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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 /nSb the conduction band (V-band) and valence band (c-band) are located quite close, and
the spin-orbit splitting subband (SO-band) is relatively far away (Fig. 1a). In Gads, the c- and V-bands are located close,
and the upper-perturbed conduction band (c-band) is far away (Fig. 1) [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].
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Figure 1. Multiband structure of indium antimonide: two (a) and multiband () 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 |n, k) to state

I, F) is defined as [10-14]

Sc)nlk| >(fnk nrﬁ)g(Enl(E) - En(E) - hw),

where f - ( fn,ﬁ) is the equilibrium distribution function of current carriers in the initial (final) state, Mr(}c)mﬁ is the

2
W(l) = 7”<Zn,nlk| (1)

composite matrix element of a single-quantum optical transition, determined by the relation
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where B, v rem Yy [ (E) os; v,rg,m] is the matrix element of the momentum operator, A, (€)- is the amplitude value of

the potential vector (polarization vector) of the light wave, ﬁ(E) is the Hamiltonian of current carriers in crystals with a
zinc blende lattice, taking into account the admixture of light and heavy hole (Is) subband states in the lower conduction
band (Ts) (two-zone approximation) which takes the form [15]
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where poy = (S|p,|Z2), ky = k, £ ik,,. E198- 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 (I';) 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:
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Here {;, = l::"' and it appears due to taking into account the admixture of the states of the valence band and the
oE

conduction band, m’,m = +3/2,+1/2,—1/2,—3/2 eigenvalues of the angular momentum operator [5, 6], €'y, €'y,
e', - € projections of the polarization vector relative to the coordinate system x',y’, z' Il k, k- wave vector of current

carriers, p. - Kane parameter and is determined in the following way

2 _ 3 mo—me Eg(Eg+Aso)
|pC'V| =3zMo me  2(Eg+4so)+Eg’ (©)
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Eg — band gap, Ago-spin-orbit splitting width. Then: {; = and the effective mass of electrons in the

4 mppmyp
conduction band is expressed as
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We write the temperature dependence of the band gap (E¢(T)) in the form of the Varshni formula [8]

Ey(T) = E;(T = 0) — yy % ®)

and Passner formulas [9]

Op

Ey(T) = Ey(T = 0) - 22 (1 + (”) )w - 1]. ©)

Here yr, Ty, a, ©p, 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 (m(T)) in the conduction
band and holes (mg(T)) in the spin-orbit splitting subband as follows (see, for example, [8]):

mo Epdso

_ _ Ep(Eg2450/3)
mgo(T)_yl =142F +

3Eg(Eg+4s0)’ mc(T) 3Eg(Eg+4s0)

(10)

Let us note here that with increasing temperature, m.(T) increases, and mgg(T) 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

I€)) 1 (eA —e'_ 0 ]
Met1/2mn23/2 = f(c—ff)p [0 e,+], (11)
from the subband of light holes to the conduction band:
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from the subzone of heavy holes to the subzone of heavy holes:

(€)) eA 1 0
Mpn,x3/2,nn,43/2 = (Cho) hke’, 0 1], (13)

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

1
M, ansnye = 5 (S52) k(3 = 48, )e’, [ ) (14)

from the subzone of heavy holes to the subzone of light holes:
@) Sg ((eA
My 11 /2mn4372 = \/g—( ° hk [0 —e ] (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])

_ 2mho @ _ @) y® I
KO ===y mstme (fu,z —fix ) My s 1 (0| 8(EL, 7 — EL 3 — how). (16)
Here L,m(L',m") = lh,m' = +1/2(hh, m’' = +3/2)- for heavy (light) holes), where their energy spectrum has the
formE, ; = — h2k?/(2my), L,m(L',m") = ¢c,m' = +1/2- for electrons in the conduction band, whose energy spectrum

isiE .z =Eg+ h2k?/(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
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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 K[(:_lJ_r)1 /2:nh+3/2(D (Fig. 2 @) and the linear-circular dichroism coefficient T]((;_li)l 2h+3/2(D =
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heavy hole subband to the conduction band in /nds. Calculations show that in I/nSbh the light absorption coefficient
Kg_lJ_zl /2:hh 43 /2( Thn = 0) is approximately 5 times less than the light absorption coefficient due to optical transitions from
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. . . w . @®
the light hole subband to the conduction band, and the coefficient "E,li)1 J2nh+32(D = v\/zfﬁﬁ% decreases by
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(Fig. 2 b) decrease with increasing Rabi parameter {y,;, (I) (light intensity) for optical transitions from the

approximately 1.1 times.
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Figure 2. Dependence of the coefficients IFA K™ (&) and linear-circular dichroism 775,1+)1 J2:hh,£3/2 = ﬁ#’% (b) on the
I ¢+1/2;hh+3/2

