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In this work we investigate the effects of thermal annealing on the optical and electrical properties of doped
amorphous silicon suboxide (a-SiOx :H) samples prepared by plasma-enhanced chemical-vapor deposition.
Efficient p- andn-type doping is possible up to a concentration of 10 at. % oxygen. Structural properties of the
films are deduced from hydrogen evolution measurements and infrared spectroscopy. Changes in the micro-
scopic structure of the amorphous network upon thermal annealing at low annealing temperatures cause a
dopant activation of thep-type samples. The resulting increase of the dark conductivity becomes less pro-
nounced for increasing oxygen content of the films, but still comprises almost two orders of magnitude for
samples with 9 at. % oxygen.N-type suboxides do not show such doping activation upon thermal annealing.
Thermal annealing at higher temperatures leads to an effusion of hydrogen, reducing the optical band gapE04

of the samples. The dependence ofE04 on the hydrogen content for amorphous suboxides with different
oxygen content is investigated and found to be similar to that of amorphous silicon.@S0163-1829~99!03743-1#
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I. INTRODUCTION

Hydrogenated amorphous silicon suboxides (a-SiOx :H)
represent a material system suitable for the application
silicon-based light-emitting devices. The optical band g
and stable room temperature photoluminescence can be
trolled by varying the oxygen content of the films.1,2 P- and
n-type doping is possible by incorporation of boron a
phosphorus into the films, and thus light-emitting diod
~LED! can be realized.3,4 As previously shown, thermal an
nealing at temperatures below 300 °C significantly redu
the defect absorption of intrinsic suboxides and annealing
a-SiOx :H p-i-n structures leads to a pronounced increase
the forward current densities and the total electrolumin
cence intensity.5 This work was performed in order to bette
understand the effects of thermal annealing onp- andn-type
suboxide layers with the aim to improve the performance
stability of a-SiOx :H p-i-n structures.

II. EXPERIMENTAL DETAILS

P- andn-typea-SiOx :H layers were deposited by plasm
enhanced chemical-vapor deposition~PECVD! using SiH4
~with 1 vol. % B2H6 or PH3, respectively! and CO2 as source
gases and H2 as dilution gas. The substrate temperatu
deposition pressure and deposition power were nomin
250 °C, 0.5 mbar, and 1 W, respectively. The gas flow ra
for SiH4 and CO2 were in the range of 1–8 sccm and th
hydrogen dilution flow rate was 20 sccm. The oxygen co
tent and the optical gapE04 ~energy at which the absorptio
coefficient reaches values of 104 cm21! of the samples were
controlled by varying the CO2- partial pressure
PRB 600163-1829/99/60~19!/13561~12!/$15.00
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CO2/(SiH41CO2) between 0 and 0.6.
Hydrogenated amorphous silicon (a-Si:H) deposited with

our PECVD-system showed an optical band gapE04 of 1.95
eV, an Urbach energy of 70 meV, and a defect density
1017cm23. The oxygen content of the suboxide films w
determined by energy dispersive x-ray spectroscopy~EDX!
using a silicon wafer and stoichiometric quartz as standa
The optical properties ofa-SiOx :H samples with variable
oxygen content and thickness of approximately 1mm depos-
ited on Corning glass 7059 and quartz substrates were d
mined by transmission/reflection measurements and ph
thermal deflection spectroscopy ~PDS!. Electrical
measurements were performed using coplanar evaporate
Au contacts. To study the influence of annealing on the
tical and electrical properties the samples were annealed
der high vacuum (p,1026 mbar) or nitrogen atmosphere a
temperatures between 200 °C and 900 °C. Additionally,
drogen effusion spectra were measured by heating the fi
inside a quartz tube with a heating rate of 20 °C/min a
measuring the H2- partial pressure with a quadrupole ma
spectrometer. Structural changes in the suboxide fi
caused by the thermal annealing were investigated by in
red ~IR! spectroscopy performed with a Fourier transform
spectrometer.

III. RESULTS AND DISCUSSION

A. Optical and structural properties

Figure 1 shows the optical band gapE04 as a function of
the oxygen content for intrinsic,p- and n-type amorphous
suboxides. For oxygen contents exceeding approx. 3 at.
13 561 ©1999 The American Physical Society



