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Doping and its efficiency ina-SiOx :H
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Amorphous hydrogenated silicon suboxides (a-SiOx :H) deposited by plasma enhanced chemical vapor
deposition have a band gap which can be tuned from 1.9 to 3.0 eV by varying the oxygen content@O# from 0
to 50 at. %.n- andp-type doping is realized by adding PH3 and B2H6, respectively, to the source gases SiH4 ,
H2, and CO2. Alloying with increasing amounts of oxygen reduces the average coordination number^r & from
a value close to 4 (a-Si:H) to '2.7, which gradually approaches the ideal value of^r &52.4 for network
glasses. This goes along with a softening of the amorphous SiOx network, i.e., a reduction of the mechanical
hardness of the material, which is also predicted by rigidity percolation theory. Also the incorporation of
dopant atoms into electrically active, fourfold coordinated sites becomes more unlikely with increasing@O#. As
a consequence,n- andp-type doped SiOx shows increasingly intrinsic character for higher oxygen concentra-
tions. Doping fails for values of̂r &,3 and the doping efficiency tends towards zero. Thus, an overall fourfold
coordination was found to be a crucial requirement for efficient doping in amorphous semiconductors.

DOI: 10.1103/PhysRevB.69.115206 PACS number~s!: 61.43.Dq, 68.55.Ln, 68.55.Nq, 71.55.Jv
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I. INTRODUCTION

For a long time in the history of amorphous silico
(a-Si), substitutional doping was believed to be impossi
due to the flexibility of the disordered network. The 8-N rule
proposed by Mott1,2 conjectured that every atom in an amo
phous solid should be incorporated with its preferred che
cal valency. This rule implies the complete absence of to
logical constraints in a random covalent network. Howev
Phillips3–5 argued that the average coordination of an id
glass is^r &52.4. Thus, four-valent silicon must inevitabl
be topologically constrained due to its higher coordinati
These constraints ina-Si readily account for the existence o
threefold coordinated silicon dangling bonds6 which other-
wise would contradict the 8-N rule.

Accordingly, the 8-N rule suggests that group III~B! and
V ~P or As! dopants are threefold coordinated, as sho
exemplarily in Fig. 1~b! for phosphorus. This configuratio
leads to additional occupied states in the valence band a
electronically inactive. Active donor and acceptor levels,
stead, would require a fourfold, substitutional coordinatio
as shown in Fig. 1~a! for phosphorus. In contrast to thes
predictions, substitutionaln- andp-type doping of hydroge-
nated amorphous silicon (a-Si:H) was observed
experimentally,7–9 constituting further exceptions from the 8
N rule. However, for a significant shift of the Fermi lev
towards the band edges, dopant concentrations up
'1 at. % are necessary and the doping efficiency decre
strongly to a few percent with increasing dopa
concentration.10,11 Additionally, large numbers of charge
defects are created. These facts can be understood phe
enologically by a modification of the 8-N rule to include
0163-1829/2004/69~11!/115206~16!/$22.50 69 1152
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charged atoms and based on thermal equilibration proce
between certain structural configurations:10

Si4
01P3

0� Si3
21P4

1 . ~1!

This so-called autocompensation reaction takes into
count that a negative Si3

2 dangling bond together with a pos
tive, fourfold coordinated, substitutional P4

1 donor is isoelec-
tronic to a fourfold coordinated silicon Si4

0 and a threefold
coordinated neutral phosphorus atom P3

0. In the employed
notation, the lower index gives the coordination number a
the upper index denotes the charge state of the respe
atom. A similar relation holds for the case ofp-type doping
with boron:

Si4
01B3

0� Si3
11B4

2 . ~2!

The existence of boron acceptors B4
2 goes along with an

increase of positively charged dangling bonds Si3
1 . How-

ever, experimentally, the energy levels of B and also of
resulting defect states have not been detected so far,
remaining more uncertain than those of phosphorus.11–15

By means of Eqs.~1! and~2! the phenomena of substitu
tional doping ina-Si:H and the ensuing creation of charge
defects in doped layers could be explained. A more refin
view of doping in hydrogenated amorphous silicon has b
developed subsequently in the context of the so-ca
defect-pool model which is also able to account for the
creased density of charged dangling bonds in doped am
phous semiconductors.16–19

Substitutional doping in amorphous semiconductors
only been observed in the case of overconstrained netw
©2004 The American Physical Society06-1
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with an average fourfold coordination, i.e. fora-Si:H,
a-Ge:H, a-C:H, their alloys, and furthermore for chalcoge
ide glasses with rather high concentrations of metal dop
~Ref. 20, and references therein!. In amorphous hydroge
nated silicon suboxides (a-SiOx :H), ^r & is decreased from
the value of 4 towards lower average coordination by all
ing with oxygen up to concentrations of 50 at. %. Con
quently, the network is softened by the two-valent oxyg
and changes its character from an amorphous semicond
towards a semiconducting glass. The aim of this work is
investigate structural changes in the network and the co
sponding behavior of optical, electronic, and electrical pr
erties, particularly the doping efficiency, in the transition
gion between an overconstrained and an increasin
constraintfree amorphous network.

II. EXPERIMENTAL

Amorphous hydrogenated silicon suboxides are depos
by plasma enhanced chemical vapor deposition~PECVD!
from the source gases SiH4 , H2, and CO2. By varying the
SiH4 /CO2 gas flow ratio, oxygen concentrations between
and 50 at. % can be achieved, resulting in optical band g

FIG. 1. Schematic models for electronically active~a! and inac-
tive dopant configurations~b! for the case of phosphorus in amo
phous silicon.
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E04 between 1.9 and 3.0 eV.n- andp-type doping is realized
by adding PH3 ~1 vol. % diluted in SiH4) and B2H6 ~1 and 2
vol. % diluted in SiH4), respectively, to the deposition gase
Intrinsic, n- and p-type a-SiOx :H layers ~150–1000 nm
thick! were deposited on Corning 7059 glass or quartz a
substrate temperature of 250°C. The oxygen contents w
varied between 0 and 45 at. %. In some cases, the hydro
in the samples was effused in a vacuum setup, using a lin
heating rate of 20 K/min up to temperatures of 800 °C, ho
ever, avoiding crystallization. For electrical measuremen
Cr/Au gap contacts~40 and 100 nm thick, respectively! were
evaporated onto the samples. The alloy composition of
samples was determined by elastic recoil detection~ERD!
~Ref. 21! and energy dispersive x-ray spectroscopy. The c
centration of carbon and other undesired impurities was
low 1 at. % for all investigated samples. All oxygen conce
trations quoted in this paper—unless stated differently—re
to the ratio@O#/(@O#1@Si#). The absorption coefficienta
and the optical gapE04 were determined from phototherma
deflection spectroscopy~PDS! ~Ref. 22! and transmission
measurements. The mechanical hardness was measure
nanoindentation.23 The dark conductivity was determined a
a function of temperature in the range 300–500 K.

The defect densities were obtained by electron param
netic resonance~EPR! and from the midgap absorption in th
PDS spectra. EPR was also measured in the dark, u
white light and with Ar ion laser illumination at 514 nm t
investigate the charge state of the defects@light-induced elec-
tron paramagnetic resonance~LEPR!, T'10 K]. Spin de-
pendent photoconductivity~SDPC! at T'10 K was used to
determine the influence of oxygen on the donor wave fu
tion from the hyperfine structure of the substitutional pho
phorus donor. The EPR spectrometer was a commer
x-band Bruker spectrometer equipped with a helium-g
flow cryostat and an optically accessible cavity. A very lo
microwave power was chosen at 10 K in order to avoid sa
ration.

