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In this paper, the optical properties of Hg1-.Mn.S, Hg:_x-,Mn.Fe,S, Hg: .-, Mn.Fe,Se: -.S: crystals were
studied. Hg:-.Mn.S, Hg1 -x-,Mn.Fe,S, Hg: - .- ,Mn.Fe,Se:1 -.S. semimagnetic semiconductor solid solutions
(their area of existence is 0 < x < 0.375) obtained by the Bridgman method have n-type conductivity (electron
concentration is n ~ 108 cm-3). Hgi-.Mn.S, Hgi-.-,Mn.Fe,S, Hg:-.-,Mn.Fe,Se:--S: solid solutions are
semiconductors with variable bandwidth dependent on the composition (E,;) and belong to semimagnetic
semiconductors. The presence of Mn atoms in the crystals with an uncompensated magnetic moment makes
it possible to control the composition (x).The refractive index and effective mass of electrons at the Fermi
level for Hgi-:Mn.S, Hg1-»-,Mn.Fe,S were determined on the basis of studies of the reflection coefficient.
The transmission spectra were investigated at room temperature (7'~ 300 K). The optical band gap width
of semiconductors under study was determined and the dominant mechanisms of electron scattering were
established. It was found out that direct interband optical transitions take place in the studied crystals.
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1. INTRODUCTION

Solid solutions on the basis of AIBV! containing 3d
elements belong to semimagnetic semiconductors. The
currently known results of scientific research show that
there is great interest in this group of solids [1].

One of the important features of semiconductors is
the dependence of their physical properties on lighting
(exposure to electromagnetic radiation of visible and
infrared spectral regions). Under the influence of light,
a number of physical effects is produced in semiconduc-
tors (e.g. the change in electrical conductance, the oc-
currence of electromotive forces, etc.), which constitute
the work basis of a wide class of semiconductor devices:
photodiodes, phototriodes, photodetectors, photolumi-
nescence devices, solar cells, etc.

Solid solutions based on mercury chalcogenides are
of particular interest for research in electronics. These
solutions may contain such components as wide-
bandgap or zero-gap diamagnetic semiconductors, e.g.
HgS, HgSe [2-4] or MnS, FeS — wide-bandgap anti- or
ferromagnetics [5].

The efficiency of operation of semiconductor photoe-
lectric devices is determined by the processes that take
place in semiconductors under light and, in turn, de-
pend on a number of factors: purity and perfection of
the crystal structure of semiconductor material, photon
energy and radiation intensity, temperature, external
fields (electric, magnetic), etc.

The change of structure leads to a gradual rear-
rangement of the energy band structure of these solid
solutions. The presence of the magnetic component
(Mn, Fe) in semimagnetic semiconductors causes dif-
ferent types of exchange interaction [6], which affects
the band parameters of crystals and changes with the
content of the magnetic component and under the in-
fluence of a magnetic field, temperature and heat
treatment in the pairs of components [7].
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2. RESULTS OF RESEARCH

2.1 Optical Properties of Hg1-xMn.S,
Hgi-x-yMn.Fe,S, Hg1-x-yMny<FeySei-:S:
Crystals

The concentration of electrons obtained from Hall
coefficient measurements equals to n ~ 1018 cm —3. The
samples for kinetic research were made from parts of
the crystal adjacent to those from which the samples
were made for optical research. The magnetic compo-
nent content of the samples was determined by mag-
netic susceptibility studies.

Measurements of the optical coefficients (7, R) were
performed on a spectrometer Nicolet 6700 (attachment
Pike was used for measuring R) within the wavelength
interval 4 =0.9-26.6 um. The angle of incidence in the
attachment Pike can be changed within 30-80° for
measuring reflection. The analysis of the dependences
of R on the angle of incidence (Fig. 1) of non-polarized
radiation showed that within the incidence angle do-
main from 30° to 55° R slightly changes, and thus the
following can be assumed: R(0°) +~ R(55°) = const.
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Fig. 1 - Dependence of R on the ray's angle of incidence for
Hgi-:Mn.S (xn = 0.03) crystals (dependences are presented for
different wavelengths, which are shown in the figure)
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At normal ray incidence, the connection between
the reflection coefficient (R), refractive indexes (n) and
absorption coefficients (k) is shown by the ratio [1]

_(n—1)2+k2 )
(n+1)?-k*"

In real semiconductor crystals, the energy region,
where absorption can be neglected, i1s in most cases
small, but the condition n2 > k2 is fulfilled in a much
larger region, so the refractive index was determined
on the basis of the value of the reflection coefficient of
non-polarized radiation (at an angle of incidence close
to normal) by formula (2)

R= (n_1)2 ,
(n+1)2

@)

which gave a sufficiently reliable value of the refractive
index (n) in a wide range of photon energies (at least,
for Aw < Ey).