o
f 5
Th
a
S

ca

xy

an
s
ro
-

t.
e

f 1
ng

a
o

2
s
fu
ac
in

e
h
e

on
th
io
in

ex-
the

ent
at

0 °C
ly.
ef-
is-

ec-

s

d to
ond
on-
ra-

t
of

ra-

13 562 PRB 60R. JANSSENet al.
linear increase of the optical bandgap is detected for b
doped and intrinsic samples, and for an oxygen content o
at. % the optical band gap reaches a value of 2.8 eV.
mechanisms responsible for an increase of the optical b
gap ina-SiOx :H, when Si-Si bonds are replaced by Si-O-
bridges, are discussed by Cariuset al.6 and should not be
affected by the incorporation of dopant atoms. A theoreti
study of the electronic structure of SiOx by Martinezet al.
confirmed a linear increase of the optical band gap for o
gen concentrations between 0 and 50 at. %.7 Empirical re-
sults similar to our data forE04 as a function of the oxygen
content were reported by Cariuset al. for amorphous SiOx
alloys produced by glow discharge of SiH4 and N2O,6 while
dc magnetron sputtering using a crystalline silicon target
water vapor as the oxygen and hydrogen source result
samples with lower optical band gap due to the lower hyd
gen content of the films.8 The hydrogen content of magne
tron sputtered samples was measured to be typically 10 a
whereas our samples have hydrogen concentrations exc
ing 20 at. %. For comparison, our intrinsica-Si:H with
nominally 0 at. % oxygen has a hydrogen concentration o
at. %. The hydrogen is bound in Si-H configurations givi
rise to a stretching vibration mode at 2000 cm21 in the IR
spectra.

The results of hydrogen effusion measurements ofp-type
suboxides~1% B2H6 diluted in SiH4! are shown in Fig. 2.
The total amount of effused hydrogen shows a slight incre
with increasing oxygen content. The hydrogen content
samples with 0, 6, 9, and 18 at. % oxygen was 18, 20,
and 24 at. %, respectively. Up to 9 at. % oxygen there i
shift of the onset of hydrogen effusion and of the main ef
sion peak to higher temperatures, suggesting that b
bonded oxygen leads to stronger silicon-hydrogen bond
It is assumed that all incorporated hydrogen is bonded
silicon, since IR spectroscopy gives no evidence for the
istence of O-H bonds in amorphous silicon suboxides. T
broadening of the effusion peaks with increasing oxyg
content is caused by a larger variety of bonding envir
ments. In contrast to the films with lower oxygen content
sample with 18 at. % oxygen shows a two peak effus
spectrum, with a low temperature effusion peak compris

FIG. 1. Optical band gapE04 as a function of the oxygen conten
for doped and undopeda-SiOx :H.
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for most of the bonded hydrogen. At oxygen contents
ceeding 10 at. % a change in the microscopic structure of
boron-doped films leads to a different bonding environm
of the incorporated hydrogen. All hydrogen has effused
temperatures exceeding 650 °C, 700 °C, 750 °C, and 80
for samples with 0, 6, 9, and 18 at. % oxygen, respective
Note that at approximately 350 °C a spike appears in all
fusion spectra. We will later return to this feature when d
cussing the change of the dark conductivity ofp-type subox-
ides upon thermal annealing.

For comparison, Fig. 3 shows the hydrogen effusion sp
tra of n-type suboxides~1% PH3 diluted in SiH4!. The effu-
sion peak ofn-type a-Si:H is shifted to higher temperature
by more than 100 °C with respect to thep-typea-Si:H. This
agrees with earlier results by Beyer.9 With increasing oxygen
content again the high temperature effusion peak is shifte
higher temperatures due to increasing silicon-hydrogen b
energies and the amount of hydrogen in this bonding c
figuration is decreasing. The dominance of the low tempe

FIG. 2. Hydrogen effusion ofp-type suboxides~1 vol. % B2H6!
with oxygen contents of 0, 6, 9, and 18 at. % as a function
temperature.

FIG. 3. Hydrogen effusion ofn-type suboxides~1 vol. % PH3!
with oxygen contents of 0, 8, and 20 at. % as a function of tempe
ture.
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ture ~LT! effusion peak for high oxygen contents again in
cates a change in the bonding environment of the hydrog
Note that for then-type sample with 20 at. % oxygen th
relative magnitude of the LT effusion peak is significan
larger than for thep-type sample with 18 at. % oxygen. W
will later comment on this fact when discussing the da
conductivity of doped suboxides. After heating then-type
suboxides with 0, 8, and 20 at. % oxygen to 700 °C, 750
and 850 °C, respectively, all hydrogen has effused from
samples. The total amount of hydrogen determined in
way was 16, 23, and 31 at. %, respectively. Both the h
hydrogen content of more than 20 at. % and the formation
a low temperature effusion peak is a characteristic of vo
rich amorphous silicon.10 The most likely reaction account
ing for the LT evolution peak is the rupture of two neighbo
ing Si-H bonds simultaneous with the formation of H2 and
the subsequent rapid diffusion of molecular hydrog
through the open void-rich structure. The observation of
increasing dominance of the LT effusion peak with high
oxygen contents thus indicates an increasing concentratio
voids in the films, both forp- andn-type amorphous subox
ides. This fact was confirmed by electron micrographs
amorphous suboxides with high oxygen concentrati
showing a void-rich structure.