III. STRUCTURAL AND MECHANICAL PROPERTIES

In the case of the overconstraineda-Si:H, the average
atomic coordination̂ r & always has a value of̂r &54 or
slightly lower, depending on the amount of monovalent h
drogen which reduces the coordination to a certain exten
contrast, chalcogenide glasses consist of elements with
ferent valenciesv, such as S, Se, Te (v52), As (v53), or
Ge (v54). As a consequence, the coordination usually
lower and can be tuned over a wide range by changing
material composition. Thus, it has been found that at a c
cal value of ^r &52.4, a transition from a ‘‘rigid’’ to a
‘‘floppy’’ network occurs.3–5 Such a universal threshold a
roughly 2.4 can be found for a variety of physical propert
in many network glasses~Refs. 24, 25, and reference
therein!.

This phenomenon can be explained as the percolatio
rigidity through an amorphous network for^r & greater than
2.4. It is a consequence of the constraints, which increas
fractions of 3- or 4-valent elements introduce. Do¨hler26 and
Thorpe27,28 have shown that the percolation thresholdr p
6-2
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DOPING EFFICIENCY INa-SiOx :H PHYSICAL REVIEW B 69, 115206 ~2004!
52.4 can be calculated by counting the number of the
called zero-frequency or floppy modes per atom,f 5F/N,
which allows one to continuously deform the network at
cost in energy:

f 5
F

N
532(

i
ciFv i

2
1~2v i23!G . ~3!

Basically, the number of constraints introduced by the d
ferent network elements (N atoms, valenciesv i , and con-
centrationsci) is counted and subtracted from the 3N de-
grees of freedom. Thus,f 5F/N gives the number of degree
of freedom per atom remaining in excess of the existing c
straints. The first termv i /2 in the sum of Eq.~3! takes into
account the bond constraints whereas the second termv i
23) stands for the number of angular constraints.27 r p can
then be determined as the value of^r & wheref equals zero,
i.e., where all internal degrees of freedom are compens
by the constraints. Sincef can never become negative a th
oretical hardness indexh52 f is defined for valueŝ r &
greater than the percolation thresholdr p . It characterizes the
overconstrainedness of the material.29 Thus, for the silicon-
oxygen alloys studied in this work, the hardness index is
relevant quantity: Only stoichiometric SiO2 with ^r &'2.65
reaches a value close to the percolation threshold, whe
silicon itself and also SiOx have mean coordinations large
than r p .

In the following, these concepts will be applied to th
case ofa-SiOx :H, with oxygen contents between 0 and 5
at. %. Structural features such as SiO2 or Si clusters, silicon
dangling bonds, molecular hydrogen inclusions, or mic
voids with hydrogen terminated internal surfaces are lik
to exist in the our samples. All these possible local confi
rations can have an influence on the network flexibility
rigidity and introduce complications in a simple effectiv
medium description of the structural and mechanical prop
ties of a-SiOx :H. The two major modifications, which hav
to be made for the calculation of^r & and f, arise from the
presence of the monovalent hydrogen and the electroneg
oxygen atoms.

First, silicon suboxides contain a significant fraction
hydrogen. Figure 2 shows the hydrogen content as a func
of oxygen content for the investigated intrinsic,n-, and
p-type SiOx samples. In the case ofa-Si:H (@O#50), the
hydrogen content is roughly 12–14 at. %.@H# increases simi-
larly for doped and undoped silicon suboxides with risi
oxygen content and reaches values around 20 at. % for@O#
*30 at. %. The scattering of the@H# values around 20 at. %
becomes quite large for higher oxygen contents, which is
to increased plasma fluctuations at high deposition pow
Presumably, the larger hydrogen fraction at higher@O# arises
from the fact that Si—H bonds are stabilized by back-bonde
oxygen atoms and, thus, more hydrogen is incorporated
increasing@O#. From these considerations, it is clear th
hydrogen will make a noticeable contribution to^r & and f,
which, according to Fig. 2, is expected to be more p
nounced for larger oxygen contents.

However, it is a nontrivial problem, how singly coord
nated atoms such as hydrogen contribute to the netw
11520
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properties.24,25,29,30Generally, monovalent hydrogen wea
ens the overconstrained network due to the fact that it pa
vates dangling bonds, which otherwise would form conn
tions with other network atoms. One approach to calcul
^r & is summing up the valenciesv i of Si ~4!, O ~2!, and H~1!
weighted with their respective concentrationsci ,24,29 as
shown in Eq.~4!:

^r &543cSi123cO113cH , complete network. ~4!

Another way of evaluating the average coordination is
so-called ‘‘plucked network’’ model~Ref. 29 and reference
therein!. It takes into account that onefold coordinated ato
are percolatively ineffective and merely reduce the valen
of the atom they bond to by one. In the case ofa-SiOx :H,
the so-called ‘‘complete network’’ approach neglects the
perimental fact that hydrogen preferentially bonds to silico
Within the sensitivity of IR spectroscopy no evidence for t
existence of OuH bonds ina-SiOx :H was found. The ex-
istence of smaller numbers of OuH bonds cannot be en
tirely excluded for larger oxygen and hydrogen content~cf.
Fig. 2!, however, is unlikely to be an important issue. Thu
for the plucked network it is assumed that every H ato
bonding to one Si atom reduces the valency of the respec
Si atom from 4 to 3. Thus one has to consider two-val
oxygen, three- and four-valent silicon in order to determ
^r & @Eq. ~5!#:

^r &5
43cSi213cH123cO

cSi1cO
, plucked network. ~5!

For both models, the presence of onefold coordinated
oms results in a softening of the network and a reduction
its mechanical hardness. The values of the plucked netw
were found to overestimate experimental results which, ho

FIG. 2. Hydrogen content in intrinsic,n- andp-type a-SiOx :H
as a function of oxygen content (@O#/(@O#1@Si#)). The line is a
guide to the eye.
6-3
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ANDREAS JANOTTAet al. PHYSICAL REVIEW B 69, 115206 ~2004!
ever, is only a minor quantitative and never a qualitat
effect in the case of silicon suboxides.29 Nevertheless, for
SiOx the plucked network readily takes into account the pr
erential bonding of H to Si. Thus, for this work, the quan
ties ^r &, f, andh are defined in the framework of the plucke
network model.

A second modification has to be made because of
electronegative oxygen atoms. Due to the polarizability
oxygen atoms, the SiuOuSi bond angle in SiO2 is known
to deviate significantly from 180°~Refs. 31,32! and the an-
gular constraint associated with O is greatly relaxed. Th
no angular constraint should be taken into account for
case of oxygen atoms.26,27 Further corrections for other con
figurations, such as floppy inclusions within a rigid structu
or the formation of ring structures, require a more refin
theory26–28 and experimental knowledge ofa-SiOx :H and
have therefore not been considered for this analysis.

