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DENSITY OF DEFECT STATES
AND SPECTRA OF DEFECT ABSORPTION IN a-Si:H

Spectral characteristics of the coefficient of defect absorption in amorphous hydrogenated sili-
con have been studied. The characteristics are determined, by analyzing the electron transitions
occurring with the participation of the energy states of dangling bonds. It is shown that the
principal role in the formation of the defect absorption coefficient value is played by the electron
transitions between defect and non-localized states. It is also shown that the spectral charac-
teristics are mainly determined by the distribution function of the electron density of states
in the valence or conduction band. It is found that the maxima in the spectrum of the defect
absorption coefficient are observed only if there are pronounced maxima in the density of states
at the edges of allowed bands.
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1. Introduction

It is well known that the spectral characteristic of the
coeflicient of optical absorption in the films of pseu-
dodoped amorphous hydrogenated silicon (a-Si:H)
includes a defect absorption region, where electron
transitions take place with the participation of states
located in dangling bonds (defects or impurity cen-
ters) [1]. It should be noted that pseudodoped a-Si:H
has no doping impurities. Therefore, the spectra of
the defect absorption coefficient are governed exactly
by defect states.

But those spectra differ from one another not only
quantitatively, but also qualitatively. It seems to be
interesting to study the origin of this difference. The-
refore, this work was devoted to the spectral charac-
teristics of the defect absorption coefficient. The cor-
responding parameters are determined, by analyzing
the electron transitions, in which the energy states of
dangling bonds in pseudodoped a-Si:H participated.

Conditions responsible for the types of defect ab-
sorption coefficient spectra are considered, and con-
ditions for the maxima to appear in those spectra are
determined.
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2. Calculations and Discussion of Results

In Fig. 1, the experimental spectra of defect ab-
sorption in pseudodoped a-Si:H specimens are de-
picted. The corresponding results were obtained at
room temperature using the constant photocurrent
method (CPM). The parameters of experimental
specimens are quoted in Table. The notations used
in Table are as follows: E, is the energy gap width,
€c — €p the activation energy, o; the electrical con-
ductivity, and oy the photoconductivity at room tem-
perature.

Every experimental specimen was obtained under
the same technological conditions, i.e. by decompos-
ing silane (SiHy) in a glow discharge [2]. Therefore,
we may assume that the distribution functions of de-
fect states should have the same form in all spec-
imens. However, as one can seen from Fig. 1, the
defect absorption spectra turned out very different:
each of spectra I and 2 has a well-pronounced max-
imum, whereas spectrum & has no such maximum.

Optical transitions of electrons with the partici-
pation of electron states in defects are known to be
classified into three types: between defect states, be-
tween defect states and localized states in the tails
of allowed bands, and between defect states and
non-localized states in the allowed bands (Fig. 2). In
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Fig. 1. Experimental spectral characteristics of the absorption
coefficient obtained for pseudodoped a-Si:H specimens: interval
of exponential absorption (a), interval of defect absorption (b)
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F1ig. 2. Optical electron transitions and involved defect states:
between defect states (1), from the valence band tail into defect
states (2), from defect states into the conduction band tail (3),
from the valence band into defect states (4 ), from defect states
into the conduction band (5)

Parameters of pseudodoped a-Si:H specimens (Fig. 1)

No. | Eg4, eV | ey —ep, eV | oy, Q lem™—! of, Q lem—!
1 1.8 0.95 1x 1011 1.5 x 1076
2 1.78 0.95 6 x 10~10 6.6 x 10~
3 1.77 0.72 1.12 x 10~10 1.65 x 10~7

works [1,3], it was shown that the density of electron
states in defects in amorphous semiconductors is well
described by the Gaussian distribution

g(e) = g(ep) exp(—a(e — ED)2)7 (1)
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where g(ep) is the maximum value of defect state
density, and ep is the energy position of this maxi-
mum.

The dependence of the spectral characteristic of
the absorption coefficient on the distribution of the
electron density of states that are engaged in opti-
cal transitions is determined, by using the Kubo-—
Greenwood formula [4-6]. In the Davis—Mott approx-
imation, when fw > kT, the Kubo—Greenwood for-
mula can be written in the form

€0
de

athe) =B [ gledglerho)E. 2)

eo—hw
where g¢ is the highest energy of electrons participat-
ing in optical transitions, and g(g) and g(e + Aiw) are
the initial and final, respectively, densities of elec-
tron states participating in optical transitions. The
proportionality coefficient B does not depend of the
absorbed photon frequency and is determined by the
formula
B 87r2eih3a 7
(m*)” noc
where a is the average interatomic distance, ng the
light refractive index, ¢ the velocity of light in vac-
uum, m* the effective electron mass, e the elementary
charge, and A Planck’s constant [7].