We now focus on the effects of thermal annealing on
optical properties ofp-type amorphous suboxides. The mo
vation for concentrating on doped layers with low oxyg
content will be given in the following section on the ele
tronic properties of amorphous suboxides, but briefly is d
to the fact that doped layers determine the series resistan
p-i-n diodes. Figure 4 shows the absorption coefficient m
sured by photothermal deflection spectroscopy~PDS! for
samples with 0 and 9 at. % oxygen in the as-deposited s
and after thermal annealing at 450 °C for 1 h. For bo
samples thermal annealing reduces the optical band gapE04
and increases the Urbach energy and the sub-band-ga
sorption due to the effusion of hydrogen. The reduction
the optical band gap is more pronounced for the sample w

FIG. 4. Absorption coefficient ofp-type suboxides with 0 and 9
at. % oxygen in the as-deposited state and after annealing at 45
~the structure observed is due to interference fringes!.
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0 at. % oxygen because at an annealing temperature
450 °C a higher fraction of hydrogen has left the film~see
Fig. 2!.

Figure 5 shows the optical band gapE04 after consecutive
annealing steps. AllE04 data was taken from PDS spect
with an uncertainty of 0.01 eV. We introduce the parame
kT ln(nHt) as a measure for the thermal annealing ene
Eth , t andT being the annealing time and temperature,k the
Boltzmann constant, andnH51010Hz a frequency prefacto
commonly used for amorphous silicon.11,12 In this case the
frequency prefactornH is describing an attempt-to-escap
frequency for hydrogen effusion. For a thermally activat
process with raten51/t5n0 exp(EA /kT) one finds EA
5kT ln(n0t). Thus in a system with a distribution of activa
tion energies, the energy parameterEth5kT ln(n0t) separates
systems which already have been thermally activatedEA
,Eth) from those which have not yet been affected (EA
.Eth). ThereforekT ln(n0t) is a useful parameter to combin
isothermal and isochronal annealing experiments.

The values ofE04 in the as-deposited state were 1.95, 1.
and 2.02 eV and after effusion of all hydrogen 1.6, 1.65, a
1.72 eV for 0, 6, and 9 at. % oxygen, respectively. W
increasing oxygen content the onset of the reduction ofE04 is
shifted to higher annealing energies and is spread out ov
wider energy range, in good agreement with the hydrog
effusion spectra. In order to correlate the optical band g
measured after consecutive isochronal annealing steps
the hydrogen effusion spectra, the annealing energy par
eter for the latter was calculated by discretizing the line
heating rate of 20 °C/min by subsequent annealing temp
tures 5 °C apart and corresponding annealing times of 1
Figure 6 shows the effusion spectra presented in Fig. 2
function of the annealing energy parameter obtained in
manner. It is then possible to calculate the amount of effu
hydrogen at a certain annealing energy and thus correlate
optical band gap with the hydrogen content of the films~Fig.
7!. For all samplesE04 increases approximately linearly wit
the hydrogen content. The explicit dependence of the opt

°C

FIG. 5. Optical band gapE04 of p-type amorphous suboxide
with oxygen contents of 0, 6, and 9 at. % as a function of an
nealing energy parameterEth5kT ln(nHt). T and t are annealing
temperature and time andnH51010 Hz is a frequency prefacto
commonly used fora-Si:H. The dotted lines are guides to the ey
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band gapE04 on the hydrogen content@H# derived from lin-
ear least-square fits can be expressed in the form

E04~H!'E04~0!10.02 eV @H#, ~1!

where@H# is given in at. % andE04 ~0! is a function of the
oxygen content, namely 1.60 eV, 1.66, and 1.73 eV for 0
and 9 at. % oxygen, respectively. A similar dependence
usually observed for undopeda-Si:H13 @E04 ~H!'1.67 eV
10.02 eV@H##. The somewhat lower value ofE04 ~0! for our
samples with 0 at. % oxygen reflects the broadened band
of doped compared to undoped samples, leading to sm
values ofE04.

According to photoemission measurements by von Ro
ernet al. performed ona-Si:H the dependence of the optic
bandgap on the hydrogen concentration is mainly due
recession of the top of the valence band of amorphous sil
by the transformation of Si-Si bonds into Si-H bonds.14 For
oxygen contents up to 10 at. % this mechanism seems t

FIG. 6. Hydrogen effusion ofp-type suboxides with oxygen
contents of 0, 6, 9, and 18 at. % as a function of annealing ene

FIG. 7. Optical band gapE04 as a function of the hydrogen
content forp-type suboxides with oxygen contents of 0, 6, and
at. %. The dashed lines are linear least square fits to the data.
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valid for p-type suboxides as well, based on the compara
dependence ofE04 on the hydrogen content.