The average coordination of the ‘‘plucked’’a-SiOx :H
network~doped and undoped samples!, as obtained by ERD
measurements, is shown in Fig. 3 as a function of oxy
content. Fora-Si:H, ^r & is roughly 3.8. The fact that this
value is smaller than 4 can be explained by the influence
the Si2H bonds. With increasing@O#, ^r & decreases linearly
and reaches a value of 2.7 for 50 at. %. This is still above
expected percolation threshold, but indicates that the m
rial is getting less constrained and more flexible by add
oxygen. An extrapolation to@O#566 at. % suggests that th
average coordination decreases to approximately^r &'2.4.
This value, however, is not identical to the percolati
threshold fora-SiOx :H, sincer p is determined fromf 50 or
h50 and additionally depends on the respective hydro

FIG. 3. Average coordination of intrinsic,n-, and p-type
a-SiOx :H, calculated according to the plucked network mod
Data for a set of intrinsic hydrogen-effused samples are show
well. The straight lines represent least-square fits to the data. E
bars are given exemplarily for some of the data points.
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concentration. Thus, by varying the oxygen concentrati
^r & can be tuned over a wide range, changing thea-SiOx :H
network from an amorphous semiconductor to a semic
ducting glass.

Also shown for comparison is the average coordination
a set of samples, from which all hydrogen was effused. W
out H, the values of̂r & are roughly 0.2–0.3 larger than thos
in the samples with hydrogen, so that for purea-Si, a value
of 4 is indeed obtained at@O#50. The relation ^r &
54.04–0.0193@O# for samples without hydrogen leads to
higher value of̂ r &'2.65 at@O#566 at. %, which is in good
agreement with calculations for SiO2 (r p'2.65) taking into
account the relaxation of the oxygen angular constraint.26,27

According to Eq.~3! and with the mentioned modifica
tions required for oxygen and hydrogen, the hardness in
h52 f can be calculated. Figure 4 compares the mechan
hardness of SiOx :H determined by nanoindentation~NIH!
and the expected hardness indexh calculated from the com-
position data obtained by ERD. It shows these quantities
as-grown, intrinsica-SiOx :H samples. Both curves decrea
with rising @O# and decreasinĝr &, respectively. The nanoin
dentation hardness for the sample with the lowest oxy
concentration is'11 GPa. This is comparable to values
NIH of '10 GPa, known for crystalline silicon33,34 and
amorphous silicon with@H#<1 at. % ~Refs. 34,35!. How-
ever, Jianget al.34,35 and Hayeset al.36 discovered that NIH
of a-Si:H is reduced by approximately a factor of two upo
adding up to 17 at. % hydrogen. These findings cannot
confirmed for our sample with 6 at. %@O# (NIH'11 GPa)
which contains 12 at. % hydrogen. One explanation might
that their samples were prepared by rf sputtering, wher

.
as
or

FIG. 4. Theoretical hardness indexh ~calculated for the plucked
network! and mechanical hardness NIH as obtained from nano
dentation measurements as a function of oxygen content and a
age coordination for as-deposited, intrinsica-SiOx :H samples. The
dotted lines are guides to the eye.
6-4
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DOPING EFFICIENCY INa-SiOx :H PHYSICAL REVIEW B 69, 115206 ~2004!
ours were deposited by PECVD. The different preparat
techniques might account for the differences in the mech
cal properties at large hydrogen contents. For increasing@O#
up to 50 at. %, when the network is already substantia
softened, but̂ r &'2.8 is still above the percolation thresh
old, NIH decreases towards 4 GPa. In contrast, the theo
cal calculations for the hardness indexh intersect with the
x-axis already at 55 at. % oxygen and suggest a percola
thresholdr p for a-SiOx :H of roughly 2.6 which again is
quite similar to the value ofr p'2.65 obtained for pure
quartz.26,27 This is an indication that the presence
'20 at. % hydrogen for@O#*40 at. %~cf. Fig. 2! shifts the
percolation threshold to oxygen concentrations below
at. %. However, a more quantitative analysis is difficult sin
the complete omission of the oxygen angular constra
might be too drastic or corrections for ring formations
floppy inclusions ought to be considered. The fact that
experimental hardness values NIH do not tend towards z
in a similar way as the theoretical hardnessh, with increasing
@O# might be due to compositional inhomogeneities in t
SiOx samples such as cluster formation or phase separa
Also, a stabilization of the thin film by the underlying su
strate might be an additional contribution.

The correlation between measured NIH and calcula
hardness index is displayed in Fig. 5 for as-deposited as
as H-effused intrinsic SiOx samples. Both sets of sample
approximately follow the same relation. The nanoindentat
hardness increases sublinearly with NIH}h0.4. However, it is
difficult to speculate whether NIH indeed would decrea
towards zero ath50, as suggested by the fit to the da
~dotted line!. In contrast, Boolchandet al. found a linear cor-
relation for thin films of diamondlike carbon.29 Since not
much systematic work exists on the mechanical propertie
a-Si:H and its alloys with oxygen, the exact origin of th

FIG. 5. Nanoindentation hardness vs calculated hardness i
~plucked network! for as-deposited and H-effused samples. The l
is a power-law fit to the data.
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sublinear behavior remains unclear. The presence of th
different atomic species~Si, O, H! in comparable fractions
obviously makes an explanation complicated fora-SiOx :H.
For a more detailed understanding, effects such as cluste
phase separation, ring formation, or flexible inclusions ha
to be taken into account. Nevertheless, a good qualita
correlation between structural and mechanical propertie
silicon suboxides has been shown for a wide range of oxy
contents. In the following sections, it is investigated how t
decrease in mean coordination upon alloying with increas
amounts of oxygen affects electronic, optical, and electr
properties ofa-SiOx :H, especially the doping efficiency o
n- andp-type doped samples.

IV. ELECTRONIC AND OPTICAL PROPERTIES

The changes in structure with increasing@O# also give rise
to significant modifications of the electronic density of sta
in silicon suboxides. Figure 6 shows the absorption spe
of intrinsic a-SiOx :H for four different oxygen contents~0,
29, 47, and 52 at. %!. For thea-Si:H sample (@O#50), three
characteristic regions of absorption are indicated. Regio
corresponds to band-to-band absorption, region II origina
from absorption processes involving band tail states, and
gion III arises from absorption via Si dangling bond defe
states in the middle of the band-gap. These regions are
discernible for the other curves, which, however, beco
less distinguishable with rising oxygen concentration. T
value of the band-gapE04 increases from approximately 1.
to 3.0 eV for@O# between 0 and 50 at. %. The band tails~II !
of our SiOx samples start out with an Urbach energy of abo
70 meV fora-Si:H, broaden significantly with rising oxyge
content, and reach a value of roughly 200 meV for 50 at
oxygen. Also, the defect absorption changes with increas
oxygen content. In the energy region between 1.0 and 1.5

ex
e

FIG. 6. Absorption spectra of intrinsica-SiOx :H with different
oxygen contents of 0, 29, 47, and 52 at. %. The spectral region
band-to-band~I!, band tail~II !, and defect absorption~III ! are indi-
cated for the sample without oxygen (a-Si:H). Straight dashed
lines are fitted to the band tails to determine the Urbach energyE0.
6-5
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ANDREAS JANOTTAet al. PHYSICAL REVIEW B 69, 115206 ~2004!
the sample without oxygen possesses the lowest defec
sorption. The incorporation of oxygen creates additional
fects and accordingly increasesa. Defect densities can b
calculated from subgap absorption using a calibration pro
dure described elsewhere.32,37 However, this calibration is
not trivial because with increasing oxygen content the opt
gap and also the region of defect absorption shift in ene
Therefore, the uncertainty in the deduced absolute de
concentrations ND is approximately a factor of two, wherea
the relative errors between samples are much smaller. N
that our samples with@O#50 at. % have higher Urbach en
ergies and defect densities than optimized state-of-the
a-Si:H samples because of residual oxygen contamina
and nonoptimized deposition conditions for pure amorph
silicon.

