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This study presents a theoretical analysis of the spectral and temperature dependence of the single-photon absorption coefficient for 
linearly and circularly polarized light in semiconductors with diamond and zinc blende lattice structures. Optical transitions involving 
subbands of light and heavy holes and the conduction band are examined, incorporating effects such as temperature-dependent bandgap, 
valence-conduction band state mixing, and coherent saturation. The findings indicate that heavy holes contribute approximately 10 
times more than light holes to single-photon absorption. Furthermore, the relationship between linear-circular dichroism and light 
intensity is explored, emphasizing the role of coherent saturation effects. 
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INTRODUCTION 
Today, the development of not only micro-, but also nanoelectronics requires knowledge of the band structure of 

semiconductors, to which many literatures are devoted (for example, [1-5]). 
A number of optical phenomena in both bulk and low-dimensional semiconductors are determined by the states of 

current carriers in several zones, the energies of which are close in comparison with the energy distances to other 
zones [5, 6]. For example, in InSb the conduction band (𝑉-band) and valence band (с-band) are located quite close, and 
the spin-orbit splitting subband (𝑆𝑂-band) is relatively far away (Fig. 1a). In GaAs, the с- and 𝑉-bands are located close, 
and the upper-perturbed conduction band (с-band) is far away (Fig. 1b) [7]. 

However, most of them do not pay attention to the spin-orbit interaction of bands, taking into account the substitution 
of conduction band states to the states of the valence band.  

In this regard, below we will consider the interband single-photon (quantum) absorption of polarized radiation in 
semiconductors with a diamond and zinc blende lattice, taking into account the substitution of conduction band states to 
the valence band states and the temperature dependence of the band gap [8,9]. 

Figure 1. Multiband structure of indium antimonide: two (a) and multiband (b) approximation. 

METHODS 
The analysis is based on theoretical models that describe optical transitions in semiconductors with diamond and 

zinc blende lattice structures. The single-photon absorption coefficient was derived using the equilibrium distribution 
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function of charge carriers and the composite matrix element of optical transitions. The bandgap energy 𝐸௚, was modeled 
using the Varshni and Passler formulas to account for temperature variations. Effective masses of electrons and holes 
were treated as temperature-dependent parameters to reflect their variations with thermal energy. The Hamiltonian was 
developed to include terms representing the mixing of light and heavy hole states with conduction band states, ensuring 
that spin-orbit coupling effects were incorporated for enhanced accuracy in narrow-gap semiconductors. Additionally, 
the impact of light intensity on absorption coefficients was evaluated through the Rabi parameter, to quantify coherent 
saturation effects. 

All calculations were conducted using computational tools such as “Maple”, with constants and material-specific 
parameters extracted from established databases and prior studies. This computational framework ensured consistency 
and reliability in deriving the temperature-dependent optical properties of the semiconductor materials under 
investigation. 

 
INTERBAND AND INTRABAND MATRIX ELEMENTS OF THE MOMENTUM OPERATOR 

Note that the probability of single-photon absorption (1PA) caused by the optical transition from state ห𝑛, 𝑘ሬ⃗ ൿ to state ቚ𝑛′,𝑘′ሬሬሬ⃗ ඀  is defined as [10-14] 

 𝑊ሺଵሻ = ଶగℏ ർ∑ ቚ𝑀௡௞ሬ⃗ ,௡ᇱ௞ሬ⃗ሺଵሻ ቚଶ௡,௡ᇱ,௞ሬ⃗ ඀ ൫𝑓௡௞ሬ⃗ − 𝑓௡ᇱ௞ሬ⃗ ൯𝛿൫𝐸௡ᇱ൫𝑘ሬ⃗ ൯ − 𝐸௡൫𝑘ሬ⃗ ൯ − ℏ𝜔൯, (1) 

where 𝑓௡௞ሬ⃗ ൫𝑓௡ᇱ௞ሬ⃗ ൯ is the equilibrium distribution function of current carriers in the initial (final) state, 𝑀௡௞ሬ⃗ ,௡ᇱ௞ሬ⃗ሺଵሻ  is the 
composite matrix element of a single-quantum optical transition, determined by the relation 