B. Electrical properties

We now concentrate on the electrical properties of am
phous suboxides. Figure 8 shows the dark conductivity a
function of the oxygen content of the films for intrinsic,p-
andn-type amorphous suboxides. Intrinsic samples exhib
decreasing conductivity with increasing oxygen content c
responding to the larger optical band gap. This behavio
expected if the Fermi level is pinned close to the center
the band gap by dangling bond defects for all intrins
samples. Dark conductivity values of 10214S/cm for intrin-
sic a-SiOx :H with oxygen contents of;40 at. % were also
reported by Haga et al. for suboxides deposited b
PECVD,15 whereas sputtered samples show higher values
almost four orders of magnitude in the whole range of ox
gen contents up to 45 at. %.16 The latter is possibly caused b
an increased contribution of hopping conductivity due to
higher defect density as deduced from subgap absorp
Efficient doping is possible up to;10 at. % oxygen in the
films, wherep- andn-type doping enhances the conductivi
by three and six orders of magnitude, respectively. F
@O#,20 at. % the higher doping efficiency ofn-type subox-
ides is explained in analogy toa-Si:H by a steeper conduc
tion band tail compared to the valence band tail. Boro
doped a-SiOx :H films with oxygen contents of 10 at. %
(E0452.0 eV) and dark conductivities of 1026 S/cm were
reported by Ichikawaet al..17 The dark conductivity values
of our boron-doped samples with 10 at. % oxygen are o
order of magnitude lower in the as-deposited state, whe
the dark conductivity of 231026 S/cm for ourp-type as-
depositeda-Si:H film is lower by almost two orders of mag
nitude compared to conductivity values for state-of-the-
p-type amorphous silicon.18–20 Our conductivity values of
1022 S/cm forn-type a-Si:H, on the other hand, agree we
with published data for a phosphine concentration in the
mixture of ; 1 at. %.18,19 One possible reason for the muc
lower conductivity of ourp-type samples is that sample

y.

FIG. 8. Dark conductivity as a function of the oxygen conte
for as-deposited doped and undopeda-SiOx :H. The dotted lines
are guides to the eye.
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used in this study with nominally@O#50 at. % still contain a
noticeable amount of oxygen contamination. It is known t
oxygen acts as a donor ina-Si:H.21–23We therefore believe
that a compensating effect of the oxygen contamination m
contribute to the fact that only the dark conductivity of o
p-type samples is significantly reduced. A compensation
boron and oxygen in amorphous silicon was reported by
mura et al.24 They showed that boron concentrations
1017cm23 lead to a full compensation of oxygen concent
tions in the range of 1020cm23. The physical origin of the
electrically active oxygen related states~donor states! has so
far not been agreed upon. Shimizuet al. suggested the exis
tence of positively charged, threefold-coordinated oxygen
oms (O3

1),22,25 whereas Pontushkaet al. favored positively
charged, singly coordinated oxygen atoms.26 It should also
be noted that oxygen gives rise to a large number of sha
donor levels in crystalline silicon~thermal donors, new do
nors! whose exact microscopic structure has not yet b
established.

A further possible reason for the significantly lower da
conductivity values of ourp-type samples is the passivatio
of boron acceptors by hydrogen atoms due to the forma
of boron-hydrogen complexes.36–38 The effect of hydrogen
evolution and a subsequent reconstruction of the amorph
network caused by thermal annealing on the dark conduc
ity of p-type suboxides will be discussed further below.

With increasing oxygen content the probability for th
incorporation of dopant atoms at electrically inactive sites
greatly enhanced and consequently the dark conductivit
both p- andn-type suboxides is diminished, until for thep-
type sample with 45 at. % oxygen no doping effect can
detected. At such high oxygen concentrations the probab
of the formation of active dopant sites~dopant atom sur-
rounded by four silicon atoms! is at least one order of mag
nitude smaller than for low oxygen contents, based on c
tinuous random network statistics alone. A reduction of
dark conductivity was also detected for amorphous films
hibiting a void-rich microstructure. Beyer reported a condu
tivity decrease forn-type a-Si:H with hydrogen concentra
tions exceeding 20 at. % which could be correlated with
presence of a low temperature effusion peak.10 A comparison
with Figs. 2 and 3 shows that a LT effusion peak appears
our p-type samples with@O#.10 at. % and that the LT effu
sion peak is more pronounced forn-type ~as compared to
p-type! suboxides at oxygen contents below 20 at. %. W
therefore believe that an increasing concentration of vo
also contributes to the strong reduction of the dark cond
tivity of our doped suboxides with rising oxygen conten
The relatively larger conductivity decrease of ourn-type
samples~see Fig. 8! in this context can be explained by a
even higher concentration of microvoids in agreement w
the dominance of the LT effusion peak in these samples.
oxygen concentrations of; 20 at. % the dark conductivity o
both p- and n-type amorphous suboxides amounts to ab
the same low value of 1028 S/cm.