The dependence of the optical band-gap E04 on the oxy-
gen concentration is shown in more detail in Fig. 7 for d
ferent sets of samples. For the as-deposited intrinsic and
doped SiOx samples with 1% dopant concentration in t
gas phase, the increase of the band gap is similar for all@O#.
Up to roughly 40 at. %,E04 displays a slow linear increas
from 1.9 to roughly 2.6 eV. This corresponds to oxygen co
tents where the conduction band~CB! and valence band
~VB! are still dominated by SiuSi bonds. Above 40 at. %
oxygen, these SiuSi bonds are gradually replaced by ox
gen lone pairs~VB! and SiuO bonds~CB!, causing a more
rapid increase of the band-gap ('3 eV at 50 at. %!.38,39

Generally, the observed behavior of the optical gap agr
well with the results shown in previous publications.40–43

However,E04 was found to depend on the deposition tec
nique and the resulting hydrogen content of the samples.
H-effused samples~open triangles!, E04 also shows an in-
crease with@O#, but the values are lower than those for t
samples with H and rather compare to sputtereda-SiOx

FIG. 7. Optical band-gapE04 of intrinsic ~as deposited and H
effused!, p-type ~1% and 2% B2H6 in the gas phase!, and n-type
silicon suboxides~1% PH3 in the gas phase! as a function of oxygen
content. The lines are guides to the eye.
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samples with a very low hydrogen concentration.44 During
the outdiffusion of hydrogen, SiuH bonds are gradually re
placed by dangling bonds and the defect density increa
Also, weak SiuSi bonds situated at the band edges are
stored, which leads to a shift of the band edges into the ba
gap and correspondingly to the lowering ofE04 by
'0.1–0.4 eV displayed in Fig. 7. Also thep-type samples
with a higher gas-phase dopant level of 2% B2H6 exhibit
'0.1 eV lower values ofE04 ~open squares!. In this case,
however, it is not due to a lower hydrogen content of t
p-type samples~see Fig. 2!. Rather, additional states intro
duced by the larger boron concentration13–15 or changes of
the deposition conditions are likely to account for the
duced optical gaps. As Fig. 7 shows, the optical band-
can vary quite significantly even for the same oxygen c
tent. Therefore, the investigated physical quantities have
be plotted as a function of a parameter which includes va
tions not only of the oxygen concentration but also of t
hydrogen content and the deposition technique. In contra
the oxygen content, the optical gapE04 is such a genera
quantity depending on@O#, @H#, and the preparation condi
tions. To ensure a meaningful comparison between the
ferent series of samples most of the data will therefore
displayed as a function ofE04 in the following sections, es-
pecially when dealing with transport properties.

With our current PECVD setup onlyp-type suboxides
with a B2H6 gas-phase concentration of 2% can be ma
factured in contrast ton-type samples with 1% PH3. How-
ever, the solid-phase concentrations of phosphorus and b
~Fig. 8, determined by ERD!, show a more complicated be
havior: Forp-type samples, the boron concentration is alm
3 at. % for thea-Si:H sample (@O#50). With rising oxygen
concentration,@B# decreases linearly and reaches a value o
at. % at the highest@O#. For phosphorus, in contrast, th

FIG. 8. Phosphorus and boron solid-phase concentrations on-
and p-type a-SiOx :H ~1% PH3 and 2% B2H6 in the gas phase!,
respectively, as a function of the oxygen content@O#/(@O#
1@Si#). The lines are guides to the eye.
6-6
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DOPING EFFICIENCY INa-SiOx :H PHYSICAL REVIEW B 69, 115206 ~2004!
concentration is'1.5–2 at. % for@O#&20 at. %. Only for
higher oxygen fractions theP concentrations start to decrea
in a similar way as for the boron-doped samples. Especi
for larger oxygen contents (.10 at. %) the differences be
tween n- and p-type samples are smaller than those s
gested by the gas-phase concentrations. Apparently, th
corporation efficiency of boron atoms cannot be increase
the same way as the diborane concentration. Also, it can
seen that a sufficiently large dopant incorporation~roughly 1
at. %! is possible even at high oxygen contents so tha
meaningful investigation of the doping efficiency can be p
formed. The comparable solid-phase dopant concentrat
justify the comparison ofn- andp-type SiOx despite initially
different gas-phase concentrations. In addition, the cond
tivity data of Fig. ~11! will show that there are only insig
nificant differences between samples with 1%~earlier data!
and 2% B2H6 if plotted as a function of the optical band
gap.

In addition to alloying with increasing oxygen fraction
dopant incorporation also produces significant changes in
absorption ofn- andp-type a-SiOx :H samples compared t
intrinsic samples. In Fig. 9 the absorption coefficientsa of
n- @part ~a!# andp-type @part ~b!# amorphous silicon subox
ides for oxygen contents between 0 and 45 at. % are
played. TheE04 values have already been discussed in
context of Fig. 7. In contrast to undoped samples~Fig. 6!, the
subgap absorption is significantly higher in doped SiOx , in
particular for the lower oxygen contents. The boundary
tween band tail and defect absorption is difficult to recogn
for almost all of the curves shown. For purea-Si:H, the
increase in subgap absorption can be explained by
doping-induced generation of charged defects accordin
the autocompensation reaction@Eqs.~1! and~2!#. This situa-
tion changes upon alloying with increasing oxygen conc
tration: The larger the oxygen concentration, the lower is
doping-induced increase of the subgap absorption. As a
sequence, the subgap absorption at a given photon en
decreases by roughly one order of magnitude from 0 to
at. %, both forn- andp-type samples. The defect absorptio
aD is slightly stronger for boron-dopeda-SiOx :H and its
reduction is less pronounced, which can be understood f
the higher concentration of 2% B2H6 in the gas phase. Not
that this decrease of the subgap absorption in doped SiOx is
the opposite of what is observed in intrinsic samples. He
the defect absorption successively increases by about
order of magnitude when@O# increases from 0 to 45 at. %
~see Fig. 6!. Indeed, for large oxygen concentrations, t
values ofaD for doped and undoped samples become co
parable, which will be discussed in more detail in the follo
ing section.

Figure 10 shows the behavior of the dark conductivitysD
of dopeda-SiOx :H with increasing oxygen content.sD is
plotted as a function of the inverse temperature forn- @part
~a!# andp-type a2SiOx @part ~b!#. The increase of@O# and
E04, respectively, results in a drastic decrease of the d
conductivities over several orders of magnitude for b
types of samples. In the case ofn-type SiOx , the drop of the
room-temperature dark conductivity comprises more than
11520
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orders of magnitude. Boron doping is less effective45 and the
decrease ofsD,p ~roughly 6–7 orders of magnitude! is not as
pronounced as in the case ofsD,n .