 𝑀௖,௦; ௏,୻ఴ,௠ሺଵሻ = ቀ௘஺బ௖௠బቁ 𝑒 ⋅ 𝑝⃗௖,௦; ௏,୻ఴ,௠,  (2) 

where 𝑝⃗௖,௦; ௏,୻ఴ,௠ ௠బℏ பப௞ሬ⃗ ቂΗ෡൫𝑘ሬ⃗ ൯௖,௦; ௏,୻ఴ,௠ቃ is the matrix element of the momentum operator, 𝐴଴ሺ𝑒ሻ- is the amplitude value of 

the potential vector (polarization vector) of the light wave, Η෡൫𝑘ሬ⃗ ൯ is the Hamiltonian of current carriers in crystals with a 
zinc blende lattice, taking into account the admixture of light and heavy hole (Γ଼ ) subband states in the lower conduction 
band (Γ଺) (two-zone approximation) which takes the form [15] 

 𝐻(୻ఴ) = 𝐸୻ఴ଴ + ℏమ௞మଶ௠బ − ℏమ௠ బమ |௣೐ೇ|మா೒
⎣⎢⎢
⎢⎢⎢
⎡௞మ఼ଶ − ௞೥௞ష√ଷ − ௞షమ√ଵଶ 0−௞೥௞శ√ଷ ଶଷ 𝑘௭ଶ + ௞మ఼଺ 0 − ௞షమ√ଵଶ− ௞శమ√ଵଶ 0 ଶଷ 𝑘௭ଶ + ௞మ఼଺ ௞೥௞ష√ଷ0 − ௞శమ√ଵଶ ௞೥௞శ√ଷ ௞మ఼ଶ ⎦⎥⎥

⎥⎥⎥
⎤
,  (3) 

where 𝑝௖௏ = ⟨𝑆|𝑝௭|𝑍⟩,𝑘± = 𝑘௫ ± 𝑖𝑘௬.𝐸୻ఴ଴ - is the extreme value of the valence band, which we further consider to be the 
starting point for the energy of current carriers. 

Note that if we take into account the spin-orbit splitting (Γ଻) of the valence band with distant bands, then in 
semiconductors with a zinc blende lattice, the symmetry allows them to have terms linear in the wave vector in the 
effective Hamiltonian (3), however, but, as a rule, such terms are neglected. 

According to Hamiltonian (3), the matrix elements of the momentum operator for optical transitions between 
subbands of the valence band can be written in the form of the following matrix: 

 ቛ𝑒 ⋅ 𝑝⃗௠ᇱ,௠(௰ఴ ) ቛ = ℏ𝑘
⎣⎢⎢
⎢⎢⎢
⎡𝑒′௭ +𝜁௚ ௘ᇱష√ଷ 0 0+𝜁௚ ௘ᇱశ√ଷ ቀ1 − ସଷ 𝜁௚ቁ 𝑒′௭ 0 00 0 ቀ1 − ସଷ 𝜁௚ቁ 𝑒′௭ − ఍೒௘ᇱష√ଷ0 0 −఍೒௘ᇱశ√ଷ 𝑒′௭ ⎦⎥⎥

⎥⎥⎥
⎤
 . (4) 

and for interband optical transitions 

 ฮ𝑒 ⋅ 𝑝⃗௖,௦; ௏,௰ఴ,௠ฮ = 𝑝௖,௏ ⎣⎢⎢
⎡− ௘ᇱశ√ଶ 𝑒′௭ටଶଷ ௘ᇱష√଺ 00 −௘ᇱశ√଺ 𝑒′௭ටଶଷ ௘ᇱష√ଶ ⎦⎥⎥

⎤, (5) 
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Here 𝜁௚ = ห௣೎,ೇหమ௠బா೒  and it appears due to taking into account the admixture of the states of the valence band and the 

conduction band, 𝑚′,𝑚 = +3/2, +1/2,−1/2,−3/2 eigenvalues of the angular momentum operator [5, 6], 𝑒′௫, 𝑒′௬,𝑒′௭ - eሬ⃗  projections of the polarization vector relative to the coordinate system x′, y′, z′ ∥ kሬ⃗ , kሬ⃗ - wave vector of current 
carriers, 𝑝௖,௏ - Kane parameter and is determined in the following way 

 ห𝑝௖,௏หଶ = ଷଶ𝑚଴ ௠బି௠೎௠೎ ா೒൫ா೒ା௱ೄೀ൯ଶ൫ா೒ା௱ೄೀ൯ାா೒, (6) 

E୥ − band gap, Δୗ୓-spin-orbit splitting width. Then: 𝜁௚ = ଷ௠బ ସ ௠೓೓ି௠೗೓௠೓೓௠೗೓  and the effective mass of electrons in the 
conduction band is expressed as 

