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In this work, defect absorption spectra for defects characteristic of hydrogenated amorphous silicon are theoretically studied. It is
shown that in order to determine defect absorption spectra using the Kubo-Greenwood formula, the indefinite integral in this formula
must be written in a certain form. It was discovered that electronic transitions involving defect states are divided into two parts
depending on the energy of absorbed photons. The values of the partial defect absorption spectrum at low energies of absorbed
photons have almost no effect on the overall defect absorption spectrum. It has been established that the main role in determining the
defect absorption spectrum is played by partial spectra determined by optical transitions of electrons between allowed bands and
defects. It is shown that with a power-law distribution of the density of electronic states in allowed bands, the spectra of optical
transitions between them and defects do not depend on the value of this power.

Keywords: Amorphous semiconductors; Optical transitions of electrons with the participation of defects,; Defect absorption spectra;
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INTRODUCTION

It is known that hydrogenated amorphous silicon (a-Si:H), forming dangling bonds in the mobility gap, is
divided into three types depending on their charge state. D%neutral defect having one electron and one hole,
D--defect with negative charge having two electrons and D*-defect with positive charge having two holes. All these
defects act as traps for electrons.

It was shown in [1] that, regardless of the charge state, defects are involved in all optical transitions of
electrons. Therefore, the experiment gives the total sum of the values of all partial spectra corresponding to optical
transitions, including all defect states.

In [2,3], for the energy positions and concentrations of these defects in a-Si:H obtained in a glow gas discharge,
the following are given: &’-&/=0,78 eV, ep-er=0,5 eV, ep*-&y~1,28 eV and Np’=4.5-10" cm?>, Ny =3-10'5 cm™,
Np™ =310 sm?.

It is known that during the absorption of photons, electronic transitions occur with the participation of defect
states and the valence band and its tail, as well as with the conduction band and its tail. Depending on the energy of
absorbed photons, these optical transitions of electrons are shown in Figure 1.
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Figure 1. Types of optical electronic transitions involving defect states occurring in amorphous semiconductors at the energy of
absorbed photons. 1 - ep1-ey<hw and 2-ep1-ev<hw, 3 - ec-ep2>hw and 4 - ec-ep2<hiw
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When the condition 1-epi-ev>ho for the energy of absorbed photons is fulfilled, the electrons participating in the
optical transition pass only from the tail of the valence band to the defect, and when the condition 2 —ep;-ev<ho is
fulfilled, the electrons simultaneously pass from the valence band and from tail for a defect. Where ep; is the energy
position of the intersection point of the distribution of electronic states, the tail of the valence band and defects (Fig. 1.),
ey is the upper boundary of the valence band.

When condition 3 - ec-ep2>ho is met, electrons pass only from defects to the tail of the conduction band, and when
condition 4 - ec-ep><Aiw is met, optical transitions of electrons simultaneously occur from defect states to the tail of the
conduction band, as well as to the conduction band. Where eps is the energy position of the intersection point of the
distribution, electronic states of the tail of the conduction band and defect states (Fig. 1), ec is the lower boundary of the
conduction band.

It follows from this that eighteen optical transitions involving defect states occur simultaneously in a-Si:H.
Therefore, the theoretical calculation of the defect absorption of a-Si:H is a very difficult problem in the physics of
amorphous semiconductors.

The disorder in the structural lattice of amorphous semiconductors leads to the fact that the wave vector of
electrons involved in optical transitions is not a good quantum number. Therefore, the spectra of all types of optical
transitions of electrons in noncrystalline semiconductors are calculated using the Kubo-Greenwood formula using the
Davis-Mott approximation method

o(how) = Afﬂd (1)

In this equation A is a proportionality coefficient independent of the energy of absorbed photons, g(¢) is the
density of initial and g(e+#Aw) final states of electrons participating in optical transitions. It was shown in [4] that the
integral in equation (1) should be written in the form of a definite integral to determine the Eigen solutions of the
absorption coefficient spectra.