Figure 11 contains a compilation of the room-temperat
dark conductivities@part ~a!# and the activation energiesEa
@part ~b!, derived from the temperature dependence ofsD]
for intrinsic,n-, andp-type amorphous silicon suboxides as
function of the optical gapE04. It allows one to distinguish
between the effects which are produced by dopant incor
ration and the changes caused by alloying with increas
oxygen concentrations. In Fig. 11~a!, then-type conductivity
for E0451.9 eV (a-Si:H) is more than three orders of mag
nitude higher (sD,n'1022 V21 cm21) than thep-type con-
ductivity (sD,p'1025 V21 cm21), which in turn is four or-
ders of magnitude larger than the intrinsic one (sD,i
'1029 V21 cm21). These results agree qualitatively wit
previous data fora-Si:H.45 As already shown in Fig. 10 al
conductivities decrease with increasing band gap. Over

FIG. 9. Absorption spectra ofn-type ~a! and p-type ~b!
a-SiOx :H with oxygen contents between 0 and 45 at. %. The g
phase dopant levels were 1% PH3 for P-doped and 2% B2H6 for
B-doped samples.
6-7
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ANDREAS JANOTTAet al. PHYSICAL REVIEW B 69, 115206 ~2004!
entire range of oxygen concentrations, the decline compr
12 orders of magnitude forn-type (1 % PH3), 9 for p-type
(1 and 2 % B2H6), and only 5 for intrinsic samples. Al
thoughp-type silicon suboxides with two different gas-pha
boron concentrations were examined, the dark conductiv
of these samples are very similar if plotted as a function
the optical gapE04. Thus, in spite of a larger gas-pha
B2H6 concentration of 2 at. % the number of electrically a
tive acceptors and the doping efficiency cannot be furt
enhanced. This similarity between the two sets of bor
doped samples allows us to compare either of them to
series ofn-type suboxides. All conductivities—of doped an
undoped SiOx—converge towards a value of 10214V21

cm21 for the highestE04 and @O#, respectively. Experimen
tally, doping becomes inefficient atE04'2.4 eV (@O#

FIG. 10. Dependence of the dark conductivitysD of n- ~a! and
p-type ~b! a2SiOx :H on inverse temperature. The gas-phase d
ant levels were 1% PH3 for P-doped and 2% B2H6 for B-doped
samples. The optical band-gapsE04 were in the range of
1.90–2.80 eV forn-type and 1.86–2.53 eV forp-type silicon sub-
oxides.~See Fig. 7 for the corresponding oxygen concentration!
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'30 at. %), where all samples essentially show intrin
character.

This can also be seen from the activation energiesEa
@Fig. 11~b!#, which were derived from the slopes of th
Arrhenius plots in Fig. 10.Ea is the energy distance betwee
EF and the band edges and accounts well for the behavio
sD in Fig. 11~a!. The activation energy is roughly 0.3 eV fo
n-type, 0.55 eV forp-type and 0.7–0.8 eV for oura-Si:H
samples withE04'1.9 eV, indicating an efficient doping
process at low oxygen contents. With risingE04, Ea continu-
ously increases for all samples up to values above 1
whereEF is located approximately in the middle of the o
tical gap. For then-type case,Ea starts at 0.3 eV and in-
creases up to 1.2 eV for the highest amount of oxygen. Th
the Fermi level is shifted away from a position close to t
conduction-band edge and is essentially pinned close to m

-
FIG. 11. Room-temperature dark conductivities~a! and activa-

tion energies~b! of intrinsic, n-, andp-typea-SiOx :H as a function
of the optical gapE04. The gas-phase dopant concentrations w
1% for PH3 and 1% and 2% for B2H6. The position of the middle
of the band-gapE04/2 is indicated by a thick solid line in part~b!.
The other lines are guides to the eye.
6-8
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DOPING EFFICIENCY INa-SiOx :H PHYSICAL REVIEW B 69, 115206 ~2004!
gap by the dangling bond defects forE04.2.4 eV (@O#
.30 at. %). A similar but weaker shift fromEa50.55 eV to
roughly 1.0 eV is also observed forp-type a-SiOx (E04
51.8522.53 eV). As already observed for the dark condu
tivities, also the activation energies ofn- andp-type samples
approach each other aboveE0452.4 eV. Note that the acti
vation energies of intrinsic suboxides are close toE04/2 in
all cases. However, the Fermi level is not exactly in t
middle of the optical gap for undoped samples.

V. DEFECT DENSITIES

The transition from doped to intrinsic behavior with in
creasing oxygen content can also be seen from the de
absorption of doped and undoped silicon suboxides w
similar band-gap. Figure 12 shows the absorption coeffic
of intrinsic, n- and p-type SiOx for four different optical
band-gaps ('1.9, 2.05, 2.25, and 2.5 eV!. Together with the
shift of E04 from 1.9 to 2.5 eV, also the band tails broad
with increasing@O# for both doped and undoped sample
However, in the region between 1.0 and 2.0 eV where
sorption occurs via defect states located in the middle of
gap, significant differences are observed. The defect abs
tion aD is higher for both the phosphorus- and the boro
doped samples than for the intrinsic ones. AtE0451.9 eV~0
at. % oxygen!, the difference is almost two orders of magn
tude. This difference is less pronounced for higher@O# and
almost disappears atE04*2.4 eV (@O#*30 at. %), where
the PDS spectra of doped and undoped SiOx approach each
other, again suggesting inefficient doping at higher oxyg
contents.

A detailed comparison between the spectra of doped s
oxides, however, reveals that the high-energy part of the
fect absorption shoulder ofp-type samples is always slightl
larger than that ofn-type samples~see Fig. 12!. A closer

FIG. 12. Absorption coefficientsa of intrinsic ~solid lines!,
n-type ~1% PH3, dotted lines!, andp-type ~2% B2H6, dashed lines!
a-SiOx :H samples with optical gapsE04 of 1.9, 2.05, 2.25, and
2.5 eV.
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analysis is shown in Fig. 13. The quantity lg(ap)2 lg(an)
represents the ratio ofp- andn-type absorption raw data on
logarithmic scale and is calculated for optical gapsE04
51.86–2.53 eV. The higher absorption of boron-dop
samples results in a broad peak which extends over the
gap range from 1.2 eV up to values larger thanE04 for all
@O#. According to the increase of the optical band-gap a
function of @O# the position of this subgap peak gradua
shifts from about 1.5 eV to roughly 1.8 eV . The peak ene
is '0.2–0.7 eV smaller than E04. The excess absorptio
strength ofp-type material is equivalent to about 1019 cm23

defects and also the energetic position of the broad abs
tion peak is similar or even higher than that of dangli
bonds. Therefore, thisp-type specific absorption might be a
indication for a boron-related transition which does not ex
or has a smaller transition matrix element for phosphorus
n-type material. For thep-type samples with 2% B2H6, these
states account for the reduced band-gaps and their exist
is also likely to prevent an enhancement of the doping e
ciency despite a higher boron concentration. On the ot
hand, theB content in thep-type samples (2% B2H6) is
somewhat larger in contrast to P inn-type SiOx ~cf. Fig. 8!, a
fact which might contribute to the described differences
tweenn- andp-type absorption, as well.