 ଵ௠೎ = ଵ௠బ + ଶଷ௠బమ ห𝑝௖,௏หଶ ൬ ଶா೒ + ଵா೒ା௱ೄೀ൰,  (7) 

We write the temperature dependence of the band gap (E୥(T)) in the form of the Varshni formula [8] 

 𝐸௚(𝑇) = 𝐸௚(𝑇 = 0) − 𝛾் ்మ்ା்ೇ, (8) 

and Passner formulas [9] 

 𝐸௚(𝑇) = 𝐸௚(𝑇 = 0) − ఈ௵೛ଶ ቈ൬1 + ൬ଶ்௵೛൰௣൰ଵ/௣ − 1቉. (9) 

Here γ୘, T୚, α, Θ୮, p- are constant quantities, the numerical values of which are given in [8, 9]. 
In particular, we choose the temperature dependences of the effective masses of electrons (mс(Т)) in the conduction 

band and holes (mୗ୓(Т)) in the spin-orbit splitting subband as follows (see, for example, [8]): 

 ௠బ௠ೄೀ(Т) = 𝛾ଵ − ாು௱ೄೀଷா೒൫ா೒ା௱ೄೀ൯, ௠బ௠с(Т) = 1 + 2𝐹 + ாು൫ா೒ାଶ௱ೄೀ/ଷ൯ଷா೒൫ா೒ା௱ೄೀ൯ . (10) 

Let us note here that with increasing temperature, mс(Т) increases, and mୗ୓(Т) decreases, and this case has a 
noticeable effect, as shown below, on the frequency and temperature dependences of the light absorption coefficient. 

From (4) and (5) it is clear that the composite matrix element depends on the type of single-photon optical transitions. 
In particular, for an optical transition from the heavy hole subband to the conduction band is determined by the relation 

 𝑀௖,±ଵ/ଶ;௛௛,±ଷ/ଶ(ଵ) = ଵ√ଶ ቀ௘஺బ௖ℏ ቁ 𝑝௖,௏ ൤−𝑒′ି 00 𝑒′ା൨; (11) 

from the subband of light holes to the conduction band: 

 𝑀௖,±ଵ/ଶ;௟௛,±ଵ/ଶ(ଵ) = ଵ√଺ ቀ௘஺బ௖ℏ ቁ 𝑝௖,௏∗ ൤2𝑒′௭ −𝑒′ି𝑒′ା 2𝑒′௭ ൨; (12) 

from the subzone of heavy holes to the subzone of heavy holes: 

 𝑀௛௛,±ଷ/ଶ;௛௛,±ଷ/ଶ(ଵ) = ቀ௘஺బ௖ℏ ቁ ℏ𝑘𝑒′௭ ቂ1 00 1ቃ, (13) 

from the subzone of light holes to the subzone of light holes: 

 𝑀௟௛,±ଵ/ଶ;௟௛,±ଵ/ଶ(ଵ) = ଵଷ ቀ௘஺బ௖ℏ ቁ ℏ𝑘൫3 − 4𝜁௚൯𝑒′௭ ቂ1 00 1ቃ; (14) 

from the subzone of heavy holes to the subzone of light holes: 

 𝑀௟௛,±ଵ/ଶ;௛௛,±ଷ/ଶ(ଵ ) = ఍೒√ଷ ቀ௘஺బ௖ℏ ቁ ℏ𝑘 ൤𝑒′ି 00 −𝑒′ା൨. (15) 

Spectral dependence means that the interband absorption coefficient takes different values as the frequency of light 
(or photon energy) changes. The effect of temperature is mainly manifested through the following factors: Change in the 
energy gap between bands: As temperature increases, the bandgap of semiconductors narrows, which affects the 
absorption spectrum. Effect of phonons: With increasing temperature, the number of phonons (thermal vibrations) in the 
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crystal lattice increases, which influences the movement of electrons and holes. Optical absorption width: As temperature 
rises, the absorption spectrum may expand, or the absorption rate may decrease. 

Coherent saturation is a phenomenon in which interband absorption decreases under the influence of intense light fields. 
In other words, under strong laser radiation or other optical excitations, the frequency and intensity of quantum transitions 
change in such a way that absorption decreases. This effect is of great importance in quantum mechanics and laser physics. 

This concept describes the temporal variations of light absorption processes in semiconductors. The absorption rate 
and duration depend on the power of the light source, modulation frequency, and the physical properties of the material. 