It can be seen from this equation that, in order to determine the analytical solutions of partial defect absorption
spectra, it is necessary to know the distribution of electronic states in allowed bands and their tails, as well as in defects;
for this, different models are usually used [5, 6]. In all these models, the distribution of electronic states in the allowed
bands is parabolic, while the distribution of electronic states in the tails of the allowed bands is exponential. Taking this
into account, the following model of the distribution of the density of electronic states in allowed bands and their tails
was proposed in [7] in the following forms:

g(8)=N(eV){%] , m=0,1/2,1 and g(&)=N(g,)exp(-f (e-¢,)), )

SV] , n,=0,1/2,1 and g(&)=N(e)exp(B,(e-¢.)), (3)

g(s):mec){g
Eg
where N(ey) are the effective values of the density of electronic states in the valence band and N(e¢) in the conduction
band, E, is the energy width of the mobility gap, f; and S, are the parameters that determine the curvature of the
exponential tails of the valence band and the conduction band. n; - and n, - degree of the distribution function of
electronic states in the valence band and in the conduction band.

As shown in [8], the distribution of defect states in amorphous semiconductors obeys the distribution of the
hyperbolic secant:

o ale) 2(c,)
g(é) ch(b(e-¢,)) exp(b(e-¢,))+exp(-b(e-¢,))’ @
or Gaussian distribution:
2(¢)=g(e,)exp(-a(e-¢,)), ®)

where b and a are the parameters that determine the effective half-width of the distribution of the density of electronic
states in defects, ¢p is the energy position of the maximum of defect states, and g(ep) is the maximum value of the
distribution of the density of electronic states in defects.

In the same work, it was shown that the defect concentrations determined by equation (4) and (5) will be equal to

each other when the condition a = b?/7 is satisfied.
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RESULTS AND DISCUSSION
We write the integral in the Kubo-Greenwood equation as a definite integral for the condition epj-ev> ho as
follows:

a=4 _Lr g(e)g(€+ha)):ll—2. (6)

&p—hao

Substituting the densities of states (2), (3), and (4) into equation (6), we obtain the following expression:

i f A g(&) de _ Bg(g,)
@=4 I Negexp (-4 (2 EV))ch(b(£—€D+ha)))ha)_bN(ec)x

(exp(2b(e,, —£,)+1) ’ @
(exp(2b(g,, — &, +hw))+1)

xexp(b(€, — €, +hw))(2bho+1n )

where B=AN(ey)N(ec). To obtain an analytical solution to equation (7), the condition must be satisfied. It will be shown
below that the value of b has almost no effect on the defect absorption spectra. Equation (6) is adapted to the optical
transitions of electrons, under the condition ep;-ey<hiw:

£p1 dg £pi
a=4 I g(e)g(£+hw)%:AI

Epl-hw

de & de
& E+hw)—+A4 £ E+hw)—=
g(#)g(e+hw) — gmf_mg( g(erho) = ®

=0, ta,

where is the partial spectrum of electronic transitions from the tail of the valence band to the defect, and is the partial
spectrum of optical transitions from the valence band to the defect. For optical transitions of electrons from the tail of
the valence band to defects, we obtain the expression:

s " ~ g(&p) de _
al_AIN(S,,)e p( B (e SV))ch(b(g—gD+h(0)) ho

= B8&) nive, — e, +ha))(2b(ey, — &, ))+ In SPEDE €y HRO) D)
bN(e e (exp(2b(e,, +£, +ha))+1)

€

To obtain equation (9), the condition [ =bwas also required. The partial spectra of optical transitions of
electrons from the valence band to defects are calculated. For the case when n;=0 we get the expression:

T gley)  de_ 2Bg(ey)
%= Ang[th(gV)ch(b(g—SD +ho)) ho bN(EC)th. (10)

X(arctg exp(b(g, — €, + hw)) — arctg exp(b(&,, — €,)))

And for the case when n;=1:

[ & —¢ g(&p) de _ 2Bg(e,)
%= AEDLQN(EV )[ E, Jch(b(e -&, +hw)) ho ~ bN(e, )Egha)(gc € Hh)x
X(arctg exp(b(€, — &, +hw)) —arctg exp(b(€p, — €,))) — . (11)
Bg(é’D)