On the basis of the dependences R = f(1) we deter-
mined the value of the refractive index for Hg1 - xMn.S
(xm =0.03) and Hg1-x-,Mn.FeyS (xn = 0.05) solid solu-
tion crystals, which does not depend on the wavelength
(Table 1).

Table 1 — The refractive index

Crystal n
Hgi Mn.S (xn = 0.03) 2.55
Hgl—x—yManeyS (xm = 005) 2.4

Electrons and holes form plasma in a semiconductor
crystal. One of the properties of this plasma is its at-
tempts to preserve the electrical neutrality in each
point of the crystal. If this neutrality is affected by
electromagnetic radiation, the charged particles will
start to oscillate at some specific plasma frequency (w).
Own plasma oscillations lead to the absorption of elec-
tromagnetic radiation, independent of the scattering
mechanism of free charge carriers. This is clearly
shown in the reduction of the reflection coefficient near
the plasma frequency (plasma minimum) (Fig. 2).
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Fig.2 — Dependence of the reflection coefficient of Hg:-:Mn.S
(xm = 0.03) samples on the wavelength of electromagnetic radi-
ation at different angles of incidence: 1 — 30°, 2 — 50°, 3 — 70°

For all samples, with the increase in wavelength, the
reflection coefficient decreases monotonically from 32 %
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to 10 %, passes through the minimum and increases
sharply, reaching the values of ~ 70 %. The value of the

effective mass of the electron at the Fermi level (m 5*)
can also be calculated from the condition of minimum:

27T 72

* e’N /’l’min

m5=72( s ) 3)

e €y nmin

Since Rmin is not too small (Rmin = 9-20 % in the case of
Hg1 - xMn.S), it is necessary to correct the ratio, so that
the expression for the effective mass in the MKSA sys-
tem, g0 = 8.85 x 1012 F/m, will be the following:
2 2
. eN A
m. = X min . 4)
: 4n°c®s, ¢&,-1+4R

According to this formula, we determined the value
of the effective mass of electrons at the Fermi level (see
Table 2).

Table 2 — The effective mass of electrons at the Fermi level

Crystal n,cm =3 | Amin, pm | Rmin, % |m */mo
Hgl 7anxS 18
(tn = 0.03) 3 x 10 7.4 19 0.01
Hgl 7x—yManeyS 18
(xm = 0.05) 1.2 x 10 8.2 22 0.01

Low values of the effective mass of electrons at the
Fermi level are explained by the fact that the structure
of Hg1-xMnu«S (xn = 0.03) and Hg1-x—yMn.Fe,S (xn = 0.05)
solid solutions is near zero-gap semiconductor/normal
semiconductor transition (ZGS-NS). The obtained re-
sults of transmission coefficient measurements based
on the wavelength of incident electromagnetic radia-
tion for Hgi-x_yMniFe,S crystals are presented in
Fig. 3, Fig. 4; for Hgi1-:Mn,S, Hg1-x-;Mn.FeySe1_.S:
crystals dependences are similar.
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Fig. 3 — The dependence of the transmission coefficient on the
wavelength of electromagnetic radiation for Hgi-x—,Mn.Fe,S
(m = 0.05) at T~ 300 K, d = 440 pm

Fig. 4 shows that for Hgi-x-;MniFe,S (xm=0.12)
crystals in the region of 1~ 5 um at energies of light
quanta less than Eg, we can observe an additional ab-
sorption band, which is not connected with the transi-
tions of the level-zone type — electrons do not transfer
to the conduction band, but from the ground to the
excited Fe?* ion level. This band has a typical form,
which is characteristic of crystals with an admixture of
3d elements in semiconductors of II-VI type [1, 8].
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Fig. 4 — The dependence of the transmission coefficient on the
wavelength of electromagnetic radiation for Hgi-x—,Mn.Fe,S
(xm =0.12) at T~ 300 K, d = 300 pm

The observed absorption reflects the intracentral
transitions between the levels of one Fe?* center with-
out changing its charge state.

Crystals containing iron can be used for the produc-
tion of a dual-split filter.

