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Effects of disorder on electronic structures of a-Si:H and a-Si02
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Si Er 23 x-ray emission spectra from c-Si, doped and intrinsic a-Si:H, quartz, and a-Si02 are
presented. The first and second moments of the valence-band transition density of states of each of
these samples were computed. The variance of the disorder potential that characterizes the amor-
phous network was found for the amorphous samples from their second moments. Lifetime
broadening as a function of energy in the valence band of silicon samples was found to vary
significantly between the crystalline and amorphous structures.

The electronic properties of crystalline and amorphous
phases of silicon and silicon dioxide have been extensively
studied by diC'erent experimental and theoretical
methods. ' Amorphous materials di6'er from crystalline
materials as they lack long-range order, possessing bond-
length and bond-angle disorders. In this work we use
amorphous silicon and silicon dioxide for testing theories
of localized band-tail states that arise due to intrinsic dis-
order in amorphous solids. Soft-x-ray emission spectros-
copy (SXES) provides direct information on the occupied
valence-electron states of solids. We used the method of
moments with SXES in the study of localized electron
states in a-Si:H and a-SiQ2. In this work we report the
first direct estimate of degree of disorder and width of
valence-band (VB) tail of a-Si:H and a-SiOz with x-ray
emission spectroscopy.

The description of our SXE spectrometer is given else-
where. The SXE spectra were excited by bombardment
of the sample with an electron beam of 1 —3 keV energy.
The soft-x-ray photons emitted due to electronic transi-
tions from occupied valence or conduction states to the
vacancy in the Si 2p core level were energy dispersed by a
toroidal grating and detected by a position-sensitive pho-
todiode array detector. The energy resolution of our
SXE spectrometer is about 0.1 eV. Device quality films
of undoped, phosphorus doped, and boron doped a-Si:H
and a-SiQ2 which were grown on c-Si substrates by a
chemical vapor deposition (CVD) process were obtained
from the Exxon Research and Engineering Company.
The n-type a-Si:H (p-type a-Si:H) was made by mixing
2% phosphine (2% diborine) with silane in the CVD ap-
paratus. The thickness of the a-Si:H samples was 1 —2
pm and the a-Si02 sample was 3000 A thick.

The I. x-ray emission spectrum of silicon has unwanted
contributions from eft'ects like self-absorption, shakeup,
and bremsstrahlung. Livins and Schnatterly showed that
a wide hump centered at about 80.3 eV below the VB
edge in the raw I. x-ray emission spectrum of c-Si is
mainly due to shakeup contributions. They showed that
the shakeup intensity contributions in the silicon I. x-ray
emission spectrum roughly has the shape of an asym-
metric Lorentzian function which is damped on the
high-energy side. The procedure for removing shakeup

contributions from the I. x-ray emission spectrum of c-Si
has been discussed in detail elsewhere. We briefly out-
line this procedure here. The lower VB edge of the I x-
ray emission spectrum of c-Si can be described by a
square-root function convoluted with a Lorentzian func-
tion whose full width at half maximum (FWHM) varies
as C(Er E), wh—ere C is a constant and Er is about one
band gap below the VB maximum. We added an asym-
metric Lorentzian function to describe shakeup contribu-
tions and a straight line for background intensity from
bremsstrahlung. A nonlinear least-squares curve fitting
routine based on this model was used to fit the raw data
of c-Si and a-Si:H between 65 and 88.5 eV allowing us to
remove the shakeup intensity contributions from the raw
I.x-ray emission spectra.

Self-absorption e6'ects influence the I x-ray emission
spectra of silicon near the Si I 23 absorption threshold re-
gion. Crisp developed an algorithm to correct x-ray
emission spectra for these e6'ects. We obtained I. x-ray
emission spectra from a-Si:H at 1- and 3-keV electron
beam excitation energies and used the Crisp algorithm to
correct the a-Si:H data for self-absorption efFects. The x-
ray emission spectra of silicon were finally transformed
into TDQS by dividing by E, where E is the photon en-
ergy, and normalization of the spectrum to an area of
unity between 68 and 103 eV. The valence-band transi-
tion density of states (VBTDOS) of the silicon samples
are shown in Fig. 1. The details of data acquisition from
crystalline quartz and a-SiQ2 samples and subsequent
data reduction were described in our earlier work. The
valence x-ray emission bands of c-SiQ2 and a-Si02 ob-
tained with a 1.5-keV electron beam are shown in Fig. 2.