—m(em(—a(&/ — &, +hw)’ —exp(-a(ey, —€,)°)
c/ g

In expressions (10) and (11), the quantity b can take arbitrary values. An analytical solution for the case when n;=1/2
could not be obtained, so it was calculated using approximate calculation methods. When ec-ep,>hw to calculate the
spectra of optical transitions of electrons from the defect to the tail of the conduction band, we write the Kubo-
Greenwood formula as follows:
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a=4 j g(&)g(e+ha) 2. (12)
Epr—haw hw

Let's carry out calculations by substituting the distribution functions given by equations (2)-(4) into equation (12):

v gley) de
* L ey el 0
_ Bg(ey) exp(b(e, — &, + hw))In (1+exp(2b(€p, —€))))
N(g,)bhw (1+exp(2b(g,, — €, —hw)))

o =

Equation (13) was calculated for £, =b
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Figure 2. Experimentally determined optical absorption spectrum of amorphous hydrogenated silicon
1 — region of interband absorption, 2 — region of exponential absorption, 3 — region of defective absorption.

Now we agree on equation (12) for the condition ec-ep><ho to optical transitions of electrons:

€2 Ec—hw
a=4 [ g(e) (e+hw —A j £+ha))Z—+A [ ¢ (£+ha)):—2=al+a2. (14)
Epy—hw ec—hw Epy—hw

where ¢, are the partial spectra of optical transitions of electrons from defect states to the conduction band, and ¢, are

from the defect to the tail of the conduction band. Let us calculate partial spectra for electron transitions from a defect to
conduction bands by substituting distribution functions (2)—(5) into equation (14). For the case n,=0:

wma | By de_ 2Betey)

| (b (8 Y )) P DhoN(E,) (arctg(exp(b(€p, —€p)) —arctg(exp(b(é. — €, —hw))). (15)

in the case of n,=1, we obtain the expressions:

~ £psy g(gD) 8—€V+ha) E_
% _Agcfhwch(b(s—é‘[,)) N(&‘C( E, Jhw_
__2B2(&) (arcig(exp(b(e,, — £))) — arcig(exp(b(&. — £, —hw))) - (16)
bhoE, (s, ) e ©
_M(exp(—a(é‘ ~&,)")—exp(-a(é. — €, —hw)*))
2ahoE,N(&,) e ©

For n,=1/2, it was not possible to obtain an analytical solution, so it was calculated using approximate calculation
methods. In equation s (15) and (16), b can take arbitrary values.
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Let us now calculate the partial spectrum of optical transitions of electrons from the defect to the tail of the
conduction bands:

i alep)

£pr—tid Ch(b( D))
(1+exp(2b(e, — €, —hw)))
(1+exp(2b(£, — £, — h)))

de _ Bg(ep)

o,=A4
ho bhwN (&)

N(eo)exp(B, (- €. +hw))—
17)

xexp(b(e, — & +hw))Ln

In equation (17), calculations were made for S, =b. In equations (15) and (16), the quantity b can take arbitrary

values. To calculate the values of the above partial spectra, it is necessary to determine the parameters B, Eg, f;, 2, for
which we will use the experimentally determined values of the optical absorption spectrum of the absorption
coefficient. The work [9] presents the absorption coefficient spectrum determined from the experiment of amorphous
hydrogenated silicon grown in a high-frequency glow gas discharge (Fig. 2).

Let us divide this spectrum into the regions of interband, exponential, and defect absorption. Considering B and E,
in the analytically calculated equation as fitting parameters, we determine by comparing the values of the interband
absorption spectra obtained from the experiment. Precisely, in the same way we determine B, and 3, from the region of
exponential absorption. In [10], an analytical expression was obtained for the interband absorption spectrum when:

ni=n=172: a(hw)=

2he-E,)\JEho—(E, ~ho) arctg[z\/#ﬂ (18)

It was determined that when, B = 1.71*10° sm™ and E, = 1.78 eV corresponds to the experimentally determined
and calculated results obtained from formula (18) for the interband absorption spectrum (Fig. 2 - curve a).