The transition of P- or B-dopeda-SiOx :H towards in-
creasingly intrinsic behavior with increasing@O# can be un-
derstood quantitatively by means of the respective de
densities from subgap absorption (ND,Abs, see first para-
graph of Sec.~IV ! for details! and from EPR data (ND,EPR).
Figure 14 shows ND,Abs and ND,EPR for n-type @Fig. 14~a!#
andp-type silicon suboxides@Fig. 14~b!# as a function ofE04
and ^r &. In part ~a! of Fig. 14, ND,Abs of n-type samples

FIG. 13. Difference between the absorption spectra ofp-and
n-type a-SiOx :H ~2% B2H6 and 1% PH3 in the gas phase, respec
tively! depicted by the quantity lg(ap)2 lg(an). The dashed line
indicating the approximate peak position is a guide to the eye.
values of the optical band-gapE04 ranging from 1.86 to 2.53 eV are
also shown by vertical bars.
6-9
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ANDREAS JANOTTAet al. PHYSICAL REVIEW B 69, 115206 ~2004!
~solid circles! decreases with increasingE04 ~1.9–2.8 eV!
from 1019 cm23 to 231018cm23, whereas ND,Abs of intrin-
sic SiOx ~open circles, shown for comparison! increases from
about 1017 cm23 to 231018 cm23. Again, the difference is
large atE0451.9 eV ~0 at. % oxygen! and disappears abov
2.4 eV (@O#'30 at. %), where both values of ND,Abs are
similar. In order to understand the origin of the differe
absorption behavior, the charge states of the defects in do
and undoped samples have to be considered. Equation~1!
suggests that together with every active fourfold coordina

FIG. 14. Defect densities determined from absorption~solid
circles! and EPR data~solid triangles! for n-type ~a! and p-type
a-SiOx :H ~b! as a function of optical band-gapE04 and average
coordination^r &. The gas-phase dopant levels were 1% PH3 for
P-doped and 2% B2H6 for B-doped samples. Also shown for com
parison in both parts of the figure is the defect density of intrin
a-SiOx :H, as obtained from absorption measurements~open
circles!. The dashed line indicates the threshold atE04'2.4 eV
(@O#'30 at. %), above which doped material becomes intrin
due to the failure of doping.
11520
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P4
1 donor one negatively charged silicon dangling bond S3

2

is created. Thus, the larger midgap absorption ofn-type SiOx

for E04,2.4 is likely to arise from these doping-induced S3
2

states. In contrast, neutral dangling bonds should preva
intrinsic a-SiOx :H. They tend to increase with@O# and E04

according to rising disorder.
As PDS detects the absorption of dangling bond sta

irrespective of their charge, in addition EPR measureme
were made, which are only sensitive to the neutral param
netic dangling bonds. For intrinsic SiOx it has been con-
firmed that the defect absorption is due to neutral dang
bonds.32 For n-type material with large concentrations o
negative defects, the difference between PDS and EPR
fect density is indeed large, as shown in Fig. 14~a! ~solid
circles and triangles!. Furthermore, ND,EPR of n-type and
ND,Abs of intrinsic SiOx are comparable, i.e., the density
paramagnetic states is roughly the same in doped and
doped samples. This leads to the conclusion that inn-type
material the excess defect density ND,Abs2ND,EPR arises
from the negatively charged dangling bonds created by ph
phorus doping. AtE04'2.4 eV (@O#'30 at. %) where EPR
and PDS defect densities become comparable, the preva
defects must be neutral in spite of the presence of P.

A similar behavior of the defect densities is also detec
for boron-dopedp-type SiOx (2% B2H6 in the gas phase! in
Fig. 14~b!. For E0451.86–2.53 eV, the overall defect den
sity ND,Abs decreases from above 1019 cm23 to roughly 5
31018 cm23, whereas ND,EPR, which represents the frac
tion of paramagnetic states, increases from 331017 cm23 to
(4 –5)31018 cm23. As in n-type material, the excess densi
ND,Abs2ND,EPR of charged defects, which now arises fro
positively charged dangling bonds Si3

1 and indicates an effi-
cient doping process, disappears aboveE04'2.4 eV (@O#
'30 at. %). Then, similar to phosphorus-doped material,
majority of the defects is neutral despite the boron incor
ration and the doped suboxides possess intrinsic propert

The behavior of the electronicg factors of the EPR reso
nances additionally supports the conclusions of Fig. 14.
accordance with the position of the Fermi level, it is know
for a-Si:H thatn-type material has ag factor of 2.0044 due
to electrons in the conduction-band tail, boron-dop
samples haveg values of 2.008–2.013 due to holes in th
valence-band tail, and the neutral Si dangling bond yield
signal atg52.0055 for intrinsic samples.11,46–49In our case
of a-SiOx :H, a transition of the samples from doped to i
trinsic occurs with increasing oxygen content and opti
band-gap, respectively. Thus, depending on@O# and E04, a
mixture of contributions with differentg factors is expected
to exist in silicon suboxides. Due to the disordered nature
our a-SiOx :H samples it is, however, impossible to deco
volute these contributions to the obtained EPR spec
Therefore, only effective averageg valuesge f f are displayed
in Fig. 15 as a function ofE04 for undoped and doped
samples. They are calculated from the center fieldsHcenter
}ge f f

21 ~see inset of Fig. 15! of the respective EPR reso
nances. In spite of the limitations which exist for such
interpretation~e.g., differences in passage conditions!, the
effectiveg-values can at least be regarded as an approxim

c

c
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DOPING EFFICIENCY INa-SiOx :H PHYSICAL REVIEW B 69, 115206 ~2004!
measure for the position of the Fermi level in the optic
band-gap and permit a qualitative comparison toa-Si:H. For
intrinsic SiOx , ge f f exhibits an approximately constant valu
of 2.0050 for all E04.32 For n-type SiOx , ge f f is roughly
2.0035 atE0451.9 eV, increases monotonously and co
verges with the intrinsicg values of '2.0050 for E04
>2.4 eV (@O#>30 at. %). A similar but opposite behavio
is observed forp-type samples. Here,ge f f at 1.86 eV is about
2.0060 and also converges with the values ofn-type and
intrinsic samples at 2.4 eV. These shifts of the effectiveg
factors of doped samples towards the intrinsic values con
the movement of the Fermi level towards the middle of
band-gap and the inefficient doping for increasing oxyg
content.

For the case of phosphorus doping, the presence of a
jority of Si3

2 states~negatively charged dangling bonds! can
be shown by illumination of then-type samples with low
oxygen contents with white or laser light at low tempe
tures. Figure 16 shows the EPR spectra ofn-type a-SiOx :H
(@O#57 at. %) without and with illumination. In the dark
the effectiveg factor is roughly 2.0035 and the electrons
the conduction-band tail only produce a weak signal am
tude. Upon illumination, the generated holes are predo
nantly captured by the negative dangling bonds, which
be detected by a light-induced increase of the EPR inten
by a factor of'2.5 and a corresponding shift of the cent
field by several Gauss towards higher values ofg'2.0065. A
summary of the effects of illumination on the EPR spectra
n-type a-SiOx :H is given in Fig. 17 as a function ofE04.
Without light, the EPR defect density in part~a! of Fig. 17
~solid circles! displays the increase with rising optical ban
gap, which was already shown in Fig. 14~a!. A very good

FIG. 15. Effectiveg factorsge f f (}Hcenter
21 ) of the EPR reso-

nances for intrinsic,n-type ~1% PH3), and p-type ~2% B2H6)
a-SiOx :H samples as a function of the optical gapE04. Exemplar-
ily, the characteristic Si dangling bond EPR signal atg'2.0055 for
an undopeda-SiOx :H sample with 37 at. % oxygen is shown in th
inset. The dotted lines are guides to the eye.
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agreement was observed for dark EPR data measured a
and 300 K. Strong illumination leads to a transformation o
significant fraction of the negative defects into neutral on
This can be seen as a light-induced increase of ND,EPR ~open
circles! to a level of (1 –2)31018 cm23 for small values of
E04<2.2 eV. The difference to the defect density in the un
luminated state is almost one order of magnitude at the l
estE04, but decreases with rising band-gap and complet
vanishes around 2.3–2.4 eV. Also, a significant shift of
effectiveg factors is observed upon illumination@Fig. 17~b!#.
Again, the values ofge f f in the dark~solid circles! are com-
parable to those previously shown in Fig. 15. Under illum
nation, there is a distinct light-induced shift towards high
values ofge f f'2.006–2.007~open circles! for small E04.
This shift ofge f f is slightly larger than only to the intrinsicg
factor of '2.0050~cf. Fig. 15!. Since the values ofge f f can
be interpreted as an approximate indication for the posit
of the Fermi level or, in the case of light-induced EPR, t
position of the quasi-Fermi levels,50–52 holes trapped in the
valence-band tails upon strong illumination might possib
shift the quasi-Fermi level for holes into the valence-ba
tail and, thus, be responsible for the additional shift ofge f f
towards 2.006–2.007. Generally, the light-induced E
spectra of P-doped SiOx confirm the existence of large num
bers of doping-induced negative dangling bonds at sm
oxygen contents. Similar arguments apply forp-type silicon
suboxides.