One can see that, if using the Gaussian distribu-
tion, it is impossible to obtain an analytical solution
of Eq. (2). On the other hand, numerical calculations
make further researches in this area more compli-
cated. Therefore, in work [9], an integrable function
in the form of hyperbolic secant was proposed, which
slightly differs from the Gaussian distribution:

oe) = —%e0) ®

cosh b(e —ep)’

where the value of the parameter b falls within an
interval of 10-30 eV for a-Si:H [10]. In work [9], it was
shown that the correspondence between distributions
(1) and (3) is obtained at b = \/7a.

On the basis of the results of works [4, 5, 10], the
following exponential dependences were chosen to ap-
proximate the energy dependence of the density of
localized states located in the tails of allowed bands:

¢ in the valence band tail (at ey < ¢),

g(e) = N(ev)exp(—=Pi(e —ev)); (4)
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¢ in the conduction band tail (at € < e¢),

9(¢) = N(ec) exp(Pa(e — 0))- (5)

In Egs. (4) and (5), N(ey) and N (e¢) are the effective
densities of electron states in the valence and conduc-
tion, respectively, bands; and the parameters 8; and
(B2 determine the slope of the exponential tails of the
allowed bands. The - and B>-values lie within an in-
terval of 15-30 eV ! for pseudodoped a-Si:H [10]. At
the same time, it is known that the distribution of
the electron state density in the allowed bands has
a power-law dependence [3, 8, 11]. It can be written
down in the form:
e for the valence band (at € < ey),

ote) = New) (<5520 ©)

e for the conduction band (at e¢ < ¢€),

o) = Nee) (352) )

where E; is the mobility gap width, and the power
exponents n; and ny can acquire such values as 1/2
or 1, i.e. those distributions can be parabolic or linear
[8,11].

Note that the absorption coefficient has an additive
structure [12,13], i.e.

a(hw) =3 ai(hw), ®)

where a;(Aw) is the partial absorption coefficient as-
sociated with the optical electron transition of the i-
th type. Formula (8) means that the absorption spec-
trum can be calculated separately for each of the
electron transitions indicated above. Accordingly, the
calculation procedure by formula (8) includes a few
stages.

1. First of all, in order to calculate the spectral
characteristics of the electron transitions between de-
fect states, it is necessary to determine the limits of
the integral in Eq. (2), i.e. the parameter £g. In par-
ticular, as the value of this parameter, we may take
the energy position of the intersection point of the de-
fect state density distributions (Fig. 2). For instance,
if both those distributions are described by the hy-
perbolic secant, then

9(ep,y)

g(EDl) (9)

b28D2 + blng + In
by + b2
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Fig. 3. Calculated spectral characteristics of defect absorption
coefficients in amorphous hydrogenated silicon: between defect
states (1), between defect states and the conduction band tail
(interval ec —e1 > fw) (2), between defect states and the con-
duction band tail (interval ec —e1 < hw) (3), between defect
states and the conduction band (4 ), interval of exponential ab-
sorption (5), the solid line corresponds to experimental results
(see Fig. 1)

At by # bg, it is impossible to obtain the spectra in
the analytical form. However, numerical calculations
showed that if 10 eV™' < (by,by) < 30 eV™!, the
resulting spectral characteristics for b; # by do not
differ much from those calculated for b7°% = b5°" =
= (b1 + b2)/2 = b"*V. Taking all that into account
and using formulas (2) and (3), we can obtain an an-
alytical approximation for the spectra of the electron
transitions between defect states:

Ag (€D1) g (EDz)
h(U =
) = G hoN () N ev)
« 1
sinh [p"eV (e p, — ep, —fw)]
« In {1 +exp 20" (ep, —€o)]
1+ exp [2b"% (ep, — €0)]
1+ exp [20"V (ep, — €0 + Aw)]
1+ exp[20"eY (ep, — eg—Tw)] )

X

(10)

As was shown in work [7], the value of the co-
efficient A = BN(ec)N(eyv) approximately equals
2.5 x 10° cm™ 1.