Rabi parameter {;, (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
(fan(w, T)) and light (f;, (w, T)) holes (see Fig. 3), since KM (w, T) is determined by the spectral-temperature dependence
fun(w,T) and fi(w, T) (see formula (18), (19). Calculations using spectral temperature dependences f;,(w,T) and
fin(w, T) (in the approximation of non-degenerate statistics [16] show that for /nSh:

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 T=3/2 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 /nSb it is approximately 5.4 times greater than in /nSb;

¢) 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 /nSbh decreases by approximately 5.3 (2.5) times, and in /nds - by 5,2
(2) times.

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

/

fuleT)-10°

T.K

a)

Figure 3. Spectral-temperature dependences of the distribution functions of heavy (@) and light (b) holes in /nSb. 1 (2) — corresponds
to E; = E,(T = 0 K)(E,(T))

In Figure 4 shows spectral-temperature dependences K (w, 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

Kc(f_rlll;lzezz) +3/2(w, T) was taken as one unit , and the Rabi coefficient was chosen to be 0.5 [17, 18].
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Figure 4. Spectral-temperature dependences of the 1FA coefficient of polarized light due to optical transitions from the subband of
heavy K c(~1_+)1 J2hh+3)2 (w,T) (a) and light K C(,li)l J2lh 12 (w, 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 K C(f_r'lli/nze_‘,llz)ﬂ /2 (w, 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 (w, T) increases (as do the hole distribution functions),
reaches a maximum, and then decreases. In Figure 5 shows graphs of values Kc(li)1 junn+3/2(@ T) and K, c(f_r)l J2n+1/2(@, 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 ch_r)1 J2:nn+3/2(@, T) through a maximum in the temperature dependence is observed in the frequency range
wBl,2E, /h for InSb, wBL,1E,/h for InAs and wBL,005E,/h 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 w = 1,3E;/h, 80 K for Inds at w = 1,4E,/h and 110 K for GaAs at w = 1,02E, /h.

Kr(.lll/l:hh.ﬁ/l (w’ T)

Kr(il/llh.il/l ((U>T)

a) 7‘1a)’/Eg b)

Figure 5. Spectral-temperature dependences of the 1PA coefficient caused by optical transitions from the subband of heavy holes
Kc(j_r)l J2;hh,43)2 (w,T) (@) and light holes Kc(j_r)l J2ih21/2 (w, T) () to the conduction band in /nSh), 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 Kc(f_rlf/"zezz) +3/2(@, 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 Kéf_r)l J2,1h41/2 / Kc(’f_r)l /21,4172 and in InSb

crystals. Here Ec(li)l J25lh41)2 and Kc(i)l 25l 41/2 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 K (;(,11)1 /2;nh,+3/2 90 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).

o) (1) (1) n B
K o irl'Z/Kr 22 (‘O’T) K s | Kosumnsn (")’ T)
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1,24 4
0,82 3
0,4
] 2
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rk 500714 L3 % : 3
’ 500 L4 7
17K
a b)
Figure 6. Spectral-temperature dependence of the ratio K <:(1_L)1 /21,212 /K C(,li)l J2:1h,21/2 in InSb, where
K C(f_r)l J2lh41)2 ( Ké}_}l p— /2) is the coefficient 1PA taking into account () 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 Kc(fr)l J2lht1/2 / Kc(i)l 2l t1)2 for light of linear (line 1) and circular

(line 2) polarization, caused by optical transitions from the ’s_ubband of light (@) and heavy (b) holes to the conduction band of
InSb. In the calculations, the maximum value of the coefficient K C(f_rlll}lzezz) 13/2 (w, 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 Eff_}l 2l 41/2 /K c(li)l /2;1h,+1/2 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 K C(,li)l 251h41)2 / Kc(j_r)l J25lh41)2 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 (¥ (w, 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 (w, T), calculated taking
into account the temperature dependence of the band gap and effective masses in /nSbh, where graphs 1(2) and 3(4)
correspond to light (heavy) holes, calculated from (8) and (9).