Soft-x-ray emission spectra of semiconductors and in-
sulators resemble a series of peaks and hence it is tempt-
ing to fit them with a small number of line-shape func-
tions. Using a spectral synthesis method described in de-
tail elsewhere, ' the shapes of the I. x-ray emission
spectra of c-Si and a-Si:H samples in the energy range
82 —99 eV were simulated by a suitable combination of six
Voigt functions. The Voigt profile results from the con-
volution of a Lorentzian and a Gaussian line shape. We
present these results without any presumption that either
the Lorentzian or Gaussian components have any physi-

1989 The American Physical Society



RUCTURES FON EI.ECTRONICEFFECT ISORDER ON

ta

0.20 ——

E
C)
6$

Co

Co

O.~o

Co

(f)
O
Cl

p Z

.~!A, g
I y 4II'

,' 'r'
I
/jQ

r P
~ ~

n-a-Si:H

-Si:H

SE:H

-Si
J

T I I i I I I i I
I

I I I

I

I
'

100
0.00 1 I I I

I
I I I I

I
I T

Energy (eV)
Thesilicon samples.

'
n s ectra from si i

lixed tod h b liarea under each o t e
unity.

e s below, however, that thegcal meaning

ta11ine
th ssion

o p
hous silicon o

T b1 I Tht are show
ters summarizetipeak fit parameters

E"X(E)dEPI

of states, X(E) annd E11 d moments off the density o s a, nare ca e
r . These momen sis th oton energy. s

(1b

eph

(H-")= y &I', IH" II,pI =TI — l

nd so mo-n orbital of the solid and) represents an orbita owhere &0 r

connvenient an accu-Others to repro duce our da
er. Fi ure 3 s ows a multipcak

f d d S'H
d

ray emission p

ce- Rnd
isorder in amorp ous

' c

tron states in t e
be responsible or

iconductors.
could e or

ectra o am
tC Charge transport

optical spe
these band-tai s Rover, these

ction in t eRnd conduc .

nd-tai1 states have cen
a ' d theoreticalal" an

of disor ereh in thc studytheoretical approa

an. We denote t e
'

- etween
dding a randomly uc

'
entia

Hamiltonian.
Hamlltonians y . cr-d amorphous atalline and a

V as a Gaussian
11 I'Qstalllne P

e1 introduces as n

mean value
from their va en

tained the m
otential of a- i:

nds by the metho
.x 1cssionsh

x-ray e
scribed below. e

~ ~

~ ~
4

A
~ 4

4 ~
4

4

~ ~

0.'t 2—

4
4 ~~ ~

4 ~4 ~

~ p 4

~ ~ ~

~ ~ $ ~

~%

E
~ 0.08--

Co

CO

Co
~aeeesel

CO0
H 0.04—

4
~ ~

4 ~

~ ~ ~

~ ~
~ ~

4

4

~ ~

4

~ ~

P

4

4

4 4

4

~ 4
4 4
4

~ ~

~ ~
4

. ~

4 ~

a-Si02

@a

Quartz

70 80 90

lline quartz andion band from crystalline quarFIG. 2. i x- ion an. S I. x-ray emission an
amorp ous-h -silicon dioxide.

& 0.08---

E
l5

(D
CO

Co

g) 0.04——
0
Cl

~i
I I I I I 1 t I I I I

I
I

100
Energy (eV)

ce-ban x-r s ectrumd - ay emission spectrum o
'Fit to the valenFICx. 3. i

-Si:H with six roaintrinsic a- i:



JEYASINQH NITHIANANDAM AND STEPHEN E. SCHNATTERLY

TABLE I. Parameters of multipeak fit to the valence-band emission spectra of silicon samples. E; is
the position of the peak. I g and I

&
are the fu11 width at half maximum (FTHM) of the Gaussian and

Lorentzian parts of the Voigt profile in eV. X{E;) is the intensity at the peak in transition density of
states (TDOS) units and A {E;) is the area of the peak in units of states/(Si atom) between 80.5 and 99
eV.

(a) Peaks from At to c-Si data
B C D

I"g

N(E; )

g (E.)