One goal of our research work done on amorphous s
oxides is the fabrication of light emittingp-i-n diodes. As
intrinsic suboxides show a maximum of the room tempe
ture photoluminescence intensity at;40 at. % oxygen,27 it
appears favorable to incorporate oxygen into the doped
ers in order to enhance their optical bandgap and thus m
t
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mize the band gap discontinuities at the interfaces of
p-i-n structures. Particularly thep-i interface, i.e., the injec-
tion of holes in the intrinsic layer, seems to be of critic
importance for the electroluminescence properties of am
phous silicon suboxide light emitting diodes.28 On the other
hand, the low conductivity of thep-type layer—as compared
to then-type layer—for@O#,10 at. % determines the serie
resistance of thep-i-n diodes at high applied forward volt
ages and thus limits the current density at a given voltag5

As both a high current density and an efficient injection
holes in thei layer are crucial for the electroluminescen
properties, it is therefore necessary to applyp layers with the
best compromise between optical band gap and dark con
tivity in the p-i-n structures.

Thermal annealing at low temperatures (T,550 K) leads
to a significant, irreversible increase of the dark conductiv
of p-type suboxides. As an example Fig. 9 shows the eff
of thermal annealing on the normalized dark conductivity
a p-type sample with 6 at. % oxygen for annealing tempe
tures between 470 and 535 K. Thermal annealing for abo
h at temperatures as low as 470 K already causes an
hancement of the dark conductivity by a factor of 1.4.
longer annealing timest a logarithmic dependence ofs(t)
was observed. An accelerated activation of the dark cond
tivity can be realized by increasing the annealing tempe
ture. At 535 K, conductivity activation was only found up
annealing times of 4 h, wheres passes through a maximum
and decreases again for longert. Thermal activation of the
dark conductivity of ourp-type suboxides is thus only pos
sible in a limited range of annealing temperatures and tim

Figure 10 shows the dark conductivity ofp-type samples
measured at room temperature after consecutive anne
steps at increasing temperatures. As a measure for the
mal annealing energy we used the parameterkT ln(nst),
wherens is a frequency prefactor characteristic for the stru
tural changes affecting the electrical properties of amorph
silicon suboxides upon thermal annealing. To a first appro
mation we can assume the frequency prefactorns to be equal
to nH ~frequency prefactor for hydrogen effusion!, although
in general different microscopic processes will be at the o

FIG. 9. Normalized dark conductivity as a function of anneali
time at annealing temperatures of 470, 490, 510, and 535 K f
p-type suboxide with 6 at. % oxygen.
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gin of hydrogen effusion and the variation of electrical pro
erties of amorphous suboxides.

An enhancement of the dark conductivity ofp-type
samples was observed for annealing energies lower
1.5–1.6 eV~corresponding to the 4-h annealing at 535
shown in Fig. 9 or an equivalent 1 h annealing at 550 K
regime I!. It is most prominent for thea-Si:H sample where
it leads to an increase of the dark conductivity by alm
three orders of magnitude. With larger oxygen content
doping activation is reduced, but still comprises more th
one order of magnitude at 18 at. % oxygen.

At annealing energies of approximately 1.5 eV a sh
drop occurs in the dark conductivity by about one order
magnitude for allp-type samples containing oxygen. We b
lieve that the origin of this conductivity reduction is the su
den effusion of a specific subset of hydrogen indicated by
spikes in the hydrogen effusion spectra at low tempera
~see Fig. 6!. A correlation of these two characteristic featur
will be discussed below. After the sharp drop the dark c
ductivity remains almost unchanged over a wide range
annealing energies for all samples~regime II!. This is quite
remarkable in view of the fact that the majority of the inco
porated hydrogen effuses from the films in this anneal
regime ~see Fig. 6!, however apparently without any effec
on the dark conductivity, although the defect density
creases notably~see Fig. 4!. A slight increase of the dark
conductivity indicating partial crystallization of the films~re-
gime III! is followed by an increase of several orders
magnitude due to total crystallization of the films. Note th
both the onset of crystallization and the total crystallizat
are shifted to higher annealing energies with increasing o
gen content. Comparison with Fig. 6 shows that the onse
crystallization is detected only after all hydrogen has effu
from the films.

