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A theoretical analysis of the frequency-temperature dependence of the coefficient of single-photon absorption of polarized radiation in
narrow- and wide-bandgap semiconductors has been conducted, considering intraband optical transitions and the temperature
dependence of band parameters. It has been shown that with a fixed frequency, the single-photon absorption coefficient initially
increases with temperature, reaches a maximum, and then decreases. The maximum value shifts towards lower frequencies for both
narrow- and wide-bandgap semiconductors when considering the temperature dependence of the bandgap width and the effective mass
of holes. It was determined that in semiconductors with a zinc-blende lattice structure, the consideration of the temperature dependence
of the band parameters leads to a decrease in the amplitude value of the frequency and temperature dependence of the single-photon
absorption coefficient. As the temperature increases, the absorption threshold decreases, which is noticeably observed when taking into
account the Passler formula. Each type of optical transition contributes differently to the frequency, temperature, and polarization
dependencies of Ks%?zh (w,T).
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INTRODUCTION

Intraband light absorption, caused by vertical inter-subband optical transitions in diamond-like semiconductors, has
been studied for quite some time [1-3].

In works [4-9], theoretical studies have been conducted on one- and multiphoton absorption associated with both
interband and intersubband optical transitions. Specifically, in [4, 6-9], the spectral-temperature dependencies of the
multiphoton absorption coefficient and its linear-circular dichroism in semiconductors with cubic symmetry were
investigated. In [10, 11], the saturation of photocurrent in topological insulators induced by direct optical transitions in
regions of high intensity was discovered. In [12], a quantum-mechanical theory of the intensity-dependent edge
photocurrent in graphene was developed; in [13], the polarization dependencies of one- and multiphoton interband
transitions in two-dimensional monomolecular transition metal dichalcogenides were calculated.

The analysis of the theoretical calculations of the single-photon absorption coefficient of polarized light presented
below indicates that considering the coherent saturation effect will lead to a unique frequency-temperature dependence.
Therefore, it is of interest to theoretically study the light absorption caused by single-photon transitions from the branches
of heavy and light holes to the spin-orbit split-off subband, taking into account the coherent saturation effect [5-9].

ABSORPTION OF LIGHT CAUSED BY SINGLE-PHOTON TRANSITIONS FROM THE HEAVY AND
LIGHT HOLE BRANCHES TO THE SPIN-ORBIT SPLIT-OFF SUBBAND.
The spectral, polarization, and temperature dependencies of the absorption coefficient due to single-photon
transitions from the heavy and light hole branches of the valence band to the spin-orbit split-off subband are determined
by the expression:
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p(hw) = u_kS /(w2h?) is the density of states, k. = (2u_[hw — Ago]/R2)V/2, <|M(1) > is the square of the matrix
element of the optical transition type MS%,nEis the optical transition matrix element for the transition of type |nl_c)) -
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|n'E') averaged over the solid angles of the wave vector k. The parameter o, = 6® , where [, = , and

I(w) is the intensity (frequency) of the light. The functions fL%) represent the distribution functlons of charge carriers
(where L=1 (hh) corresponds to heavy holes, L=2 (/h) corresponds to light holes, and L=SO corresponds to holes in the
spin-orbit split-off subband). The energy dispersion of holes in branch L is given by E,;; = —h?k?/2m,[15,16]. The
parametrs e'J_r = ey, T €y, €y €y, are the projections of the polarization vector € onto the Ox' and Oy’ axes, perpendicular
to the wave vector k of the holes. The reduced effective mass of the holes is S8 = mgom, /(mge — my).