89.46
2.67
2.85
0.11
0.653

91.8
0.26
0.95
0.033
0.054

92.51
1.25
0.55
0.055
0.106

94.10
2.72
0.0
0.026
0.075

96.17
2.39-
0.043
0.031
0.078

97.69
1.44
0.011
0.013
0.02

Parameters
(b) Peaks from fit to undoped a-Si:H data

B C D

Ig
II
X(E; )

g(E. )

88.93
2.8
3.11
0.075
0.458

90.7
2.68
1.81
0.046
0.215

92.97
2.17
1.58
0.053
0.21

95.64
1.7
0.47
0.02
0.044

96.97
1.31
0.055
0.017
0.025

97.83
0.9
0.014
0.013
0.012

Parameters
(c} Peaks from At to P-doped a-Si:H data

B C D

I ~

X(E; }
A(E;)

88.85
3.11
2.65
0.076
0.451

90.82
2.76
1.63
0.045
0.204

92.98
2.4S
1.51
0.052
0.213

95.66
1.89
0.26
0.02
0.045

96.93
1.53
0.002
0.017
0.028

97.82
1.14
0.002
0.013
0.015

Parameters
(d) Peaks from fit to 8-doped a-Si:H data

B C D

I ~

X(E; )

A(E; )

89.04
2.72
3.28
0.068
0.452

90.93
4.12
1.72
0.037
0.218

92.59
2.36
1.47
0.052
0.208

95.58
2.35
0.096
0.022
0.056

97.02
1.48
0.023
0.017
0.027

97.87
0.98
0.017
0.013
0.014

ments pk of the DOS are diagonal elements of successive
powers of the Hamiltonian of the solid. In SXES we
measure the transition density of states and so instead of
DOS, we use f,(E) and f, (E) the TDOS distributions of
crystalline and amorphous phases of a solid to compute
moments and these TDOS distributions are written as
follows:

f, (E)=[(/~XI/ )[ N, (E),
f, (E)= l(@lx~@0))'x.(E) .

(2a)

(2b)

Here, Ã, (E) and X, (E) are the VBDOS of crystalline
and amorphous phases of a solid, respectively. The di-
pole matrix elements in Eq. (2) govern the x-ray transi-
tions from the valence-band states ~P) and ~g) to the
core states ~Po) and ~$0) of crystalline and amorphous
materials, respectively. The first moments p&, and p&, of
the TDQS distributions of crystalline and amorphous
phases of these solids are then given by the following ex-
pressions:

p„=E,= fz Ef,(E)dE,

p, &, =E, = f Ef, (E)dE .
l

(3a)

(3b)

The VBTDOS of silicon in Fig. 1 has negligible contribu-
tions below 80.5 and above 98.6 eV and so we set
El =80.5 eV and E =98.6 eV. We set EI =72.0 eV and
E~ =97.7 eV for SiO2. We then obtain

E.=E,+&V& . (&)

The second moments p2, and p2, of the TDOS of crystal-
line and amorphous phases of a solid about energy posi-
tion E, are written as follows:

p~, =((E—E, )'), =f (E —E, ) f, (E)dE, (»)

p2, =((E—E, )'), = f (E —E, ) f, (E)dE . (5b)

The second moments of crystalline and amorphous
phases of a solid are related to each other by
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p(E) —exp( —iEi /W)
with

2
~rrns

144E,

(7a)

(7b)

Here, 8'is the width of the band tail and EL =A' /2mL
is the energy associated with localizing an electron of
mass rn within the correlation length L,. The correlation
length in a-Si:H is estimated to be of the order of the in-
teratomic spacing which is 2.35 A. We used ( V & ob-
tained from our second moment calculations for V, , in
Eq. (7b) and found the width of the VB tail for i-type a-
Si:H, p-type a-Si:H, and n-type a-Si:H to be 58, 59, and
84 meV, respectively.

There is no theoretical estimate to our knowledge
about the correlation length in a-Si02. The Si-Si and Q-0
nearest-neighbor distances are 3.06 and 2.63 A, respec-
tively. Neutron scattering measurements yield radial
distribution function maxima for a-Si02 at 3.5 and 4.2 A.
If we assume the correlation length to be about 3 A for
a-Si02, then using Eq. (7b) we obtain a value of 0.81 eV
for the width of the valence-band tail of a-Si02.