Transmission spectra were recalculated in the spec-
tral dependence of the absorption coefficient a = f(1) by
formula (5) (at transmission coefficients ¢1 and t2 < 10 %)

o= ! |I’1Ll
dy—dy I ®)

where Iz and I1 are the intensities of the light beam
that passed through the sample with thicknesses d2
and di (after regrinding and refiguring), respectively;
or according to formula (2) (with a reflection coefficient
R ~ 30 % in the region of transparency variation from
(1= R)/(1 + R) to 10 %) [9]

1 [0-m)

2 4
a==In + (1_R)
d

2 442

+R? |, (6)

The dependences a=f(hv) were recalculated by
formula (2) depending on o2 = f(hv). There is a straight-
line segment on the dependences o = f(hv), which indi-
cates that the direct allowed interband optical transi-
tions can be found in the Hg1 - xMn.S, Hg1 - x - yMn.Fe,S,
Hgi-x-yMniFe,Se1 -:S: crystals at T'= 300 K (see Fig. 5,
Fig. 6). The extrapolation of straight-line segments of
the dependences a2 =f(hv) to &2=0 determined the
value of the optical band gap (E,”) at T'=300 K. The
results are presented in Table 3.

Table 3 — Band gap width of the mercury chalcogenide-based
solid solutions

Solid solutions Xm |nx10-18 cm~-3| E,", eV
Hgi - .Mn.S 0.06 0.5 0.25
Hgi - xMn.S 0.03 3 0.18
Hgi - xMn.S 0.18 — 0.72
Hgi - - yMn.Fe,S 0.05 2.3 0.27
Hgi - x-yMn.Fe,S 0.06 2 0.25
Hgi-»—yMn.Fe,S 0.12 — 0.65
Hgi - x-yMnyFe,Se1 --S;| 0.03 6 0.32
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Fig. 5 — The a*dependence on the energy of incident electro-
magnetic radiation at 7= 300 K for Hgi-.Mn.S (x»=0.03,
n~3x 108 cm-3)
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Fig. 6 - The a?dependence on the energy of incident electro-
magnetic radiation at 7'= 300 K for Hg1 - - ,Mn.Fe,S (x» = 0.05,
n~2.3x 1018 cm-3)

2.2 The Mechanisms of Electron Scattering in
Hg1-xMn.S, Hg1-x-yMn«Fe,S and
Hg1-x-yMn.Fe,Se:--S: Crystals

The dependences lga = f(lgd) were obtained on the
basis of the dependences a= f(1) (Fig. 7).

The slope of the long-wave region of lga = f(lgl) de-
pendence, stipulated by absorption of electromagnetic
waves by free charge carriers, was used to determine
the exponent (r), which characterizes the dominant
scattering mechanisms.

The classical theory based on the Drude-Lorentz
model of an ideal electron gas provides a formula for
the optical absorption coefficient of free charge carriers
in the form of [10]

a)= N2 ™
m*8z°ncz(k)

where N is the carrier concentration, A is the wave-
length of absorbed photons, m* is the effective mass of
charge carriers, n is the light refractive index inside
the crystal, c¢ is the speed of light, z(k) is the carrier
relaxation time determined by the operating scattering
mechanisms. According to this formula, absorption by
free charge carriers grows as a square of the wave-
length of absorbed photons, which corresponds to the
inversely proportional dependence on the square of the
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frequency. A more precise quantum-mechanical account
of specific scattering mechanisms causes these depend-
ences of the absorption coefficient by free charge carri-
ers on the wavelength of absorbed photons:

() ~ 232 — for scattering by acoustic phonons;

a(2) ~ 252 — for scattering by optical phonons;

() ~ A3 or 22 during scattering by ion admixtures.

In general, all scattering mechanisms are performed
and the absorption coefficient is the following sum:

a)=Yo;(1)=Cp¥2+C¥2 +cn’’?  (8)

Depending on the concentration of admixtures,
temperature and predominant type of lattice oscilla-
tions, this or that scattering mechanism will dominate.

The slope of the long-wave region of Iga = f(Igd) de-
pendence (Fig. 7), stipulated by absorption of electro-
magnetic waves by free charge carrier as lga ~ rlgd and
r ~lgallgA, was used to determine the exponent (r), which
characterizes the dominant scattering mechanisms
(r=1.5 for scattering by acoustic phonons, r=2.5 — by
optical phonons, r = 3-3.5 — by ion admixtures).
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Fig. 7 - Dependence of 1ga on Igi for Hgi- .- ,Mn.Fe,Se1--S.
(xm =0.03; z=0.01), where a [cm-1], A [um], T'= 300 K
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The value of the r-parameter for the investigated
Hg1-x-yMniFe,Se1 -:S: solid solutions is r = 1.9, which
corresponds to the dominance of combined electron
scattering by acoustic and polar optical phonons (by the
mentioned phonons at 7'> 64, 64 ~ 225 K).