Figure 3 demonstrates the results of calculations
of this spectral characteristic (curve 1). The calcula-
tions were made for the parameter values b =18 eV ™1,
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ep, —€p2 = 0.7 eV, g(ep,) = 8 x 10" eV tem 3,
and g(ep,) = 8 x 10'7 eV 'em 3.

2. Now, let us proceed to the calculation of the
spectra of the optical transitions between defect
states and the tails of allowed bands. If the en-
ergy of absorbed photons does not exceed ¢ — €1,
i.e. e¢ —e1 > hw, electrons transit from defect states
into states in the conduction band tail. Therefore,
substituting distributions (3) and (5) into the Kubo—
Greenwood formula, we obtain

a(hw) = A

9(en,) / exp B ¢ — et ds

N(ey) cosh[b(e —ep,)] hw’

El—hw

At the energies of absorbed photons hw < g9 — ey,
the electrons will transit from the states in the valence
band tail into defect states. Therefore, using now dis-
tributions (3) and (4), we obtain

a(hw) =

ICS / exp-fi (e —ev)] de

N (ec) J cosh[b(e — ep,+hw)] hw
g0 —hw

The corresponding calculations showed that these
spectra strongly depend on the integral limits in
Egs. (11) and (12), i.e. on the parameters e; and
€2. The values of the latter can be taken as the energy
positions of the intersection point of the defect state
distribution with the state distributions either in the
conduction band tail (the parameter £1) or in the va-
lence band tail (the parameter e2) (see Fig. 2). Then,
analogously to formula (9), we can obtain the expres-
sions

2
Bagc + bep, +1n M
e = Nee) (13)
Ba+0b
and
N
Biev +bep, +1n 5 ((;V))
ey = JAED, (14)

B1+0b

If either b # (1 or b # ps, it is impossible to
obtain the spectra in the analytical form. However,
numerical calculations showed that if 15 eV™! <
< (B1,B82) <30eV ' and 10 eVt < b < 30eV !,
the resulting spectral characteristics do not differ
strongly from those calculated for v"°V = gpev =
= (5% = (B1 + B2)/2. Taking all that into account,
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we obtain analytical approximations for the spectra
of the electron transitions between defect states and
the tails of allowed bands. For the optical transitions
from defect states into the states in the conduction
band tail, the spectrum calculated with the use of
formula (11) looks like

_ Ag(ep,) exp (0" (ep, — ccthw))

a(fw) N (ev) X
29 (EDI) new
. Wexp(b (ec —ep,))+1
29 (ep,)

e (eq — ep, — 2hw)) + 1
N(eo) exp (b"°¥(ec —ep, ) +

(15)

At the same time, according to formula (12), for op-
tical transitions from the states in the valence band
tail into defect states, we obtain

_ Ag (ep,) exp (b"V (ey — ep,+hw))

o () e N ()

exp (20" hw) X

J ((EEV; exp (b"V(ey —ep,)) +1
x N(E\/)D2 (16)
7)) exp (% (ey — ep, + 2hw)) + 1

The plot of spectrum (15) (at fuw < e¢ —e1) is shown
in Fig. 3 (curve 2). The corresponding calculations
were made for the parameter values b = 18 eV ™1,
ec—ep =0.8¢eV,and g(ep) = 2x 106 eV tem 3. It
is evident that the spectrum has an exponential be-
havior.

It should be noted that, on the basis of the data
of work [11], we assume hereafter that, irrespective of
their charge state, the defects simultaneously partic-
ipate in all electron transitions.

3. If photons with energies hiw > max(e¢c —€1,&2 —
—ey) are absorbed, the electron transitions take
place between defect and localized states and, si-
multaneously, between defect and nonlocalized states.
Therefore, the Kubo-Greenwood formula must be di-
vided into two parts [8] as follows:

a=21B / g(e)gle + ﬁw)%

g1 —hw

= a1 + Qo2, (17)
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o =B / 9(8)9(€+7w)%

ec—hw

(18)

is the spectrum of the electron transitions from defect
states into the conduction band, and

€C—hw

de
oy =B g(e)g(&%—hw)%. (19)
e1—hw
We also have
7 de _ _
a=B [ gt —mtan  (0)
eo—hw
where E
a1 =B [ g(elgle+ )y (21)
hw
Ev

is the spectrum of the electron transitions from va-
lence band into defect states, and

ar=B [ gt o)y (22)
eo—hw

is the spectrum of the electron transitions from va-
lence band tail into defect states. By substituting dis-
tributions (3) and (5) into Eq. (19), we obtain an
analytical expression for the spectrum of the opti-
cal transitions from defect states into the conduction

band tail:

. Ag(ng)
ag(hw) = bhwN ey ) exp(b(ep, —ec + hw)) %
X {Qb(s(; —e1)—

L {1 +exp(—2b(ec — ep, — rm))]}_

1+ exp(—2b(e1 — ep, — fw)) (23)

Analogously, substituting distributions (3) and (4)
into Eq. (21), we obtain an analytical approximation
for the spectrum of the optical transitions from the
valence band tail into defect states:

_ o Ag(€D2)
) = NG

X {Qb(sv — &g+ hw)+

1+ exp(2b(e2 —€p,) }}
1+ exp(2b(ey —ep, + hw)) | )
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exp(b(ev — ep, + hw)) x

+In { (24)

Spectrum (24) is shown in Fig. 3 by curve 3. It is
evident that this spectrum also has an exponential
character.

Numerical calculations of the spectra of electron
transitions between defect and nonlocalized states
showed that the spectral characteristics obtained at
ny = ng = 1/2 and ny = ng = 1 [see Egs. (6) and
(7)] are the same. They testify that if the density of
electron states in the allowed bands has a power-law
dependence, then the defect absorption spectra do
not depend on this power exponent. Taking this fact
into account, we present here the absorption coeffi-
cient spectra calculated for ny = ny = 1, i.e. for the
linear dependence of the density of electron states in
the allowed bands.

Substituting distributions (1), (3), and (7) into
Eq. (18), we obtain the analytical expression for the
spectra of the optical transitions from defect states
into the conduction band for ny = 1:

Ag(é—:D ) Ep, —ev + hw
h{JJ — 1 1
() = F N (o) b %

X arctan {(exp [b(go — ep, + hw)] — explb(ec —

—ep, —w)))/(1+exp b(ec — g0 — 26p, + w)]))} -

1

- %{exp [—a(eo—ep,)?]—exp [—alec —ep, —hw)Q]}.
(25)

Analogously, substituting distributions (1), (3), and
(6) into Eq. (22), we obtain the analytical expression
for the spectra for the optical transitions from the
valence band into defect states for nq = 1:

o ~ Ag(ep,) ec —ep, +hw

)= LN b

X arctan {exp [b(ev —€p, +hw)] —exp [b(50—5D2)]} _
L1+exp [b(ev —e0—2ep, +hw)]

1
— %{exp [fa(&:v —€p, + hw)Q] —

— €xXp [*a(€0 - 5D2)2]}- (26)

The plots of those spectra are shown in Fig. 3
(curve 4). The calculations were made for the param-
eter values b = 18 eV~ ! and a = 103 eV 2. Figure 3
also exhibits experimental data (curve 6). One can
see that the calculated and experimental results are
in good agreement.
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Fig. 4. Calculated spectral characteristics of absorption coef-
ficients: defect states into the conduction band (1), from the
valence band into defect states (Eq = 1.8 eV, ec—ep = 0.8eV)
(2), exponential absorption spectrum (&), the solid line corre-
sponds to experimental results (see Fig. 1)

The calculations of the spectral characteristics
of absorption coeflicients carried out separately for
the electron transitions indicated above showed that
changes in the values of g(ep) and ep do not affect the
form of the defect absorption coeflicient spectra. So,
we may assert that if the energy distributions of the
electron state densities in the allowed bands have a
power-low dependence, then the spectral characteris-
tics do not demonstrate apparent maxima, which are
observed experimentally.

The spectral characteristics of the absorption co-
efficient for crystalline semiconductors are known
to possess several pronounced maxima. They are a
consequence of the anisotropy of a lattice structure
in crystalline semiconductors. Each direction in the
crystal lattice structure forms a subband of electron
states, i.e. there arise Brillouin zones. As a result, in
the extended zones, there appear maxima correspond-
ing to those subbands. Proceeding from this scenario
and in order to obtain maxima in the defect absorp-
tion spectra, we assume that the edges of extended
zones have clearly pronounced maxima.

The calculations carried out to determine the for-
mation of maxima in the defect absorption spectra
showed that the explicit maxima are only formed in
the spectra, if the allowed zones also have pronounced
maxima at their edges. We assumed that the distri-
bution of those maxima is also expressed by formula
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(3). Numerical calculations carried out for b # by and
b # by showed that the results of integration are al-
most identical to those obtained for b1°V = b5V =
= (b +by)/2=0b"Vif 10 eV < (by,by) < 30eV ™ .
Therefore, in order to obtain an analytical expres-
sion for the absorption coefficient spectra, we put
b1 = by = bV and, using Egs. (1) and (3), get the
formula A 9(en.)