The dark conductivity ofn-type suboxides as a functio
of the thermal annealing energy is shown in Fig. 11. Inst
of a conductivity activation, detected forp-type samples, the
dark conductivity decreases slowly~or remains approxi-
mately constant for the sample with 8 at. % oxygen! until
there is a significant decrease of the dark conductivity

FIG. 10. Room temperature dark conductivity ofp-type subox-
ides with oxygen contents of 0, 6, 9, and 18 at. % as a function
annealing energy~Regions I–III are described in the text.!
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annealing energy values of 1.8 to 2.1 eV. This sharp d
corresponds to the high temperature peak of the hydro
effusion spectra ofn-type samples. Thus the breaking
strong silicon-hydrogen bonds results in a significant red
tion of the dark conductivity. After total effusion of hydro
gen from the films partial crystallization of the films is d
tected, leading to an increase in the dark conductivity. To
crystallization was reached forn-type samples with 0 and 8
at. % oxygen at annealing energies of 2.6 and 2.9 eV~corre-
sponding to a 1-h anneal at 690 °C and 800 °C!, respectively,
whereas it was not possible to fully crystallize the sam
with 20 at. % oxygen for annealing temperatures up
900 °C.

C. IR transmission spectroscopy

To clarify the structural changes ofp-type amorphous
suboxides upon thermal annealing IR transmission meas
ments were performed. Figures 12~a! and 12~b! show IR
transmittance spectra between 500 and 2500 cm21 for
samples with 0 and 9 at. % oxygen after consecutive ann
ing steps. Both spectra show the well-known Si-H wagg
mode at 640 cm21 decreasing in intensity as hydrogen e
fuses from the samples until all hydrogen has disappeared
Eth51.8 eV. The structure appearing at 600 cm21 is due to
two-phonon absorption in thec-Si substrate,29 The sample
with 0 at. % oxygen also exhibits the Si-H2 scissors vibration
at 880 cm21 and a very weak mode at 840 cm21 attributed to
the wagging mode of polysilanes (Si-H2)n in the as-
deposited state30 @Fig. 12~a!#. We thus assume that Si-H2
and—to a lesser extent—(Si-H2)n configurations are presen
in our untreated films. These features vanish at an annea
energy of 1.35 eV, closely corresponding to the spike
served in the effusion spectra~see Fig. 6!. We attribute this
sudden effusion to weakly bound hydrogen including Si-2
and (Si-H2)n configurations. After this effusion a restructu
ing of the network is likely to occur leading to the observ
changes in the conductivity properties of the material. T
corresponding stretching vibrations of Si-H and Si-H2 groups
appear at 2000 and 2090 cm21, respectively. At annealing

f
FIG. 11. Room temperature dark conductivity ofn-type subox-

ides with oxygen contents of 0, 8, and 20 at. % as a function
annealing energy.
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energies exceeding 1.35 eV we indeed detect a reduced
sorption ratio of 2090 cm21/2000 cm21 indicating a reduc-
tion of hydrogen bonded as dihydride. However, even a
the total disappearance of the Si-H2 scissors mode at 88
cm21 there still remains a noticeable contribution of the 20
cm21 mode to the stretching vibrations. In accordance w
earlier work we explain this fact by a fraction of monoh
dride bonds situated in larger cavities or in microsco
voids. It was shown by Cardona,29 that the presence of Si-H
bonds at the surface of internal voids leads to a shift of
stretching frequency from 2000 cm21 to approximately 2100
cm21. We thus have evidence that in our sample with 0 at
oxygen annealing energies of up to 1.35 eV lead to an e
sion of weakly bound hydrogen from Si-H2 and (Si-H2)n
configurations resulting in an amorphous material with int
nal voids. It has to be noted that the features in the IR spe
appearing around 1100 cm21 are due to thec-Si substrate
and that no evidence for unintentional incorporation of ox
gen in the films during the annealing process was obser

The IR spectra of the sample with 9 at. % oxygen a
more complex@see Fig. 12~b!#. In the as-deposited state, tw
additional features are observed in the spectral region
tween 750 and 1100 cm21. The absorption band centered

FIG. 12. IR transmittance spectra ofp-type suboxides after an
nealing steps at successively increasing annealing energies.
dotted lines indicate vibrational modes described in the text.~a!
@O#50 at. %. ~b! @O#59 at. %
ab-
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around 790 cm21 has been assigned to an overlap of a lo
bond configuration with mixed bending and stretching ch
acter for oxygen and hydrogen atoms bonded to the s
silicon atom at 780 cm21 ~Ref. 31! and of the Si-O bending
mode at 810 cm21 ~Ref. 32!. Evidence for the contribution o
hydrogen to this mode is given by its disappearance after
total effusion of hydrogen at annealing energies of 2.0 e
The absorption band centered at 1000 cm21 is the well-
known Si-O-Si stretching mode that was shown to shift
higher wave numbers with increasing oxygen content.33 At
annealing parameters exceeding 1.27 eV the Si-O-Si stre
ing mode indeed exhibits such a slight shift to higher wa
numbers. This fact can be explained by the onset of ph
separation of the suboxide into Si and SiO2, leading to an
enhanced concentration of oxygen in some parts of the fi
As far as Si-H stretching modes are concerned, there are
distinct local environments for the Si-H group in amorpho
suboxides. These can be written as HSi-Si32nOn with n
50, . . . ,3. Thecorresponding Si-H stretching frequenci
are 2000, 2100, 2195, and 2265 cm21.32 Our as-deposited
sample with 9 at. % oxygen shows contributions at 2000 a
2100 cm21 indicative of configurations with zero and on
backbonded oxygen atom. Naturally an analysis of this sp
tral region is complicated, as Si-H2 and (Si-H2)n vibrations
overlap the HSi-Si32nOn modes. Nevertheless, at anneali
parameters exceeding 1.35 eV an additional mode at 2
cm21 becomes visible. This mode is due to the HSi-3
stretching vibration and provides further evidence for a
structuring of amorphous suboxides into a silicon-rich and
oxygen-rich phase. Additional proof for this is a small, b
noticeable shift of the mode at 880 cm21 to lower wave
numbers at 875 cm21. The latter mode has been identified
the bending mode of HSi-O3.

