYJHUMH NapaMeTpamMy BHUIIPOMIHIOBAIBHOI 3/1aTHOCTI B CEPEIHbOXBUILOBOMY Ta
JIOBrOXBWIILOBOMY iH(pauepBoHOMY niamazoHax. [lOCHi/PKEHO BIUIMB CKJaJy Ta KOHCTPYKTUBHHX OCOOJHMBOCTEH
MO®C Ha eMmiciiiHi XapakTepHCTHKU Jkepeia. Ha OCHOBI oTpuUMaHMX pe3yJbTaTiB 3alpOINOHOBAHO KOHCTPYKIIi
JUKepen Ha OCHOBI HamiBnpoBimHukiB A’B® 3 IMHAMIYHO MEPECTPOIOBAHMM CIIEKTPOM Ta AMILIITYIHOI MOIYTAL{EI0
BUIIPOMiHIOBaHHs. TeopeTHyHe MOJCNIOBAHHS II0KAa3aJl0 MOXJIMBICTh IMHAMIYHOTO KEepyBaHHsS IapamMeTpaMH ix
BUIIPOMIHIOBaHHS 32 JIOTIOMOT'OK0 PeajbHO JOCSHKHOTO MarHiTHOro moist. Taki Jpkepesna MOXKyThb OyTH BHKOPHCTaHi B
cucTeMaxX MOHITOPUHTY JOBKIUJUISA, MEIUIMHI, KpUMIHATICTHIN, iHPpadepBOHiH CIIEKTPOCKOIIIi TOIIIO.

KarouoBi caoBa: iH(ppadepBOHI pKepeda, MAarHITOONTHYHI (DOTOHHI CTPYKTYpH, TEIUIOBE BHUIIPOMIHIOBAHHS,
BUIIPOMIHIOBaJIbHA 3/IaTHICTb.

Venger E.F., Morozhenko V.O. Narrow-band controllable sources of IR emission based on one-dimensional ...

187


mailto:vengeref@gmail.com
https://orcid.org/0000-0003-1508-1627
mailto:morozh@meta.ua
https://orcid.org/0000-0001-7834-2260