) = G RN (o) Smb (B (e — ep, — )] <

2
x In <1+ (?\;Z);;) +2?\§Z);§ cosh(b™™ (ec —5D1))>/

9(ep)Y, ,9(en,)
/<1+<N(fc)>+2 Dy

N(ec)

X cosh(bnew(Qﬁw—ec—apl))> (27)

for the electron transitions from defect states into the
conduction band and the formula

) g(EDz) «
bncwth ec) sinh(brev(ep, — ey — hw))
< In ( +2N(€V) COSh(bnew(ED _EV))>/
€D2 9(5D2) ’
N(ev)

/< (g(ngD i

9(eDy)

x cosh(b"V (2w — ep, — 5\/))) (28)
for the electron transitions from the valence band
into the defect electron states. The spectra calcu-
lated by these formulas are shown in Fig. 4. Figure 4
also exhibits the corresponding experimental data
(curve 3). One can see that the theoretical and ex-
perimental results are in good agreement. The results
of calculations by formulas (27) and (28) showed that
if N(ey) = N(e¢), dominating are the electron tran-
sitions from defect states into that allowed band, to
which the energy position of defect states is closer.

The calculations also showed that the maxima ap-
pearing owing to the transitions from the valence
band into defect states and from defect states into
the conduction band always occupy an energy inter-
val equal to |(ep —ev) — (ec —ep)| = ec —ey. The-
refore, only one maximum can be observed experi-
mentally. By comparing Figs. 3 and 4, we may as-
sume that the type of the defect absorption spectra
is mainly determined by the distribution of the den-
sity of electronic states located in the allowed bands.

ISSN 2071-0194. Ukr. J. Phys. 2019. Vol. 64, No. 4
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3. Conclusions

To summarize, the spectral characteristics of the de-
fect absorption coefficient, which are determined by
electron transitions with the participation of the en-
ergy states of dangling bonds in amorphous hydro-
genated silicon, have been studied. Analytical ap-
proximations are obtained for the absorption coeffi-
cient spectra, where defect states are engaged in opti-
cal transitions. It is shown that the defect absorption
intensity strongly depends on the density of electronic
states located at the edges of the valence and conduc-
tion bands. This fact makes it possible to change the
photosensitivity of photovoltaic devices fabricated on
the basis of amorphous semiconductors. The results
obtained can also be applied to doping impurities,
i.e. donor and acceptor states in crystalline semicon-
ductors.
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MIJIBHICTb JEPEKTHNX CTAHIB
I CITEKTPU JECPEKTHOI'O ITIOIVIMHAHHS a-Si:H

Peszmowme

HocuiizkeHo crieKTpasbHi XapaKTepUcTuKy Koedimienra nede-
KTHOI'O TOIVIMHAHHA aMOP@HOrO I'iJ[pOreHi30BaHOr0 KPEMHIIO,
SIKI BU3HAYAIOTHCS 3 €JIEKTPOHHUX IEPEXOJIiB, B SIKUX OepyTb
y4acThb eHepreTuyHi cranu obipsanux 3B’sa3KiB (nedexrn). [To-
Ka3aHo, [0 B 3HAYEHHAX KoedirieHTa 1edeKTHOro MOTJIMHAH-
HsI OCHOBHY DOJIb BiirpaloTh €JIeKTPOHHI IEepexomu MiXK Je-
dekTHUMH 1 HeJIOKaJIi30BaHUMHU CTaHaMU. TaKoXK IIOKa3aHO,
10 CIEKTPAJIbHA XapaKTePUCTUKA B OCHOBHOMY BU3HAYAETHCS
dYHKIII€I0 PO3IOAiIY MIIIBHOCTI €JIEKTPOHHUX CTaHiB, IO 3HA-
XOASATHCS B BaJIEHTHI 30H1 a00 B 30HI nposigHocTi. Busznayeno,
10 MAKCUMYMH B CHEKTPaJIbHIM XapakTepucTurl koedilieHTa
1edEKTHOTO NOIVIMHAHHS 3’ SBJISIIOTHCS Y TOMY BHIIAJIKY, KOJIU
B M€KaX JIO3BOJIEHUX 30H € sICKPAaBO BUPAXKEHI MAKCHUMYMHU.
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