32 We thus interpret this chang
in the IR spectra at annealing energies of 1.35 eV as
disappearance of the Si-H2 scissors mode—which was als
detected for our sample with 0 at. % oxygen—accompan
by the emergence of the HSi-O3 bending mode. Again the
hydrogen-related nature of the mode at 875 cm21 was con-
firmed by the disappearance of the mode at annealing e
gies of 2.0 eV.

Thus annealing of thep-type sample with 9 at. % oxygen
causes the following changes in the amorphous structure
low annealing energies weakly bound hydrogen~e.g., Si-H2!
effuses from the film, and a concomitant restructuring of
amorphous network leading to an agglomeration of oxyg
and possibly a phase separation into a silicon-rich and
oxygen-rich phase takes place. This phenomenon of ph
separation in amorphous suboxides was also reported
Hagaet al. for as-deposited undoped films with oxygen co
centrations between 9 and 60 at. % prepared by rf glow
charge decomposition of SiH4-CO2 gas mixtures.34 Finally,
we would like to state that no local modes attributed to bo
vibrations @such as the B-H stretching mode at 2560 cm21

and the B-O stretching mode at 1350 cm21 ~Ref. 35!# could
be detected in ourp-type samples. Moreover, there was n
evidence for the characteristic hydrogen vibration at 18
cm21, correlated with B-H complexes responsible for an a
ceptor passivation in boron-doped crystalline silicon.36–38

A comparison of Figs. 6 and 10 shows that the annea
energy at which the effusion spike and the structural chan
observed by IR spectroscopy occurs is lower by appro

he
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13 568 PRB 60R. JANSSENet al.
mately 0.12 eV compared to the annealing energy of the d
in the conductivity. A correlation of the effusion spike an
the conductivity drop can thus be achieved by assumin
ratio of the frequency prefactorsnH /ns'10. Such different
values for the frequency prefactorsnH and ns can be ex-
plained by the assumption that one out of ten hydrogen
oms which are effused from the sample at low annea
energies causes a change in the electrical properties o
amorphous suboxides. In the range of thermal conducti
activation@i.e., kT ln(nst),1.5– 1.6 eV, regime I# ; 2 at. %
of weakly bound hydrogen atoms effuse from the films. W
therefore assume that the activation of boron acceptor
either directly caused by removal of hydrogen atoms o
mediated by a small scale motion of hydrogen. The ex
physical process leading to an enhanced incorporation
electrically active, fourfold coordinated boron atoms is n
known, as IR spectra give no evidence for boron-hydrog
complexes prior to thermal annealing. We will show la
that the increase of the active acceptor density correspon
4 1019cm23 at most. Such small changes in the concentrat
of hydrogen bonds are below the detection limit of o
present IR-analysis, so that no direct microscopic evidenc
available so far.

D. Temperature-dependent dark conductivity

The influence of the hydrogen effusion and the rec
struction of the amorphous network on the conductivity
p-type suboxides can be further investigated by measu
the temperature dependence of the dark conductivity. Fig
13~a! and 13~b! show the Arrhenius plot of the temperatu
dependent dark conductivity for ap-type sample with 9 at. %
oxygen after various annealing steps. The conductivity
thermally activated for temperatures exceeding 370 K an
described by

s~T!5s0 exp~2Es /kT!, ~2!

wheres0 is the conductivity prefactor andEs5EF2EV the
activation energy~Fermi energyEF , valence-band energ
EV!. The range of thermal conductivity activation at lowEth
~see Fig. 10, regime I! is displayed in Fig. 13~a!. An increase
of the annealing energy from 1.1 eV to 1.45 eV and 1.6
causes a reduction ofEs from 0.73 eV to 0.66 eV and 0.56
eV, respectively. At the same times0 decreases from 7
3104 S/cm to 23104 S/cm and 53103 S/cm, respectively.
The increase of the dark conductivity at 300 K is thus due
a shift of the Fermi energy towards the valence band ed
As for kT ln(n0t),1.6 eV@i.e.,kT ln(nHt),1.48 eV in Fig. 5#
the reduction of the optical bandgap is negligible, the
crease ofEs is caused by an activation of boron acceptors
quantitative analysis of this effect will be presented below