In particular, for single-photon transitions from the light hole branch to the spin-orbit split-off subband, the value R is
written as:
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where 4B = h?my,my;, /(my,;, — my,). If the contribution of the coherent saturation effect to light absorption is neglected

(a, = 0) and averaging is performed over the solid angles of k from (4, 5), then the expression becomes polarization-
independent:
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From Table 1, it can be seen that the reduced effective mass of holes uSom = % involved in optical
SO~ Mhh

transitions from the heavy hole branch to the spin-orbit split-off subband takes a negative value for several A3B5

. . . 2
semiconductors. This, in turn, leads to the wave vector of the charge carriers ks%(";l)h = [2u$O" A2 (hw — ASO)]l/

involved in such optical transitions becoming an imaginary quantity. For this reason, unlike the optical transitions from
the light hole branch, transitions from the heavy hole branch to the spin-orbit split-off subband are forbidden.

Since optical transitions are allowed from the light hole branch to the spin-orbit split-off subband of the valence
band, we will further analyze the frequency and temperature dependencies of the single-photon absorption coefficient.

h2k? h2k?
+ Ago — Py hw = 0 the wave vector is determined by the
L

Then, according to the law of energy conservation:

expression kg),L [2pSoP =2 (ho — Aso)]l/2

From (6) and (7), it can be seen that the single-photon absorption coefficient does not depend on the degree of light
polarization; therefore, linear-circular dichroism is not observed during single-photon absorption. To account for the
effect of coherent saturation on absorption, it is necessary to perform calculations based on (2) and (3).

Table 1. Numerical values of band parameters for some semiconductors [17]

Quantities GaAs InSb InAds
Eg eV 1.519 0.235 0.417
Ao, eV 0.341 0.81 0.39
m./my 0.067 00135 0026
mgo /Mg 0.172 0.11 0.14
Aso/Eqy 0.24b 4.65 1.1
my, /mg 0.09009 0.0152 0.027027
myp/mg 0.34965 0.26316 0.33333
ar,meV /K 0.5405 032 0276
Br, K 204 170 93
-1.94 -0.23 -2.90

Now, we will calculate the frequency-temperature dependencies of the single-photon absorption coefficient using
the following expression for the single-photon absorption coefficient, associated with optical transitions from the light
hole branch to the spin-orbit split-off subband:
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Next, we assume the energy dispersion of light and heavy holes as Em(E) = —h%k?/(2m,,) and Ehh(E) =
— h2%k?/(2my,;,), while in the spin-orbit split-off subband it is Eg, (E) = —Ago — h2k?/(2mg,), where myy, (my;,) are
the effective masses of light and heavy holes, respectively, and, Ag,- is the spin-orbit splitting energy, with numerical
values for various semiconductors provided in [17]. Then, from (8), we obtain:
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where k,,’ = [2/1 h?(hw — ASO)] lh K = exp (k T) ex p[ S — ](see Fig. 1).
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Figure 1. The frequency-temperature dependence of the distribution function of light holes f @ (T), involved in single-photon

transitions in GaAs (a) and InAs (b), considering the temperature dependence of the bandgap width E, (T) and the effective mass of
charge carriers using the Varshni formula. The function f h k(l)(T) represents the distribution function of light holes at E;(T = 0).

The Fermi energy Ep. is determined by the relation:
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where p is the hole concentration. Note that in our case, hw » kT, so e "@/k8T « 1.
Thus, the frequency (x = Aw/Agp) and temperature (y = kgT/Agp) dependencies of the single-photon absorption

coefficient can be written as:
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In further calculations, we assert that the temperature dependence of the bandgap width is determined by the Varshni
formula [17]:

2
Eg(T) = Eg(T = 0) = Y7 7 (12)
and by the Passler formula [18]:
2T 1/p
E(T)—E(T—O)——[1+ )) —1]. (13)
p

According to the multiband Kane model, the effective masses of electrons in the conduction band (m,) and holes
in the spin-orbit split-off subband (mmgy) depend on temperature and are expressed as [17]:

mo/me = [142F + 2 (Bgo = 2L +2850) (Ego — 22) " (Bgo — 2+ 850) | (14)

B+T
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E T\ 1 T -1
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where E;q = E;(T = 0). For quantitative calculations, the numerical values of the parameters yr, Ty, @, 0, p are taken
from [18].

