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CALCULATION OF THE DENSITY OF THE DISTRIBUTION OF ELECTRONIC STATES
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The region of fundamental absorption in the optical spectra of amorphous semiconductors is theoretically studied using the Davis-Mott
approximation according to the Kubo-Greenwood formula. As is known, three types of optical transitions of the electron can be
observed in the fundamental absorption region; from the tail of the valence band to the conduction band, from the valence band to the
conduction band and from the valence band to the tail of the conduction band. For all these electronic transitions, analytical expressions
of the partial absorption spectra are obtained from two different types of the Kubo-Greenwood formula. The width of the optical
mobility gap and the proportionality coefficient were determined in the analytical form of the interband absorption spectrum by fitting
them to the experimental interband absorption spectrum. A new method is presented for calculating the density of distribution of
electronic states in the conduction band of amorphous carbon based on the experimental interband absorption spectrum and the
analytical expression of the Kubo-Greenwood formula written for the interband absorption spectrum.

Keywords: Amorphous semiconductors; Optical absorption spectra; Davis-Mott approximation method,; Kubo-Greenwood formula;
Fundamental absorption spectrum; Partial absorption spectra; Interband absorption spectrum; Electronic state density distribution
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INTRODUCTION
The optical absorption coefficient of amorphous semiconductors is usually determined by the Kubo-Greenwood
formula using the Davis-Mott approximation [1, 2]:

ah0) = Af g, (E)gc(e + ha) o (M)
[0
or

ah0) = Af g, (e~ hodge () 4 @

where A- is the coefficient of proportionality, independent of the energy (%w) of absorbed photons, gy(e), gv(e-hiew) and
gc(ethw), gc(e) are the densities of the initial and final electronic states during optical transitions in valence band and
conduction band, respectively.

It can be seen from Formulas (1), (2) that the values of the absorption coefficient strongly depend on the
distribution of the density of electronic states involved in optical transitions. Formula (1) is used when the initial
electronic states involved in optical transitions play the main role. Therefore, in [3], using Formula (1), the distributions
of the density of electronic states in the valence band were determined. And then the main role is played, the final
electronic state uses the Formula (2). From this it follows that, it is possible to analytically investigate the distribution
of the density of electronic states of the valence band and the conduction band separately. Therefore, this paper
proposes a new method for determining the distribution of the density of electronic states in the conduction band from
the Kubo-Greenwood formula (2). Since the integrals in Formula (1) and (2) are indefinite, they give a general solution.
It was shown in [4] that in order to obtain own solutions of the spectra of the optical absorption coefficient from the
Kubo-Greenwood Formula, the indefinite integral in this formula must be written in a certain form, and then
formula (1) takes the form:

& dg
a(ho)=4 | g (e)ge(e+hm) = 3)
&—hao &
where ¢y is the energy position of the intersection point of the exponentially decaying “tails” of allowed bands.
It is known that the energy of absorbed photons in the fundamental region is greater than the energy width
(Eg<hw) of the mobility gap of amorphous semiconductors. It was shown in [5] that in amorphous semiconductors,

upon absorption of photons with energies £ > E,, optical transitions of electrons from the “tail” of the valence band to
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the conduction band, from the valence band to the conduction band, and from the valence band to the “tail” of the
conduction band are simultaneously observed. Therefore, by adapting Formula (3) to the above optical transitions, we
obtain:

de
a(hw)= Ang gc(£+ha) —A(jg, £)g. €+ha)%+ J g (€ gc(£+ha))%+

e @
2]

+ ] g (E)gc (e +h0)0) = (1) + i (h0) o (o)

&~hw

where ¢y is the upper boundary of the valence band; ¢ is the lower boundary of the conduction band; a;(fiw), ax(hw),
a3(hw) are partial absorption coefficients determined by optical transitions of electrons from the “tail” of the valence band
to the conduction band, from the valence band to the conduction band (interband absorption spectrum), from the valence
band to “tail” of the conduction band, respectively.