Note that the coefficient of single-quantum light absorption is determined by the expression (see, for example, [12]) 

 𝐾(ଵ) = ଶగℏ ℏఠூ ∑ ቀ𝑓௅ᇱ,௞ሬ⃗(ଵ) − 𝑓௅,௞ሬ⃗(ଵ)ቁ ห𝑀௅,௠; ௅ᇱ,௠ᇱ(ଵ) (𝑘ሬ⃗ )หଶ𝛿൫𝐸௅ᇱ,௞ሬ⃗ − 𝐸௅,௞ሬ⃗ − ℏ𝜔൯௞ሬ⃗ ,௅,௠;௅ᇱ,௠ᇱ .  (16) 

Here 𝐿,𝑚(𝐿′,𝑚′) = 𝑙ℎ,𝑚′ = ±1/2(ℎℎ,𝑚′ = ±3/2)- for heavy (light) holes), where their energy spectrum has the 
form 𝐸௅,௞ሬ⃗ = −ℏଶ𝑘ଶ (2𝑚௅)⁄ , 𝐿,𝑚(𝐿′,𝑚′) = с,𝑚′ = ±1/2- for electrons in the conduction band, whose energy spectrum 
is: 𝐸௖,௞ሬ⃗ = 𝐸௚ + ℏଶ𝑘ଶ (2𝑚௖)⁄ . Then, taking into account relations (2)-(5) the light absorption coefficient: 

a) for optical transitions from the heavy hole subband to the conduction band will be written as 

 𝐾с,±ଵ/ଶ;௛௛,±ଷ/ଶ(ଵ) = ସగమ௘మଷℏ௡ഘ௖ ห𝑝௖,௏ หଶ ఓశ(೎,೓೓)ℏమ ௞с,೗೓(ഘ)ℏఠ ൾ ห௘ᇱ±หమටଵା఍೓೓ห௘ᇱ±หమං ⋅ ൣ𝑓௖൫𝑘с,௛௛(ఠ) ൯ − 𝑓௛௛൫𝑘с,௛௛(ఠ) ൯൧,  (17) 

b) for optical transitions from the subband of light holes to the conduction band we have 

 𝐾с,±ଵ/ଶ;௟௛,±ଵ/ଶ(ଵ) = ସగమ௘మଷℏ௡ഘ௖ ห𝑝௖,௏ หଶ ఓశ(೎,೗೓)ℏమ ௞с,೗೓(ഘ)ℏఠ ർ ସ௘ᇱ೥మା௘ᇱ఼మඥଵା఍೗೓(ସ௘ᇱ೥మା௘ᇱ఼మ)඀ ⋅ ൣ𝑓௖൫𝑘с,௟௛(ఠ)൯ − 𝑓௛௛൫𝑘с,௟௛(ఠ)൯൧ ,  (18) 

Here it is taken into account that ቀୣ୅బୡℏ ቁଶ = ଶ஠ୣమ୬ಡୡ ୍(ℏன)మ, ζ୦୦ = 4 ஑ಡℏమனమ ቀୣ୅బୡℏ ቁଶ หpୡ,୚ หଶ, ζ୪୦ = ζ୦୦ 3⁄ ,αன = 6ωଶT୦୦(ଵ)T୪୦(ଵ) ୍୍బ, 𝐼଴ = ௖௡ഘℏయఠయଶగ|஻| , 𝑘с,௅(ఠ) = ටଶఓశ(с,ಽ)ℏమ ൫ℏ𝜔 − 𝐸௚൯, 𝜇ା(௖,௅) = ௠೎௠ಽ௠೎ା௠ಽ (𝐿 = 𝑙ℎ, ℎℎ). 𝑓௖൫𝑘с,௟௛(ఠ),𝑇൯, 𝑓௛௛൫𝑘с,௟௛(ఠ),𝑇൯ and 𝑓௛௛൫𝑘с,௟௛(ఠ),𝑇൯-
distribution functions of electrons, light and heavy holes participating in optical transitions from subbands of the valence 
band to the conduction band; symbol ⟨. . . ⟩ denotes averaging over solid angles of the wave vector. 