Using the numerical values of the band parameters for GaAs and InAs (see Table 1), when the temperature changes
from 10 K to 300 K, the effective mass of electrons in the conduction band decreases by 0.053% and 0.051%, respectively,
and the effective mass of holes in the spin-orbit split-off subband decreases by 0.01% and 0.04%, respectively. Although
these changes are minor, considering E, (T) leads to significant changes in the frequency-temperature dependence of the
absorption coefficient.

As seen from equation (8), the temperature dependence of Ks%,)zh is determined by the temperature dependence of

f e (T), while the frequency dependence is determined by the term %kg)p(hw)exp (—ﬁhwk;iso), In
this context, Figure 1 presents the frequency-temperature dependence of the distribution function of light holes involved

in single-photon transitions in GaAs and InAs. It shows that, at a fixed frequency, the distribution function f, ) initially
Mo

increases with temperature, reaches a maximum, and then decreases. Specifically, at hw = 1,01Ag, in GaAs (InAs), the
function f k@ reaches its maximum at a temperature of 90 K (60 K). Figure 1 also shows that the functions f @ (M=
f e (T, E, (T)) and f @ M=f @ (T, E,(T) = 0) differ significantly at low frequencies across all temperatures,

but converge at high frequencies. Furthermore, the temperature dependence of the band parameters is prominently
observed at low frequencies. The calculations do not account for the contribution of the coherent saturation effect in

f i (T) and flh_kg) (D.

The frequency-temperature dependence of the single-photon absorption coefficient K_g((l,?lh (0, T) (Réé?lh(w, T)) in
InSb (a, b) GaAs (c, d) (see Figure 2) was calculated according to (14), using the Varshni formula (plots a, c) and the
Passler formula (plots b, d), where Ks((l),)zh (0, T) (&%?m (w, T)) is the absorption coefficient with (without) considering
the temperature dependence of E,; (T) and the effective masses of holes. The contribution of the coherent saturation effect

is not accounted for, and the amplitude value of ks%,)m (w, T) was normalized to unity.
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Figure 2. Frequency-temperature dependence of Ks%?m (w,T) in InSb (a, b) and GaAs (c, d), where Ks%?m (w, T) was calculated

using the Varshni (plots a, ¢) and Passler (plots b, d) formulas. Ks(é?m(w,T) (ks%?zh(“" T)) is the absorption coefficient with
(without) accounting for the temperature dependence of E,4(T) and the effective masses of holes.
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From Fig. 2, it is evident that at a fixed frequency, Ks%,)m (T) increases with temperature, reaches a maximum, and
then decreases. This temperature-dependent behavior of Ks(é?m(w, T) (Eg)’)lh(a), T)) is described by the analogous
behavior of the corresponding distribution function. It is noted that in the frequency range Agp < hw < 1,3Ag, the
absorption coefficient Ks(é?lh (w,T) is greater then Ks(é‘)lh (w,T), whereas for hw > 1,3Ag, the plots of Ks((l)’)lh (w,T) and
R, T) merge.

It is worth noting that in narrow-gap crystals, if the dependencies E,(T), mgo(T), m.(T), are considered, the
dependence Ks((l)’)lh(w, T) increases sharply (see Fig. 2). This can be explained by the sharp increase in the quantity

Mph—Mip 2 Mph—Mip 2 mso Mip 1/2 : : : . . . . .
(m — ) ( ) ( ——- Aso) with increasing temperature (particularly in InSb, this quantity increases up
SO—Mip Mhh mso—mip

to 10 times).

3. CONCLUSIONS
From the above-mentioned results and Figures 1-2, it is evident that, at a fixed frequency, the coefficient of one-
photon absorption in the semiconductors GaAs and InAs initially increases with temperature, reaches a maximum, and
then decreases. The maximum value, considering the temperature dependence of E(T), mgo (T), m(T) shifts towards
lower frequencies, and this shift is sensitive when accounting for (13) for both narrow-gap and wide-gap semiconductors.
It is also noted that considering the temperature dependence of band parameters leads to a reduction in the frequency

and temperature dependence of the one-photon absorption coefficient Ks%,)lh(“” .