To calculate the partial spectra of fundamental absorption using Formula (4), the distributions of the density of
electronic states in the valence band and in its tail, as well as in the conduction band and in its tail, must be known.
Usually, in a theoretical study of optical absorption spectra, the density of electronic states of amorphous semiconductors
at the boundaries of allowed bands is written with linear or parabolic distributions, and at the tails of allowed bands, with
exponential distributions [6,7]. In [4], for these distributions, it was proposed:

I
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where S, - and f, - are the parameters that determine the slopes of the exponential tails of the valence and conduction

bands, N(ey) and N(ec) are the effective densities of electronic states in the valence and conduction bands.
Substituting the distribution in Formulas (5) and (6) into Formula (4), for partial absorption spectra, we obtain: for
interband electronic transitions at

ny=n;= 1/2
ha
az(hw): [Z(hw E)JEho—(E, - ho) arctg[zx/ﬁﬂ @)
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B 2 2
o, (how) = 6ha)E§ (hw—E )E, +4hoE, +(hw)), 8)

Form: 1,}12: 1/21/17112 1/2, I’lz:l

o,(hw) =

hr[S(hmE)(J(hT—f) 3(Janor - £ ©)

where B = AN(ey)N(ec).
The results of calculation by Formulas (7)—(9) are shown in Fig. 1. Calculations were carried out for amorphous
hydrogenated silicon B = 2.5-10° cm™ and E, = 1.8 eV [1].

a(hw), cm?
107 ‘e
L Do S Figure 1. Partial spectra of fundamental absorption of amorphous
semiconductors obtained by Formulas:
106 l-atn=n2=12T)2-atni=n2=1@8);3-atn;=1, n2=1/2;orn;=1/2,
n2=1 (9) and obtained from Formulas (10) and (11) and from numerical
» calculations, when, 4 - n;=n2=1 and 5 - when n;=n2=1/2 electronic
transitions from the tail of the valence band to the conduction band (a) and from
; the valence band to the “tail” of the conduction band (b).
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Since at n; = ny = 1/2 it is impossible to obtain an analytical expression for partial absorption spectra determined by
optical transitions of electrons (from the “tail” of the valence band to the conduction band, from the valence band to the
“tail” of the conduction band), they are determined using numerical calculations.

At n; = n,=1/2, analytical expressions for partial absorption spectra determined by optical transitions of electrons
from the “tail” of the valence band to the conduction band and from the valence band to the “tail” of the conduction band:

al(ha)):BeXp(;g(E)Z_gV))K/;+ha)}exp(ﬁ’l( 8,,))—[80—8,,+/;1+ha)ﬂ, (10)
a}(hw):Bexpgf;(;;z—fc)){(m+ha)jexp(ﬂ2( £, 50))—(8L.—go+ﬁl,z+ha)ﬂ. (11

The results of calculation by Formulas (10), (11) and by the method of approximate calculation at n; = n, = 1/2 are
shown in Fig. 1 (4- and 5- curve). The calculations were carried out for £, = 1.8 eV, ec-e9=0.7 eV, ggp-ey=1.1 eV,
Bir=16eV'and fr=22eV%

To calculate the absorption coefficient using the above method, taking into account (2), we write the integral in the
form of a definite integral:

£+haw

ahw)=4 [ g (- hw)gde)—w : (12)

£

Having adapted this Formula to the types of optical transitions of an electron, we divide it into partial absorption
spectra:

Eyt+hao Etha

de
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where a;(Aiw), a:(hiw), as(hw) are partial fundamental absorption spectra.

From the calculation of the interband absorption coefficient according to Formula (13), the expressions are obtained:
Forn;=n,=1/2

az(ha))—4h [2(}1@ E,)\JE,ho~(E, - ho) arclg{E\/%ﬂ (14)
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It can be seen that Formulas (7)-(9) and (14)-(16) are the same. This it follows that Formulas (3) and (12) can be
used when determining the analytical expressions for the interband absorption coefficients using the Kubo-Greenwood
formula.

Similarly, consider the calculation of a;(%w) and as3(%iw) using Formula (13). Since at n; = n, = 1/2 it is impossible
to obtain an analytical expression for the spectral dependences of partial absorptions determined by optical transitions of
electrons from the “tail” of the valence band to the conduction band, from the valence band to the “tail” of the conduction
band, they were determined using numerical calculations.