Carrying out angular averaging over the solid angles of the wave vector of current carriers in (18, 19), we obtain 
that both the 1FP coefficient Kс,±ଵ/ଶ;୦୦,±ଷ/ଶ(ଵ) (I) (Fig. 2 a) and the linear-circular dichroism coefficient ηс,±ଵ/ଶ;୦୦,±ଷ/ଶ(ଵ) (I) =୛с,±భ/మ;౞౞,±య/మ(భ,с౟౨с) (୍)୛с,±భ/మ;౞౞,±య/మ(భ,ౢ౟౤౛౗౨) (୍) (Fig. 2 b) decrease with increasing Rabi parameter ζ୦୦(𝐼) (light intensity) for optical transitions from the 

heavy hole subband to the conduction band in InAs. Calculations show that in InSb the light absorption coefficient Kс,±ଵ/ଶ;୦୦,±ଷ/ଶ(ଵ) ( ζ୦୦ = 0) is approximately 5 times less than the light absorption coefficient due to optical transitions from 

the light hole subband to the conduction band, and the coefficient ηс,±ଵ/ଶ;୦୦,±ଷ/ଶ(ଵ) (I) = ୛с,±భ/మ;౞౞,±య/మ(భ,с౟౨с) (୍)୛с,±భ/మ;౞౞,±య/మ(భ,ౢ౟౤౛౗౨) (୍) decreases by 

approximately 1.1 times. 

  
а) b) 

Figure 2. Dependence of the coefficients 1FA 𝐾(ଵ) (a) and linear-circular dichroism 𝜂с,±ଵ/ଶ;௛௛,±ଷ/ଶ(ଵ) (𝐼) = ௐс,±భ/మ;೓೓,±య/మ(భ,с೔ೝс) (ூ)ௐс,±భ/మ;೓೓,±య/మ(భ,೗೔೙೐ೌೝ) (ூ) (b) on the 

Rabi parameter 𝜁௛௛(𝐼) (on light intensity) for optical transitions from the heavy hole subband to the conduction band in InAs. 
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Thus, it was shown that the main contribution to the single quantum absorption coefficient of light comes from light 
holes participating in interband optical transitions from the subbands of the valence band to the conduction band. 

Next, it is advisable to analyze the spectral-temperature dependences of the distribution functions of heavy 
(𝑓௛௛(𝜔,𝑇)) and light (𝑓௟௛(𝜔,𝑇)) holes (see Fig. 3), since 𝐾(ଵ)(𝜔,𝑇) is determined by the spectral-temperature dependence 𝑓௛௛(𝜔,𝑇) and 𝑓௟௛(𝜔,𝑇) (see formula (18), (19). Calculations using spectral temperature dependences 𝑓௛௛(𝜔,𝑇) and 𝑓௟௛(𝜔,𝑇) (in the approximation of non-degenerate statistics [16] show that for InSb: 

a) at a fixed frequency, with increasing temperature, the distribution functions increase, reach a maximum, and then 
decrease, since the distribution functions consist of the product of 𝑇ିଷ/ଶ and exp(−𝐸∗ 𝑘  ஻ 𝑇)⁄ , where 𝐸∗-is the energy of 
photoexcited holes; 

b) the maximum values of the distribution functions decrease with increasing frequency, the relative change of which 
depends on the band parameters of the crystal, for example, on 𝐸௚(𝑇). In particular, in narrow-gap crystals this value is 
greater than in wide-gap crystals: for example, in InSb it is approximately 5.4 times greater than in InSb; 

c) if we take into account the dependence of band parameters on temperature (according to (8) and (9)), then the 
distribution function of light (heavy) holes in InSb decreases by approximately 5.3 (2.5) times, and in InAs - by 5,2 
(2) times. 

The above cases certainly influence the spectral-temperature dependences 𝐾(ଵ)(𝜔,𝑇), which are analyzed below. 

  
Figure 3. Spectral-temperature dependences of the distribution functions of heavy (a) and light (b) holes in InSb. 1 (2) – corresponds 
to 𝐸௚ = 𝐸௚(𝑇 = 0 𝐾)(𝐸௚(𝑇)) 

In Figure 4 shows spectral-temperature dependences 𝐾(ଵ)(𝜔,𝑇) for optical transitions of subbands of light and heavy 
holes into the conduction band in InSb when illuminated with light of linear (1) and circular (2) polarization, where the 
temperature dependence of band parameters is not taken into account and the maximum value of coefficient 𝐾с,±ଵ/ଶ;௛௛,±ଷ/ଶ(ଵ,௟௜௡௘௔௥) (𝜔,𝑇) was taken as one unit , and the Rabi coefficient was chosen to be 0.5 [17, 18]. 