For the Hgi-xMnsS (x=0.06) crystals r=2.2, for
Hgi-x-yMn.Fe,S (x = 0.06) — r = 2.5, which corresponds
to the dominance of electron scattering by polar optical
phonons. These results are in accordance with the re-
sults obtained on the basis of studies of kinetic coeffi-
cients.

It should be noted that the composition (x) and con-
centration of electrons (n) in the samples under study
(for optical properties) are equal to those values that
were obtained from the measurements of magnetic
susceptibility and Hall effect for the samples cut from
the adjacent bead.

3. CONCLUSIONS

1. On the basis of the dependences R = f(1) the value
of the refractive index for the Hgi-:MnsS (xm = 0.03)
and Hgi-x—yMniFe,S (xn = 0.05) solid solution crystals
was calculated.

2. On the basis of the study of the reflection and
transmission coefficients, the 2= f(hv) dependences
were obtained, where we can observe the straight-line
segments indicating that the studied crystals contain
direct allowed interband optical transitions.

3. The extrapolation of straight-line segments of the
o2 = f(hv) to & =0 determined the value of the optical
band gap (E/™).
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Onruuni Biractusocti Hg: - xXMn«S, Hg1 - x - yMniFe,S, Hg1 - - yMn.Fe,Se: - :S:

I'.O. Agnpymaxk, I1.J]. Map'sauyx

Yepniseupruli Hayloranvrutl yrigepcumem imeni FOpis @edvrosuua, eyn. Kouwoburncovrozo 2,
58012 Yepnisui, Yipaina

B pobori mpoBeneHo mociipkeHHsT onTHYHMX BiacthBocred kpucrasnaie Hgi-.Mn.S, Hgi .- ,Mn.Fe,S,
Hgi -+ yMn.Fe,Se1 - .S.. HaniBmaruitai HamiBnpoBimHuKOBL TBepal posumuu Hgi-Mn.S, Hgi .- ;Mn.Fe,S,
Hgi- .- Mn.Fe,Sei - .S (o6macts icuyBanua akux 0 < x < 0,375), ogepaxani meromoMm Bpimsmena, BOJIOMIIOTEH
IPOBIAHICTIO N-TUIY (KOHILIEHTPAIIlSA eJIeKTPoHiB n ~ 1018em—3). Teepmi posunau Hg: - .Mn.S, Hgi-x—,Mn.Fe,S
ta Hg1 - ,Mn.Fe,Sei - .S, € HanmiBupoBigHUKaMY 13 3MIHHOIO B 3aJIEKHOCTI BiJl CKJIAy IIMPUHOK 3a00pOoHe-
ol 3ouu (E,) 1 HamexaTh 10 HANIBMATHITHUX HAINBIpoBimHUKIB. HaasHicTs B kpucranax aromis Mn i3 He-
CKOMIIEHCOBAHMM MATHITHHM MOMEHTOM A€ MOKJIMBICTH KOHTposoBaTh ckiaaf (x). Ha ocHoBi mocmimxeHnn
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KoeiIlieHTy BiI0MBAHHS BU3HAYEH] IOKA3HUKN 3aJIOMJIEHHS 1 eDeKTUBHA Maca eJIeKTpoHiB Ha pisHi Depmi
st Hgi - .Mn.S, Hg:1 . ,Mn.Fe,S. [locmimxeHHs crieKTpiB IPOIYCKAHHS IPOBEJIEHO IIPU KIMHATHIM TeMIle-
patypi T~ 300 K. Busnauena omruuna mirpuHa 3a00pOHEHOI 30HM MOCTIIKYBAHHMX HAIIBIPOBLIHUKIB 1
BCTAHOBJICHI JOMIHYIOYUl MEeXaHI3MH PO3CII0BaHHA eJIeKTPoHiB. [lokasamo, 110 B IOCIIIIKYBAHUX KpHUCTAJIaX
HASIBHI IPAMI MIYK30HHI OIITUYHI IE€PEXO/IH.

Knrouori cnosa: Hamisnposinauk, XanbpkoreHninu pryti, Edexrnsua maca, [Tokasauk samomiterss, OnruaHa
muUpuHa 3a00POHEHOT 30HH.
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