VI. THE DOPING EFFICIENCY

For a quantitative analysis of the doping efficiency, t
number of electronically active dopant atoms in the Six
matrix has to be determined. Initially, extended x-ray abso
tion fine structure53 and nuclear-magnetic-resonan

FIG. 16. EPR spectra ofn-type a-SiOx :H (@O#57 at. %, 1%
PH3 in gas phase! at T'10 K with and without illumination. The
shift of Hcenter (}g21) and the increase of the amplitude are ind
cated.
6-11
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ANDREAS JANOTTAet al. PHYSICAL REVIEW B 69, 115206 ~2004!
experiments54–57 attempted a direct structural determinati
of the concentration of active compared to inactive dopa
which were expected to differ by their coordination of four
contrast to three. However, the large experimental uncert
ties and side effects such as dopant clustering or bondin
hydrogen58–61 made these results difficult to interpret an
lead to an overestimation of the doping efficiency. Therefo
Street and co-workers proposed to determine the doping
ficiency from the number of excess charge carriers in
duced by electronically active dopants compared to the
doped case.10,11,49,62,63To this end, one has to determine n
only the concentration of electrons or holes in shallow sta
but also the densities of dangling bonds in their respec
charge state, which compensate excess carriers. Comb
the data from subgap absorption and EPR measuremen
quantitative analysis of the doping efficienciesh(P) and
h(B) in a-SiOx :H can be carried out~see Ref. 11 for de-

FIG. 17. Defect densitiesND,EPR ~a! and effectiveg factorsge f f

of the EPR resonance~b! of n-type SiOx samples~1% PH3) as a
function of the optical gapE04. The samples were measured atT
'10 K in the dark and under white light and Ar ion laser illumin
tion. The dotted lines are guides to the eye.
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s,

n-
to

,
f-
-

n-

s
e
ing
, a

tails!. Assuming that all negative defects inn-type SiOx arise
from the autocompensation and correspond to one ac
fourfold coordinated P4

1 donor @Eq. ~1!#, the doping effi-
ciency of phosphorus in silicon suboxide can be calculated
follows:

h~P!5
ND,Abs(n)1NS(n)~g52.0040!2NS(n)~g52.0050!

@P#

'
ND,Abs(n)2ND,EPR(n)

@P#
. ~6!

Here, NS(n)(g52.0040) andNS(n)(g52.0050) are the
spin densities of electrons in the conduction-band tail and
neutral dangling bonds, respectively, and@P# is the solid-
phase concentration of phosphorus atoms as determine
ERD ~cf. Fig. 8!. Similar arguments apply for boron-dope
SiOx , where every positive defect is assumed to arise fr
an active fourfold coordinated B4

2 acceptor:

h~B!5
ND,Abs(p)1NS(p)~g'2.007!2NS(p)~g52.0050!

@B#

'
ND,Abs(p)2ND,EPR(p)

@B#
. ~7!

In this case,NS(p)(g52.007) is the spin density of hole
in the valence-band tail and@B# is the solid-phase concentra
tion of boron atoms~cf. Fig. 8!. Of course,ND,EPR in Eqs.
~6! and ~7! represents the undeconvoluted paramagnetic
fect density and is only an approximation for the neut
dangling bond density. However, the absorption defect d
sity ND,Abs ~representing charged defects! is roughly one or-
der of magnitude larger thanND,EPR for E04,2.3 eV or
@O#,30 at. %, respectively~cf. Fig. 14!. This implies that
for the calculation of the doping efficiencies,ND,EPR is al-
most negligible for those samples, where doping is still p
sible. Thus, the decrease of the doping efficiency is ma
determined by the decrease ofND,Abs. For samples above
@O#530 at. %, when doping fails,ND,Abs and ND,EPR be-
come comparable and both represent neutral dangling b
defects.

For both,n- and p-type material, the doping efficiencie
shown in Fig. 18 are in the range of 1% for lowE04, in good
agreement with values obtained in previous studies.10,11,63

With increasing optical band-gap,h(P) andh(B) decrease
continuously, until they vanish aboveE04'2.5 eV (@O#
'30 at. % or ^r &'3). Thus, we can conclude that th
change of conductivity and defect densities of doped Sx
can be explained as a failure of substitutional P and B dop
for higher oxygen contents. An average fourfold coordin
tion of the network seems to be crucial for an effective do
ant activation, which is no longer fulfilled forE04.2.5 eV
where^r & approaches a value of 3. The decrease ofh as a
function of@O# indeed follows the probabilityp(Si-Si4), pre-
dicted from the random bonding model,64 that a Si atom or a
substitutional dopant atom is surrounded by four Si nei
bors. For phosphorus and boron this represents the prob
6-12
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ity of finding a fourfold coordinated Si environment, whic
becomes more unlikely at higher oxygen contents~see Fig.
18!.

An independent experimental indication that P can o
be electrically active close tôr &54 is the fact that in spin
dependent photoconductivity~SDPC! measurements, th
characteristic hyperfine lines of the neutral P4

0 state could
only be observed for smallE04 and@O#, respectively. Figure
19 displays SDPC spectra ofn-type SiOx for optical gaps up
to 2.10 eV (@O#512 at. %). The central resonance atg
'2.004 arising from conduction-band tail electrons
present in all of the spectra but only shown for the smal
E04. The hyperfine-split lines due to neutral P4

0 dopants11,65

can also be seen with comparable intensity at 3210 and 3
G and with a constant splitting ofDHh f'260 G in all of the
spectra. For SiOx samples with higher oxygen contents, t
SDPC signal turned out to be too weak in order to meas
reliable spectra. Figure 19 implies that although the oxyg
content gradually increases and P4 donors become more un
likely, the microscopic surrounding of the remaining acti
donors stays essentially unchanged, namely, Si-Si4 clusters
with ^r &'4 ~as shown schematically by the inset of Fig. 1!.

Based on these results, it has to be asked whether
autocompensation model10 is still a valid concept when a
reduction of the mean coordination by alloying with increa
ing oxygen concentrations results in a decrease of the do
efficiency. Equations~1! and ~2! propose an equilibrium be
tween fourfold coordinated dopantsD4 compensated by an
equal number of charged defects Si3 on one side and three
fold coordinated dopantsD3 together with fourfold coordi-
nated Si4 atoms (@Si4#.const) on the other side. Applyin
the law of mass action yields, under the assumption of th
mal equilibrium,

FIG. 18. Doping efficiency of phosphorus~1% PH3, solid dia-
monds! and boron ina-SiOx :H ~2% B2H6, open diamonds! as a
function of the optical band-gapE04 and average coordination̂r &.
For comparison, the probability of SiuSi4 clusters in a random
network ~dotted line! with increasingE04 is shown.
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@D4#2

@D#
5const ~8!

with @D4#5@Si3# and @D3#.@Dtotal#5@D#. For the doping
efficiencyh this leads to

h5
@D4#

@D#
.

const.