  

Figure 4. Spectral-temperature dependences of the 1FA coefficient of polarized light due to optical transitions from the subband of 
heavy 𝐾с,±ଵ/ଶ;௛௛,±ଷ/ଶ(ଵ) (𝜔,𝑇) (a) and light 𝐾с,±ଵ/ଶ;௟௛,±ଵ/ଶ(ଵ) (𝜔,𝑇) (b) holes to the conduction band of InSb (a), where 1 (2) corresponds 
to light of circular (linear) polarization. The calculations did not take into account the temperature dependence 𝐸௚ (𝑇) and the 
maximum value of coefficient 𝐾с,±ଵ/ଶ;௛௛,±ଷ/ଶ(ଵ,௟௜௡௘௔௥) (𝜔,𝑇) was taken as one unit, and the Rabi coefficient was chosen equal to 0.5. 
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In this case, with increasing frequency and temperature, 𝐾(ଵ)(𝜔,𝑇) increases (as do the hole distribution functions), 
reaches a maximum, and then decreases. In Figure 5 shows graphs of values 𝐾с,±ଵ/ଶ;௛௛,±ଷ/ଶ(ଵ,) (𝜔,𝑇) and 𝐾с,±ଵ/ଶ;௟௛,±ଵ/ଶ(ଵ,) (𝜔,𝑇) 
calculated taking into account the temperature dependence 𝐸௚ (𝑇). Calculations show that the amplitude value of the 1FP 
coefficient in the region of low frequencies and temperatures sharply decreases with increasing temperature. This situation 
is explained by the temperature and spectral dependences of the hole distribution functions. We also note that the transition 
of value 𝐾с,±ଵ/ଶ;௛௛,±ଷ/ଶ(ଵ,) (𝜔,𝑇) through a maximum in the temperature dependence is observed in the frequency range 𝜔�1,2𝐸௚/ℏ for InSb, 𝜔�1,1𝐸௚/ℏ for InAs and 𝜔�1,005𝐸௚/ℏ 110 K GaAs for both linear and circular polarization, and 
the temperature corresponding to this maximum is higher, the higher bandgap width. In particular, this temperature is 45 
K for InSb at 𝜔 = 1,3𝐸௚/ℏ, 80 K for InAs at 𝜔 = 1,4𝐸௚/ℏ and 110 K for GaAs at 𝜔 = 1,02𝐸௚/ℏ. 

  
Figure 5. Spectral-temperature dependences of the 1PA coefficient caused by optical transitions from the subband of heavy holes 𝐾с,±ଵ/ଶ;௛௛,±ଷ/ଶ(ଵ) (𝜔,𝑇) (a) and light holes 𝐾с,±ଵ/ଶ;௟௛,±ଵ/ଶ(ଵ) (𝜔,𝑇) (b) to the conduction band in InSb), where 1 (2) corresponds to light 
of circular (linear) polarization. The calculations took into account the temperature dependence 𝐸௚ (𝑇) and the maximum value of 
coefficient 𝐾с,±ଵ/ଶ;௛௛,±ଷ/ଶ(ଵ,௟௜௡௘௔௥) (𝜔,𝑇) was taken as one unit, and the Rabi coefficient was chosen equal to 0.5. 

In Figure 6 shows the spectral-temperature dependences of the ratios 𝐾෩с,±ଵ/ଶ;௟௛,±ଵ/ଶ(ଵ) 𝐾с,±ଵ/ଶ;௟௛,±ଵ/ଶ(ଵ)ൗ  and in InSb 
crystals. Here 𝐾෩с,±ଵ/ଶ;௟௛,±ଵ/ଶ(ଵ)  and 𝐾с,±ଵ/ଶ;௟௛,±ଵ/ଶ(ଵ)  the coefficients 1FP taking into account (Fig. 5 a) and without taking into 
account (Fig. 5 b) the temperature dependence of the band parameters, where the contribution of the coherent saturation 
effect is neglected (therefore 𝐾с,±ଵ/ଶ;௛௛,±ଷ/ଶ(ଵ)  do not depend on the degree of polarization of light). From this figure it is 
clear that the contribution of optical transitions from the heavy hole subband is greater than the contribution of optical 
transitions from the light hole subband to the conduction band in InSb, and this contribution increases when taking into 
account 𝐸௚ (𝑇). 