1 w)-10’3/

40

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 /nSb, 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(w,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

. . 1/2 .. .
photoexcited current carriers kc(’(z’) = [ZmCmLh'2 (hw - Eg) /(m, + mL)] / , then under condition Aw = E it becomes
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zero, which means that light absorption satisfies condition iw > E,, where E; = E, (T = 0). But if we take into account

1/2
expressions (8) and (9), then kgz) (T) = {ZmC(T)m,jL_2 (hw —E, (T)) /Im.(T) + mL]} increases with increasing
temperature, since with increasing temperature E;(T) decreases. As a result, the light absorption edge satisfies condition
hw < E,(T = 0) (instead of hw = Ej).

/

Lsirk)
7, jr:V

15!
1.3

Lok L1 haofAg,
Figure 9. Spectral-temperature dependence of the relative total 1PA ngfi”) =
7 (1,circ) =(1,circ) (1,circ) (1,circ) . . . . .
(Kc,il/Z;hh,il/Z + Kc,il/z;hh,i3/2)/(Kc,il/z;hh,iS/Z + Kc,il/z;hh,i3/2) for circularly polarized light in /nSb. In the calculations,

the maximum value of the coefficient EC(;’;I;Z: )J_rl /2 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 K c(7112 Lms (@, T) is approximately

10 times greater than the contribution of light holes in the frequency range satisfying condition 1.1E, < hw < 1.5Ej. 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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TEOPETUYHHIA AHAJII3 MIZK30OHHOT'O OJTHO®OTOHHOT' O IOTJIMHAHHS CBITJIA B
HAINIBIPOBIJHUKAX: EOEKTH 3MIIIIYBAHHS 30H BAJJEHTHOI ITPOBIJTHOCTI TA
TEMITEPATYPHO-3AJIEZKHOI 3ABOPOHEHOI 30HU
Pycram S1. Pacynos?, Boxo6 P. Pacyios?®, Hypinio Y. Koaipos?, Mapaon X. Hacipos®, Ik6oa M. Emoosraes?
“Pepeancokuti depoicasHuil ynigepcumem, Pepeana, Y3bexucman
bKoxanocokuii depaicasnuti nedazoziunuii incmuntym, Koxand, Yzb6exucman
“@epeanckuil nonumexnuyeckul uncmumym, Qepeana, Y3bexucman
VY 11poMy TOCIIIKEHHI IPEACTAaBICHO TEOPETHYHUIT aHaITi3 CIIEKTPATIbHOT Ta TEMIIEPATypHOI 3aJIeKHOCTI KoedinieHTa 01HODOTOHHOTO
TIOTJIMHAHHS JIIHIIHO Ta HUPKYJSIPHO IOJISIPH30BAHOTO CBITJIa B HAIIIBIPOBITHUKAX i3 IPATKOBUMH CTPYKTYpaMH ajMa3y Ta IUHKOBOT
oOMaHKH. PO3risaaloThest ONTHYHI HEPEeXO/IH, 110 BKIIOYAIOTh MiJ30HM JIETKUX 1 BXKKUX JIIPOK i 30HY MPOBIJHOCTI, BKIIOYAIOUH TaKi
e(eKTH, sIK TeMIepaTypHO-3aJie)KHa 3a00pOHEeHa 30Ha, 3MIIIyBaHHS CTaHIB BaJCHTHOI 30HU IPOBIJHOCTI Ta KOT€PEHTHE HACHYCHHSI.
OTpuMaHi 1aHi TOKa3yl0Th, 10 BaXKKi P CIPHUSAIOTH 0AHOGOTOHHOMY TOTNIMHAHHIO npubian3Ho B 10 pasiB Oisblie, HixX nerki. Kpim
TOTO, JOCTIKYETHCS 3B’S30K MK JHIHHO-KPYTOBHM JAWXPOi3MOM Ta IHTEHCHBHICTIO CBIiTJIA, MiAKPECIIOIOYN POJbh KOTEPEHTHUX

e(eKTiB HACHYCHHSI.
Ku104o0Bi cl10Ba: HanignpogioHuk, memnepamypHa 3a1ediCHiCnb 3a00POHEHOT 30HU, 3MIUYBAHHS CMAHIE BANEHMHOT 30HU 31 CMAHAMU
30HU NPOGIOHOCMI; OOHOPOMOHHE NOSTUHAHHS, CHEKMPATbHO-MEMNEPAMYPHA 3ANeHCHICMb