As the temperature increases, the absorption threshold (edge) decreases, which is noticeably observed when
considering the Passler formula. It has been shown that each type of optical transition contributes differently to the

frequency, temperature, and polarization dependencies of Ks%?m (w, T), as some optical transitions are forbidden.
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JI0 TEOPIi BHYTPIIIHBOI'O OJJTHO®OTOHHOI'O MOTJIMHAHHSI CBITJIA Y HAIIBITPOBITHUKAX
I3 CTPYKTYPOIO IIMHKOBOi OGMAHKHU
Pycram IO. Pacy.os?, Bokco6 P. Pacysos?, ®oppyx Y. Kacumor®, Maxuiiio A. MamartoBa?
“Pepeancokuti depocasHull yuigepcumem, Pepeana, Y3bexucman
bAnouoicancoruii deporcasnuii ynisepcumem, Anoudican, Ysbexucmar
[IpoBeneHo TeopeTHUHMIT aHAII3 YaCTOTHO-TEMIICPATypHOI 3aJIeKHOCTI KoedilieHTa OgHO(OTOHHOTO MOTTIMHAHHS ITOJISIPH30BaHOTO
BUIIPOMIHIOBAHHSI y BY3bKO- Ta LIMPOKO30HHHX HAIBIIPOBIJAHHMKAX 3 ypaxXyBaHHSAM BHYTPIIIHbO30HHUX ONTHUYHUX INEPEXOIIB Ta
TEMIepaTypHOi 3aJIC)KHOCTI 30HHUX MapameTpiB. [lokasaHo, mo npu (ikcoBaHiil 4acToTi KOe(IllieHT 0MHO(GOTOHHOTO TOTJIMHAHHS
CIIOYATKy 3pOCTAE 3 TEMIIEPATYPOIO, JOCIATa€ MAaKCUMyMY, a OTIM 3MEHIIYyeThCsI. MakcUManbHe 3HaYeHHS 3MIlly€eThCs B 01K HIDKIMX
YacTOT K JUIsl BY3bKO30OHHUX, TaK i JJIs MIMPOKO30HHUX HAIBIPOBIIHHWKIB MPH PO3IJSAl TEMIIEpaTypHOI 3aleKHOCTI MIMPUHU
3abopoHeHOi 30HM Ta e(eKTHBHOI MacH IipoK. Bu3HaueHo, 1110 B HamMiBOPOBIAHHKAX 31 CTPYKTYPOIO TPATKH ILIMHKOBOI OOMaHKH
BpaxyBaHHsS TEMIEPATypHOI 3aJEKHOCTI MapaMeTpiB 30HH NPU3BOAMTH 10 3MEHILICHHS aMIUIITYZHOrO 3HAYCHHS YacTOTHOI Ta
TEMIIEPaTypPHOI 3aJeKHOCTI KoedimieHTa OAHO()OTOHHOTO TOTJIMHAHHA. 3 MIABUIICHHAM TEMIIEPAaTypH TMOPIT IIOTIMHAHHS
3HIJKYETBCS, 10 TIOMITHO CIIOCTepiraeThesi mpu BpaxyBaHHI (opmymn Ilacciepa. KokeH THn OnTHYHOTO Iepexomy IO-piZHOMY

o - (1
BIUIMBA€ Ha 4acTOTY, TEMIEPaTypy Ta NOJIAPU3ALIiHHI 3a]€XKHOCTI Ks(o)m (w,T).

KurouoBi cioBa: memnepamypua 3anesxcnicmes napamempie 30Hu; wupuna 3a60poHeHol 301U, eghekmusHa maca Oipok; gopmyia
Taccaepa ma Bapwini; 6y36K0- ma wupoKo30HHUL HANIBNPOGIOHUK, KoeDiyienm 00HOGOMOHHO20 NOIUHAHHA, eeKm KO2ePeHMHO20
Hacuyenms