In [11] studied the spectra of exponential absorption and for the analytical solution of exponential absorption, the
following expressions were obtained:

o(hw) = mexp(ﬂl(f‘iw— E ) exp((B, = B.)(Ec — & )exp(B, = f)hw)—1]. 19)

It is also shown there that B and E, have equal values for the entire region of the optical absorption coefficient.

It was found that the results calculated by the equation (19) of the exponential absorption determined from the
experiment are consistent with each other, then 8; = 24.2 eV-! and B, = 31.7 eV*! (Fig. 2, curve b). Since &p; and ep; are
the intersection points of the exponential tails of allowed bands and the distribution of electronic states in defects, we
calculate them using the following equations:

N(eo)exp(B, (€5, —€c)) =28 (&, ) exp(b(ey, —€,)) (20)

N(g,)exp (_ﬂl (81)1 —-& )) =2g (51) ) exp(=b(€,, —€p)) - 21

From this we obtain the following expressions:

= (In( (( )))+beD+AeV)/(b+/i 22)
(e,
6un =08 )by ) b ). 23)

Calculations using equations (22) and (23) showed that when the value of S =b and S, =b changes in the

range (12-35) eV-!, the values of ep; and e change within Ae=(0.1 eV. Calculations of the partial spectra of the
absorption coefficient in defects showed that these changes in ep; and ep> do not significantly affect the shape of the
defect absorption spectra.

Calculated equations (7), (13) for the conditions ep;-ev<hw and ec-ep,<hw. Calculated equations (9), (17), (15) and
(10), (11) and (16) and for the conditions ep;-ev< hw and ec-epy>hw.

The forms of these equations are close to each other; it can be considered that the partial spectra of defect
absorption calculated by these equations almost do not differ from each other. Therefore, we calculate the partial spectra
of defective absorption only for the defect ep-ey=0.5 eV and g(ep*) =3 x10"° eV-'cm for optical transitions of electrons
from the defect to the tail of the conduction band.

It can be seen from the above equations that as the value of g(ep) increases or decreases, these spectra move in
parallel up or down, respectively. Calculations were obtained using equations (10) and (11) for n;=1, n; =0, and
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numerical calculations obtained for n;=1/2 showed that these spectra do not differ from each other at all (Fig. 3). To
establish the value of g(ep), we use the equation for determining the concentration of defective states and obtain:
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Figure 3. Partial spectra of optical transitions of electrons between allowed zones and defects
1-n1=1, 2-n;1=1/2, 3-n;=0. Calculations are made for defect Do.

The calculation results obtained by equation (24) are shown in Table 1.

Table 1. Calculated data for g(ep) obtained using equation (24).

)

b, eV g(en), eV-ism’ b, eV g(en), eVl sm’ b, eV g(en), eV sm?
D’ 12 8.6:1013 24 1.72:10' 32 2.29.10'6
D 12 5731015 24 1.15.10' 32 1.53,10'°
D 12 5731015 24 1.15.10'6 32 1.53.10'°

The results of calculations obtained by equations (7) and (9) for various values of b at ep-ey=0.5 eV and g(ep)) are
shown in Figure 4. This figure also shows the spectrum for comparison optical transitions of electrons from a defect to
the conduction band, calculated by equation (11). It can be seen from this figure that the partial spectra determined by
the optical transitions of electrons between defects, the tails of allowed bands, at different values of b have practically
no effect on the value of the defect absorption spectrum.