A nonlinear least-squares program based on a simple
model described in detail in our previous work was used
to fit the I. x-ray emission spectra of a-Si:H sample in the
region 97.5—102.5, which includes the top of the VB, the
band-gap region, and the bottom of the conduction band.
Crisp and co-workers have claimed that the upper
valence-band edge of the L x-ray emission spectrum of a-
Si:H has parabolic shape consistent with an e6'ective-
mass description. %'e used a Gaussian broadening
function of FWHM I z convoluted with the function

V2. =I 2, +«'& .

%'e numerically computed the first and second moments
of the VBTDOS distributions of silicon and silicon diox-
ide using Eqs. (3)—(6) and these values are shown in Table
II.

John and collaborators' constructed from first princi-
ples the DOS in the energy band tail for an electron in a
Gaussian random potential of an amorphous solid. They
obtained a linear exponential dependence of the DOS
p(E) on the energy which can be expressed as

A, (E, E—) and used the resulting function 8 (E) to de-
scribe the observed upper valence-band edge of the L, x-
ray emission spectrum of a-Si:H. Here, E, is the position
of the top of the VB and A, is a constant. We used an ex-
ponential energy band-tail function convoluted with the
Gaussian broadening function for the shape of the DOS
near the VB maximum of a-Si:H and this function T(E)
is joined to the function 8 (E) so as to best fit the data. It
was found that inclusion of the exponential tail function
T (E) in the curve fitting routine helped to improve the fit
to the a-Si:H data in this energy region, however the
same can be said for the c-Si data so we are forced to con-
clude that the excess emission above the top of the
valence band is not dominated by band-tail states and
must have another physical origin.

The emission higher in the gap region is presumably
due to the Si 2p core exciton and defect states. We used
in our fit a Voigt line-shape function for the defect states
and core exciton. Thus our model for a-Si:H in the gap
region includes 8(E), T(E), and two Voigt functions.
We included a spin-orbit splitting value of 0.61 eV and al-
lowed the L2/L3 intensity ratio to be a variable parame-
ter and this ratio was found to be nearly 0.5 for the fits to
the a-Si:H data. A model Qt to the I. x-ray emission spec-
trum of P-doped a-Si:H for states at the top of the VB
and in the gap region is shown in Fig. 4. The values of
the parameters of the model are shown in Table III. In
the case of a-Si02 we used a straight line A, (E, E) for-
the upper VS edge and the results were reported in our
earlier work on Si02.

Winer and co-workers directly observed an exponential
energy band tail and dangling-bond defect states in a-
Si:H using total yield photoelectron spectroscopy.
Theoretical work predicts dangling-bond defect states
at 1.4 eV below the conduction band of a-Si:H.
Stutzmann and collaborators suggest that the dangling-
bond defect states in a-Si:H could be due to breaking of
weak Si—Si bonds which lie just above the VB edge. The
peak at 98.6 eV in the fit to n-type a-Si:H shown in Fig. 4
could be due to the dangling bonds or weak bonding
states above the VB edge. The peak at 99.9 eV is due to
the Si 2p core exciton as it is near the Si L z3 absorption
threshold. ' The dangling-bond defect states are 1.3 eV
below the Si 2p core exciton. The band gap of a-Si:H is

Sample

TABLE II. Moments of the TDOS of silicon and silicon dioxide samples and calculated values of the
widths of the valence-band exponential tail of amorphous samples. ( V) and ( V ) are the mean value
and the mean square value of random potential, respectively, of amorphous samples. E, is the first mo-
ment of the valence-band TDOS of crystalline sample and EL is the energy associated with localizing an
electron within the correlation length. W'is the width of the valence-band tail in amorphous samples.

((E E, )') & V) ( —V') lV= & V') /(l4. 4EL, )

eV eV eV eV2 eV

c-Si
i-type
p-type
n-type

c-Si02
a-Si02

a-Si:H
a-Si:H
a-Si:H

90.98
90.77
90.87
90.78

89.76
89.34

11.27
11.84
11.85
12.1

33.49
38.39 —0.42

0.57
0.58
0.83

0.058
0.059
0.084

0.81
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TABLE III. Model f1t parameters to upper valence-band edge and gap region of a-Si:H samples. E,
is the position of valence-band maximum (I.3) in eV. A, is the multiplicative constant in the square-
root function of the valence-band edge in units of [states/eV" (Si atotn)]. 1 6 is the FWHM of Cxauss-

ian broadening function in eV. M is the energy position at which the 8(E) function joins the T(E)
function. W is the width of the valence-band exponential tail in e%. N, is the number of (states/Si
atom) at M. I & and I & are the FWHM of the Voigt functions in eV.