A@D#
. ~9!

Although Eqs.~1!, ~2!, and~9! are able to explain most o
the properties observed in doped samples, there are do
about the general applicability of the autocompensat
model, which have been summarized by Stutzmannet al.11,63

First, the assumption of thermal equilibrium at the growi
surface during deposition@Eqs. ~1! and ~2!# is incompatible
with the growth process of an amorphous network. On
contrary, a rapid solidification of the material is required
order to prevent the atoms from attaining their minimu
energy configuration and crystallizing. As a consequen
some of the structural units found in amorphous silicon
germanium are in contradiction with the 8-N rule, even in
Street’s modified form. The most prominent examples are
neutral Si3

0 or Ge3
0 dangling bonds in undoped material. As

FIG. 19. Spin-dependent photocurrent spectra of phospho
doped a-SiOx :H ~1% PH3) with E0451.90, 1.98, 2.04, and
2.10 eV. The central conduction-band tail resonance (g'2.004) is
plotted on a different intensity scale for one of the spectra. T
positions of the hyperfine-split lines due to neutral P4

1 dopants at
roughly 3210 and 3470 G (DHh f'260 G) are indicated by dotted
straight lines.
6-13
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matter of fact, amorphous silicon or germanium are not
tally free of topological constraints. The overconstrainedn
of the tetrahedral network leads to the formation of config
rations which are forbidden in the picture of the autoco
pensation but might favor a substitutional incorporation
dopant atoms.

Second, it was observed that the doping efficiency sho
a common unique square-root behavior@Eq. ~9!# as a func-
tion of the gas-phase dopant concentration, whereas the
ation is more complicated as a function of the solid-ph
concentration.11,63For example, the doping efficiencies of A
in a-Si:H and P ina-Ge:H do not show the expected d
crease with the square root of the solid-phase dopant con
tration, but remain rather constant. Note that Eq.~9! is writ-
ten in terms of solid-phase concentration under
assumption of thermal equilibrium. In reality, however, ga
phase reactions and gas-surface interactions, such as th
mation of plasma precursors and their following react
with the growth surface, have a crucial influence on the d
ing efficiency in amorphous Si and Ge, thus violating t
modified 8-N rule. Attempts have been made to include g
phase species in the doping model of P-dopeda-Si:H,66

however, the model is too specialized to account for the d
ing process of all studied dopant-host systems. Thus, no
eral model for the dependence of the doping efficiency
gas- or solid-phase concentrations has been established
and the understanding is restricted to the phenomenolog
explanations of the modified 8-N rule .

In the case ofa-SiOxH, the situation is further compli-
cated by the presence of increasing amounts of oxygen
oms. There are two plausible explanations for the decreas
the n- andp-type doping efficiency with increasing@O# and
decreasing mean coordination. The extent of the various c
tributions, however, is difficult to evaluate. On the one ha
the gradual reduction of topological constraints in the Sx
matrix with decreasinĝ r & is likely to account for the de-
creasing fourfold coordinated active dopant incorporati
As mentioned above, the overconstrainedness of the netw
imposes certain constraints on possible configuration of
dopant atoms. Therefore, at^r &'3, dopant atoms will no
longer be forced into fourfold bonding configurations, sin
only a few constraints are left in the matrix itself, which a
unlikely to be sufficient to influence the incorporation of t
respective dopant atom. In this picture, a successful dop
process essentially depends on the existence of steric
straints, which are forbidden by the original 8-N rule.

On the other hand, the presence of oxygen and hydro
and their possible bonding configurations have to be con
ered as well. Hydrogen-dopant passivation is a well-kno
phenomenon in crystalline semiconductors.67 Furthermore,
the strong electronegativity difference between oxygen
boron or phosphorus will lead to energetic positions
dopant-oxygen bonding and antibonding levels quite diff
ent from those of the corresponding silicon-dopant bon
However, ina-Si:H and especiallya-SiOx :H neither signs of
dopant-oxygen nor dopant-hydrogen bonding could be
tected by IR spectroscopy for oxygen concentrations up to
at. %. Since the maximum hydrogen concentration
;20 at. % also for higher@O# ~cf. Fig. 2!, H passivation of
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phosphorus or boron is unlikely to play a major role ev
when the oxygen fraction rises because such complexe
crystalline silicon are not stable at the deposition and ann
ing temperatures employed in this study. Yet, dopant-oxy
binding might well contribute to an increasing dopant pas
vation and the decrease ofh for @O#.20 at. %.

Nevertheless, the steric constraints of the overcoordina
amorphous network are likely to have an influence on
efficiency of the doping process in tetrahedral amorph
materials. The presence of a significant amount of netw
constraints may help to understand why successful dop
was so far observed only for the fourfold coordinated am
phous semiconductorsa-Si:H, a-Ge:H, a-C:H, and their al-
loys, but fails upon alloyinga-SiOx :H with increasing
amounts of oxygen.

VII. CONCLUSIONS

We have investigated the correlation between the str
tural and mechanical properties and the doping efficiency
hydrogenated amorphous silicon suboxides (a-SiOx :H) as a
function of the oxygen content~0–50 at. %! and optical
band-gap (E04'1.9–2.8 eV). Alloying with increasing oxy-
gen concentrations gives rise to a softening of the amorph
network by the two-valent O atoms and results in a line
decrease of the mean atomic coordination^r & from four
(a-Si:H) to '2.7 for the highest oxygen concentrations stu
ied ~45 at. %!. Thus, amorphous silicon suboxides undergo
structural change from an overconstrained amorphous s
conductor via a glassy semiconductor towards a semic
ducting glass with increasing amounts of oxygen. Howev
^r & remains above the value for rigidity percolation know
from network glasses.3–5 Experimental results for the me
chanical hardness of the material correlate well with this
crease of the average coordination.

Efficient phosphorus and boron doping in SiOx seems to
be related to the presence of local environments with fo
fold coordination. For@O#<12 at. %, active phosphoru
dopants have similar wave functions and doping efficienc
around 1% as ina-Si:H. Also, large doping-induced dens
ties of charged defects are found for low@O#, as predicted by
Street’s modified 8-N rule.10 Beyond @O#520 at. %, how-
ever, the dark conductivities, the absorption, and the E
spectra exhibit increasingly intrinsic behavior: The conce
tration of charged dangling bonds decreases in favor of n
tral Si3

0 and the doping efficiency tends towards zero. F
average coordination of three or less (@O#*30 at. %, E04
*2.5 eV), doping fails and all samples—doped a
undoped—have intrinsic character. The phenomenolog
explanation provided by the autocompensation model10 is
unlikely to account for the details of the doping process
amorphous semiconductors. Inconsistencies are well kno
such as the existence of topological constraints in the am
phous network or the fact that rather the gas-phase than
solid-phase dopant concentration determines the behavio
the doping efficiency.11 In the case ofa-SiOx :H, where the
tetrahedral coordination is successively reduced and the
ing efficiencies of P and B decrease with rising@O#, steric
6-14
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constraints in local environments witĥr &'4, though vio-
lating the modified 8-N rule, seem to be favorable for effi
cient substitutional doping. The reduced number of n
work constraints in silicon suboxides with increasi
oxygen concentration might also explain the findi
that doping in amorphous semiconductors has so far o
been observed in overconstrained tetrahedral mate
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