10°
102
104
10°6
10°8

10-13

Figure 4. Partial spectra of optical transitions of an electron
1-from a D-defect to the tail of the conduction band
1-b=12eV!, 11-b=24 eV 1l - b=32 eV*!, -when epi-er>how, -
when epi-ev<hiw. 2-partial spectrum of optical transitions of an
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Figure 5. Total values of partial spectra of the defect absorption
coefticient obtained using equations (7), (9), (11), (13), (16), (17).
For 1-D*, 2-D- and 3-DY, forming optical transitions between
defect states and allowed bands and their tails. Calculations were
carried out for b=12 eV-!
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It is known that the total sum of partial absorption spectra corresponding to all optical transitions of electrons with
the participation of defect states is determined in the experimental spectra of defective absorption. Therefore, for each
defect epp-ey=0.78 eV, ep-ey=0.5 eV, ep+ey=1.28 eV calculated by equations (7), (9), (10) (11) and (13), (15), (16), (17)
sums of partial absorption spectra are shown in Fig. 5. It should be noted that the experiment gives the total value of
these spectra. It can be seen that when the energy of absorbed photons is greater than 0.6 eV, these spectra have almost
the same form. But, none of them can explain the defective absorption spectrum of the representations in Fig. 2.
Probably, this sample has the values of the energy position, or the concentration of these defects does not correspond to
the above values.

CONCLUSIONS

Thus, in the present work, we carried out a theoretical study of the defect absorption spectra of hydrogenated
amorphous silicon. It was found that partial spectra determined by optical transitions of electrons between allowed
bands and defects play a key role in determining the defect absorption spectrum. It was found that the spectrum of
defective absorption in the case of a power-law distribution of the density of electronic states in allowed bands does not
depend on the value of the exponent.
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HEBE3IIEYHI 3B'SI3K1 MIXK TTIPOTEHI3OBAHUM AMOP®HUM KPEMHIEM
TA CHEKTPAMHU IIOT'JINMHAHHSA JE®EKTIB
Pycramaxon I'. Ixpamos, Xypmuadex A. Myminos, Mamxypa A. Hypitainosa, booyp Q. Cyronos,
Oiidek T. Xoumip3aes, Azamxon:xka A. Mamaxanos
Hamaneancoruil inocenepro-mexnonoziunuil incmumym, eyi. Koconcou, 7, Hamanean 160115, V3b6exucman

VY naHiii poOOTI TEOPETUYHO IOCITIHKEHO CHEKTPH ACe(EKTHOTO TOTJMHAHHSA Ie(EKTiB, XapaKTCPHUX YIS TiAPOreHi30BaHOTO
amopduoro kpemHito. [Toka3aHo, 110 Uil BU3HAYCHHS CIEKTpIiB mornuHaHHs AedextiB 3a dopmyioro Ky6o-I'pinByaa HeoOXigHO
3amucaTd HeBU3HAYEHWH iHTerpan y uid Gopmyni B NEBHOMY BUIIISAI. Bysjo BHSBIEHO, L0 €NEKTPOHHI MEPEXOIH 3a ydYacTio
JeeKTHUX CTaHiB MOAUIIIOTECS HA Bl YaCTHHM B 3aJ€KHOCTI Bil €Heprii NmoramHeHHX (OToHiB. 3HAYCHHS MapLialbHOTO
Jne(eKTHOrO CHEKTpa INOTJMHAHHS IIPU MaJMX CHEPrisX MOMIMHEHMX (OTOHIB Maibke HE BIUIMBAIOTH HA 3arajbHUH CIEKTp
MOTTIMHAHHS JedekTiB. BcTaHoBIeHO, IO OCHOBHY pOJNb y BH3HAUCHHI CIIEKTpa IMOTJIMHAHHS AE(EKTiB BiAIrpaloTh MapIiianbHi
CIIEKTpH, SKi BH3HAYAIOThCS ONTHYHUMH IIEPEXOAaMH €JIEKTPOHIB MK IO3BOJIEHHMH 30HaMH Ta fedexramu. [lokasano, mo npu
CTEIECHEBOMY PO3IOLI INUIBHOCTI EJIEKTPOHHUX CTaHIB y I03BOJICHMX 30HAX CIEKTPH ONTHYHUX IEPeXOAiB MDK HUMHU Ta
Jne(eKTaMu He 3aJIeKaTh Bijl BEIMUMHH Ii€] TOTYKHOCTI.
KarouoBi cioBa: amopghui nanienposionuxu; onmuuni nepexoou eileKmpoHieé 3a yuacmio Oeqekmis; CneKmpu NoSIUHAHHSL
Odeghexmis; wacmrogi cnekmpu