The obtained analytical expressions for the partial absorption spectra n;=n; =1 had the form:

ot (he) = BCXP(_ﬂl (& —EV)) K;+ha}jexp(ﬂl (e, —& ))—[80 -g +’;+hwﬂ , (17)

E hap,
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It can be seen from Formulas (10), (11) and (17), (18) that with the correctness of the chosen empirical model for
the distribution of the density of electronic states in amorphous semiconductors and the limits of a definite integral in
the Kubo—Greenwood formulas (3), (12), calculated partial absorption coefficients in the fundamental region will be
the same.

RESULTS AND DISCUSSION
Figure 1 shows that the interband absorption spectrum plays the
alho ),cm'1 main role in the region of fundamental absorption, and at the edge of
fundamental absorption, the values of the partial absorption spectra
106+ of the higher indicated optical transitions are almost equal [8]. It can
be seen from Formulas (14)—(16) that in order to calculate the
105+ interband absorption coefficients, it is necessary to know the energy
width of the mobility gap E, and the coefficient of proportionality B
104 — A - experiment in them. To determine these parameters, we use the experimental
— -calculation results for the interband absorption coefficient. In [9], the interband
10° - absorption spectrum of amorphous carbon is presented (Fig. 2).
Let us proceed to the calculation of the density of electronic
states in the conduction band of amorphous carbon. To do this, from
Formula (13) we select the interband absorption spectrum:

| | | |
I L3 2 295 3 Ba e

Figure 2. Interband absorption spectra of &+ho
amorphous carbon (a-C): experimental and o, (hw) = A4 _[ gy (e-haw)g. (8) (19)
calculated by Formula (14) (solid line). s ho’

In[10], a Formula is given for the derivative of the integral of a function of two variables with respect to one variable:

aa(y)
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Applying (20) to (19), we get:
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Let us substitute in (21) the distribution functions in the chosen model:

&y+hw

)= A [ N, () ey EFey 4€

& g g

From here we obtain the derivative with respect to the photon energy
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It follows from (23) that e-¢.=hw, e=¢.+hw this energy state is in the conduction band. Taking into

account (23), we write (22)

o, (hw) B Eg-ho o,(hw) B 1
da(hw) _ E. +hoyarct - B e, 24
dhw 2Egha)( s w)mgz\/gghw o N rws® 24

and find the distribution of the density of electronic states in the conduction band:

N(ghow do,(hw) B (E, + haareig Eg-hw N a,(hw)
@

_ Lg—ho 25
8c(#) 2 onw 261 2JEho o ) (25)

Averaging the energy of absorbed photons and the interband absorption coefficient, we write (25) in the form

N(e ) ha,, +haw) o,(ho,)—o,(ho B ha,, +ho
gCi(g): C)( 1 ( 2 1) 2 )_ Eg+ 1 )X
2B ha, —ha E (ho,, +ho) 2 26)
arcig 2E8= (10, +10) e (ha,) + i (h),
2E, (hay, +hay) hay, +ha

where a(hiw;) and Aw; are the experimental values of the interband absorption coefficient and the energy of absorbed
photons, respectively. The effective value of the density of electronic states in the mobility zone N(ec) = 10?! eV-'cm™.

It can be seen from Formula (26) that the distributions
of the density of electronic states in the conduction band
should be overestimated from Eg and B. We determine them,
assuming fitting parameters according to Formula (14), adapt
the theoretically calculated spectra (solid line in Fig. 2) to the
experimental spectra of interband absorption. The latest
calculations showed that the best agreement between the
calculation value of Formula (14) and the experimental results
is obtained at E, =125 ¢V and B =6.1-10° cm’!. Further
calculations showed that these parameters do not have a very
strong effect on the final result.

On Figure 3 presents the results of calculations
performed with the substitution of experimental data for the
interband absorption coefficient (Fig. 2) and the energy of
Figure 3. The distribution of the density of electronic states in absorbed photons into Formula (26), the density of
the conduction band of amorphous carbon, obtained from the  electronic states in the conduction band of amorphous
experimental spectrum of interband absorption carbon.

gc-(&), eViem?