1

(a) .Model fit parameters to upper valence-band edge of a-Si:H
Parameters

Sample E, IG M . 8' N,

l"type 0 "S1:H
n-type a-S1:H
p-type a-Si:H

98.36
98.38
98.39

0.038
0.043
0.048

0.497
0.49
0.44

98.42
98.S
98.42

0.106
0.086
0.064

2.9X 10
4.S X 10
2.2X10-'

(b) Model fit parameters to gap region of a-Si:H
Parameters

I ~ A(E)) I q

I-type a-S1:H
n-type a-Si:H
p-type a-Si:H

98.S8 1.08 Q.ofJ12
98.SS Q.SS 0.0029
98.SS 0.63 0.002S

99.93
99.87
99.94

0.96
1.17
1.03

0.003
0.003
0.002S

1S.6
2.2
6.4

1.77 eV (Ref. 32) and so the core exciton binding energy
is 0.2 eV.

Crandall, using photocurrent measurements in a-Si:H
structures, determined the absorption coeScient and ob-
tained information about the density of VB tail states.
He obtained 90 meV For the width of the VB tail of un-
doped a-Si:H and 100 me% for P-doped a-Si:H. Cody
and co-workers' using optical absorption measurements
on a-S1:H obtaIned a valU. e of 70 meV for the width of the

valence-band tail. Total yield photoelectron spectrosco-
py, which is a surface-sensitive experimental technique,
gives a value of 45 meV for the widths of the VB tails of
undoped and B-doped a-Si:H. ' ' The value of 8'for i-
type a-Si:H, n-type a-Si:H, and p-type a-Si:H obtained
from the moments of the VBTDOS are in excellent agree-
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FIG. S. Lifetime broadening as a function of energy in the
valence band of silicon samples. I I is the FWHM of the
Lorentzian part of the Voigt components of the valence band in
eV. Squares, circles, triangles, and crosses correspond to c-Si,
i-type a-Si:H, n-type a-Si:H, and p-type a-Si:H samples.
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ment with other reported moments, and if our input
values for the parameters in Eq. (7) for a-Si:H are
correct, then our results support the validity of the
theory of John' on the exponential energy band tails.

Frolich suggested the occurrence of an internal Auger
e6ect that introduces a Lorentzian broadening contribu-
tion to the VB electron states observed in the x-ray emis-
sion spectrum of a solid. The hole left in the VB due to
the radiative transition of an electron to the vacant core
level (here Si Zp core level) has a finite lifetime due to the
electron-electron interaction. An electron at a higher VB
level fills this VB vacancy and gives up its energy to a
second electron which is promoted to an unoccupied elec-
tron state in the conduction band. Landsberg showed
that the level width I I, arising from this internal Auger
efFect, decreases from the bottom of the VB to the top of
the VB where it vanishes. This level width I I was
found to vary roughly as (Er E) . T—he threshold en-
ergy E in the VB lies at an energy of about 1 band gap
below the VB maximum.

The values of the Lorentzian FWHM I I from the mul-
tipeak fit to the VBTDOS of c-Si and a-Si:H are shown in
Table I. These values may represent the lifetime
broadening of the valence electron states or they may
have no physical meaning at all. To pursue this question,
in Fig. 5 we have plotted the Lorentzian widths I

&
of the

six Voigt components of c-Si and a-Si:H as a function of

(Er E—), where we have set E&=97.8 eV. The sys-
tematic variation of the I

&
values with F. suggests that

these values actually represent valence hole lifetime
broadening. The values of I

&
near the bottom of the

valence band agree well with earlier results. Apparently
the Gaussian component of the broadening describes the
shape of the TDOS sufBciently well that the Lorentzian
component is dominated by the actual lifetime broaden-
ing. In c-Si the I"& values remain quite small, within 4—S

eV of the VB top, and then rise quadratically. Apparent-
ly the Si 3p-3p Auger matrix element is small compared
with the 3s-3s values. In a-Si:H the P& values rise rapidly
from the VB top, suggesting that the 3s and 3p states are
thoroughly mixed.
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