  
Figure 6. Spectral-temperature dependence of the ratio 𝐾෩с,±ଵ/ଶ;௟௛,±ଵ/ଶ(ଵ) 𝐾с,±ଵ/ଶ;௟௛,±ଵ/ଶ(ଵ)ൗ  in  InSb, where 𝐾෩с,±ଵ/ଶ;௟௛,±ଵ/ଶ(ଵ) ቀ𝐾с,±ଵ/ଶ;௟௛,±ଵ/ଶ(ଵ) ቁ is the coefficient 1PA taking into account (a) and without taking into account (b) the temperature 
dependence of band parameters, where the contribution of the coherent saturation effect is neglected. 
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Figure 7. Spectral-temperature dependence of the ratio 𝐾෩с,±ଵ/ଶ;௟௛,±ଵ/ଶ(ଵ) 𝐾с,±ଵ/ଶ;௟௛,±ଵ/ଶ(ଵ)ൗ  for light of linear (line 1) and circular 
(line 2) polarization, caused by optical transitions from the subband of light (a) and heavy (b) holes to the conduction band of 
InSb. In the calculations, the maximum value of the coefficient 𝐾с,±ଵ/ଶ;௛௛,±ଷ/ଶ(ଵ,௟௜௡௘௔௥) (𝜔,𝑇) was taken as one, and the Rabi coefficient 
was chosen equal to 0.5. 

In Figure 7 shows the spectral-temperature dependences of the ratio 𝐾෩с,±ଵ/ଶ;௟௛,±ଵ/ଶ(ଵ) 𝐾с,±ଵ/ଶ;௟௛,±ଵ/ଶ(ଵ)ൗ  for linearly (line 1) 
and circularly polarized light (line 2), caused by interband optical transitions from the light hole subband to the InSb 
conduction band, from where, that 𝐾෩с,±ଵ/ଶ;௟௛,±ଵ/ଶ(ଵ) 𝐾с,±ଵ/ଶ;௟௛,±ଵ/ଶ(ଵ)ൗ  in a narrow-gap semiconductor for linear polarization in 
low-temperature regions is significantly greater than for circular polarization when taking into account the effect of 
coherent saturation. In this case, as calculations show, in the low-temperature region, the main contribution comes from 
optical transitions from the heavy hole subband, regardless of the degree of light polarization, both with and without 
taking into account the contribution of the coherent saturation effect. 

According to (17), the spectral-temperature dependences 𝐾 (ଵ)(𝜔,𝑇) are determined by the distribution functions of 
heavy and light holes. 

Consequently, taking into account relations (8) and (9) allows us to compare distribution functions both by 
temperature (at a fixed frequency) and by frequency (at a fixed temperature). 

In Figure 8 shows the spectral-temperature dependence of the hole distribution functions 𝑓(𝜔,𝑇), calculated taking 
into account the temperature dependence of the band gap and effective masses in InSb, where graphs 1(2) and 3(4) 
correspond to light (heavy) holes, calculated from (8) and (9). 

 
Figure 8. Spectral - temperature dependence of the hole distribution functions, calculated taking into account the temperature 
dependence of the band gap and effective masses in InSb, where graphs 1 (2) and 3 (4) correspond to light (heavy) holes, calculated 
from (8) and (9). 

From these graphs it can be seen that in the region of low frequencies and high temperatures 𝑓(𝜔,𝑇) decreases 
slightly (less than 5%) when moving from (8) to (9): the amplitude value of the distribution functions of heavy holes 
decreases by approximately 1.7 times in the low-frequency range. However, in the region of high frequencies and low 
temperatures the opposite is true. 

Note that since the coefficient of single-photon interband absorption of light is proportional to the wave vector of 
photoexcited current carriers 𝑘с,௅(ఠ) = ൣ2𝑚௖𝑚௅ℏିଶ൫ℏ𝜔 − 𝐸௚൯ (𝑚௖ + 𝑚௅)⁄ ൧ଵ/ଶ, then under condition ℏ𝜔 = 𝐸௚ it becomes 
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zero, which means that light absorption satisfies condition ℏ𝜔 ≥ 𝐸௚, where 𝐸௚ = 𝐸௚(𝑇 = 0). But if we take into account 

expressions (8) and (9), then 𝑘с,௅(ఠ)(𝑇) = ቄ2𝑚௖(𝑇)𝑚௅ℏିଶ ቀℏ𝜔 − 𝐸௚(𝑇)ቁ ሾ𝑚௖(𝑇) + 𝑚௅ሿൗ ቅଵ/ଶ
 increases with increasing 

temperature, since with increasing temperature 𝐸௚(𝑇) decreases. As a result, the light absorption edge satisfies condition ℏ𝜔 ≤ 𝐸௚(𝑇 = 0) (instead of ℏ𝜔 ≥ 𝐸௚). 