1022 —

1021_

| | |
1 1.5 2 2.5 e=s,+hweV

CONCLUSIONS

Thus, in this work, the region of fundamental absorption of the optical absorption coefficient of amorphous
semiconductors has been theoretically investigated and the following results have been obtained:

1. The analytically calculated and experimental determination of the interband absorption spectra is adapted by
considering the mobility gap and the proportionality factor in the analytically determined Formula for interband
absorption as fitting parameters.

2. For the first time, a method is shown for determining the density of electronic states in the conduction band from
the experimental spectrum of interband absorption of amorphous semiconductors.

3. A new Formula is found that determines the density of electronic states in the conduction band, from the Kubo-
Greenwood formula written for the interband absorption spectrum of amorphous semiconductors.

4. The density of electronic states in the conduction band of amorphous carbon was determined from the
experimental spectrum of interband absorption.
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PO3PAXYHOK IIIVIBHOCTI PO3NOALTY EJEKTPOHHUX CTAHIB ¥ 30HI IPOBITHOCTI 3
OYHIAMEHTAJIBHOT'O CHEKTPY IIOTJIMHAHHSA AMOP®HUX HATIIBITPOBITHUKIB
Pycramaxon I'. Ixpamos, Xypmnadek A. Myminos, Mamxypa A. Hypitainosa,
Booyp Q. Cyronos, Oiidex T. Xoumip3aes

Hamaneancoruil inocenepro-mexnonoziunuii incmumym, yi. Koconcou, 7, Hamanean 160115, Y36exucman
TeopernuHo mocCiTiKEeHO 007acTh (yHAAMEHTAIBHOTO IOTJIMHAHHS B ONTHYHHX CIEKTpax aMOp(HUX HAIiBIPOBIIHHUKIB 3
BUKOpUCTaHHAM HaOnmkeHHs J{eBica-Motra 3a popmynoro Ky6o-I'pinByzaa. Sk Bimomo, B 061acTi GyHAaMEHTAIBHOTO MOTJIMHAHHS
MOJKHA CIIOCTEPIiraTH TPH BUIM ONTHYHUX IIEPEXO/IiB €JIEKTPOHA; BiJl XBOCTA BaJIEHTHOT 30HU JI0 30HU MTPOBiAHOCTI, BiJl BAJIEHTHOI 30HU
JI0 30HH MIPOBIIHOCTI Ta Bl BAJICHTHOI 30HH JI0 XBOCTa 30HH MPOBiAHOCTI. 71 BCiX KX €IEKTPOHHUX MEPEXOIiB aHAIITHYHI BUPa3H
CIIEKTPIiB YaCTKOBOTO ITOTJIMHAHHS OTPUMaHi 3 JBOX pi3HUX THIIB (opmymn Kybo-I'pinByna. Illupuny 3a60poHeHOT 30HH ONTHYHOT
PYXJIMBOCTI Ta KOS(IL[ieHT MPONOPIIHHOCTI BU3HAYAIN B aHATITUYHIA (OpMi CIIeKTpa MI>K30HHOTO TOTJIMHAHHS IIUIIXOM X MiATOHKI
JI0 eKCIIEePUMEHTAIBHOTO CIIEKTPY MIDK30HHOTO MOTVIMHAHHSA. [IpeicTaBieHO HOBHH METOX PO3paxyHKy LIUTBHOCTI PO3MOTITY
SJISKTPOHHUX CTaHIB Y 30HI IIPOBITHOCTI aMOP(HHOTO BYTJICII0 HA OCHOBI €KCHEPHMEHTAIBHOTO CIIEKTPa MXK30HHOT'O ITOTJIMHAHHS Ta
aHaniTHYHOTO BHpasy ¢popmynu Kybo-I'piHByna, 3anucanoi uist CieKTpa MiXK30HHOTO ITOTJIHHAHHSL.
KurouoBi ciioBa: amopghui nanienpogionuxu, chexmpu onmuuHo20 NOIuHanHs, memoo anpokcumayii [esica-Momma,; gopmyra
Kybo-I'pineyoa; pynoamenmanoHuii cnekmp NOGIUHAHHA, YACMKOSI CHEKMPU NONUHAHHA, CHEKMP MIHCIOHHO20 NOTUHAHHA,
eNIeKMPOHHULL PO3NOOLN 2YCMUHU CIAHY