 
Figure 9. Spectral-temperature dependence of the relative total 1PA 𝜂с;௏(ଵ,с௜௥௖) =ቀ𝐾෩с,±ଵ/ଶ;௛௛,±ଵ/ଶ(ଵ,с௜௥௖) + 𝐾෩с,±ଵ/ଶ;௛௛,±ଷ/ଶ(ଵ,с௜௥௖) ቁ ቀ𝐾с,±ଵ/ଶ;௛௛,±ଷ/ଶ(ଵ,с௜௥௖) + 𝐾с,±ଵ/ଶ;௛௛,±ଷ/ଶ(ଵ,с௜௥௖) ቁൗ  for circularly polarized light in  InSb. In the calculations, 

the maximum value of the coefficient 𝐾෩с,±ଵ/ଶ;௟௛,±ଵ/ଶ(ଵ,௟௜௡௘௔௥)  was taken as one, and the Rabi coefficient was chosen equal to 0.5, where 
graphs 1 and 2 were calculated using formulas (8) and (9), respectively. 

Calculations show that at room temperature the contribution of heavy holes to coefficient 𝐾෩с,௠;௅,௠ᇱ(ଵ) (𝜔,𝑇) is approximately 
10 times greater than the contribution of light holes in the frequency range satisfying condition 1.1𝐸௚ < ℏ𝜔 < 1.5𝐸௚. This 
situation also occurs in the spectral-temperature dependences of the resulting 1PA coefficient (see Fig. 9), and the physical 
nature of these dependences is explained by a similar frequency dependence of the nonequilibrium distribution functions 
of current carriers. 

 
CONCLUSIONS 

In conclusion, this study provides an in-depth theoretical framework to understand the mechanisms underlying 
single-photon interband absorption in semiconductors with diamond and zinc blende lattice structures. By incorporating 
temperature-dependent bandgap variations and the mixing of valence and conduction band states, the research highlights 
key factors that influence the absorption process. Heavy hole contributions were found to dominate over light hole 
contributions, with a significant enhancement of absorption coefficients in narrow-gap semiconductors at lower 
temperatures. The findings also reveal a pronounced dependence of linear-circular dichroism on light intensity, attributed 
to the coherent saturation effects. 

The results underscore the critical role of temperature and band structure in determining optical absorption 
properties, offering valuable insights for applications in optoelectronic devices. However, the study also emphasizes the 
need for experimental validation to verify these theoretical predictions. Future work should focus on extending the 
analysis to a broader class of semiconductors and exploring the interplay of higher-order effects, such as spin-orbit 
coupling, to refine the understanding of optical absorption phenomena. These advancements will not only enhance the 
theoretical accuracy but also pave the way for practical implementations in advanced semiconductor technologies. 
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ТЕОРЕТИЧНИЙ АНАЛІЗ МІЖЗОННОГО ОДНОФОТОННОГО ПОГЛИНАННЯ СВІТЛА В 
НАПІВПРОВІДНИКАХ: ЕФЕКТИ ЗМІШУВАННЯ ЗОН ВАЛЕНТНОЇ ПРОВІДНОСТІ ТА 

ТЕМПЕРАТУРНО-ЗАЛЕЖНОЇ ЗАБОРОНЕНОЇ ЗОНИ 
Рустам Я. Расуловa, Вохоб Р. Расуловa, Нурілло У. Кодіровa, Мардон Х. Насіровc, Ікбол М. Ешболтаєвb 

aФерганський державний університет, Фергана, Узбекистан 
 bКокандський державний педагогічний інститут, Коканд, Узбекистан 

cФерганский политехнический институт, Фергана, Узбекистан 
У цьому дослідженні представлено теоретичний аналіз спектральної та температурної залежності коефіцієнта однофотонного 
поглинання лінійно та циркулярно поляризованого світла в напівпровідниках із ґратковими структурами алмазу та цинкової 
обманки. Розглядаються оптичні переходи, що включають підзони легких і важких дірок і зону провідності, включаючи такі 
ефекти, як температурно-залежна заборонена зона, змішування станів валентної зони провідності та когерентне насичення. 
Отримані дані показують, що важкі діри сприяють однофотонному поглинанню приблизно в 10 разів більше, ніж легкі. Крім 
того, досліджується зв’язок між лінійно-круговим дихроїзмом та інтенсивністю світла, підкреслюючи роль когерентних 
ефектів насичення. 
Ключові слова: напівпровідник; температурна залежність забороненої зони; змішування станів валентної зони зі станами 
зони провідності; однофотонне поглинання; спектрально-температурна залежність 