In Fig. 13~b! the s(T) data atEth51.85 and 2.4 eV re-
present the regime II of constant dark conductivity after
sharp conductivity drop and the regime III of partial cryst
lization, respectively~see Fig. 10!. The lower conductivity at
300 K forEth51.85 eV as compared toEth51.6 eV is caused
by a significant reduction ofs0 from 5 103 S/cm to 5
102 S/cm. The observed small decrease ofEs to 0.53 eV is
probably due to the diminishing optical band gap~cf. Fig. 5!.
After the onset of partial crystallization (Eth52.4 eV)s at
300 K increases again: a further decrease ofs0 is accompa-
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nied by a large reduction ofEs to 0.38 eV. In nanocrystalline
silicon the doping efficiency of boron is close to unity. Th
resulting increase of electrically active acceptors will th
lead to a further shift of the Fermi level closer to the valen
band, until finally degeneratep-type conduction is observe
for full crystallization.

For a further discussion of the temperature depend
dark conductivity we have used the correlation between
conductivity prefactors0 and the activation energyEs

~Meyer-Neldel rule!. Figure 14 shows a Meyer-Neldel plo
(ln s0 as a function ofEs! for p-type suboxides with 0 and 9
at. % oxygen. Both samples clearly exhibit the existence
three distinct regimes~indicated in Fig. 14 for the sample
with 9 at. % oxygen!. These correspond to the regime
~shown in Fig. 10! of the thermally activated dark conduc
tivity ~Eth,1.5–1.6 eV, regime I!, the constant dark conduc
tivity after the sharp conductivity drop
~1.5– 1.6 eV,Eth,2.0– 2.2 eV, regime II! and the partial

FIG. 13. Temperature-dependent dark conductivity after vari
annealing steps for ap-type suboxide with 9 at. % oxygen.~a! Low
annealing energy parameters:Eth51.1– 1.6 eV.~b! High annealing
energy parameters:Eth51.6– 2.4 eV. The dotted lines are extrap
lations of the experimental data giving the value of the conductiv
prefactors0 at the intercept with they axis ~see top left corner of
the figures!.
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crystallization~Eth.2.0–2.2 eV, regime III!. For large acti-
vation energies~regime I! the data can be described by th
Meyer-Neldel relation

ln s05 ln s001Es /kTm , ~3!

where for our samples with 0~9! at. % oxygen,s00 is a
constant with a value of about 25~1! V21 cm21 and kTm
equals 83~66! meV, respectively.

The Meyer-Neldel relation states that the temperature
pendent conductivity data for different samples~in our case:
a sample after different annealing steps! all intersect at the
same value of the conductivity,s00, at the temperatureTm .
A comparison with Figs. 13~a! and b shows that this is ob
served for the sample with 9 at. % oxygen only up to anne
ing energies of 1.6 eV, the value ofTm being 770 K. A
departure of the data from the straight line in Fig. 14~regime
II ! for activation energies lower than 0.6 eV is caused b
significant reduction of the conductivity prefactor. Similarl
the sample with 0 at. % oxygen follows the Meyer-Neld
relation only down to activation energies of 0.4 eV. For bo
samples the transition from regime I to regime II occurs
annealing energies of 1.5–1.6 eV, corresponding to the
tected drop in the conductivity~see Fig. 10!. We have shown
in the previous section that the conductivity drop can
correlated with the sudden effusion of weakly bound hyd
gen followed by a reconstruction of the amorphous netwo
We therefore believe that the observed reduction of the c
ductivity prefactor is caused by percolation effects in t
amorphous films. IR measurements have given evidence
after the sudden effusion of hydrogen thep-type sample with
0 at. % oxygen consists of a void-rich material and thep-type
sample with 9 at. % oxygen exhibits an agglomeration
oxygen. Both structural changes result in a phase separa
leading to one phase with a higher and one phase wi
lower conductivity. The current will thus be forced to perc
late through the high conductivity phase and the reduction
the active sample volume contributing to the current tra

FIG. 14. Conductivity prefactors0 vs the conductivity activa-
tion energyEs for p-type suboxides with 0 and 9 at. % oxygen. T
dashed lines represent the Meyer-Neldel relations~Regions I–III
indicated for the sample with 9 at. % oxygen are described in
text.!
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port is the reason for the strong decrease of the conduct
prefactor. With the onset of partial crystallization~regime
III ! the strong reduction ofs0 comes to an end and the da
again essentially follow a Meyer-Neldel relation.

Finally, we would like to state that all activation energ
and conductivity prefactor values in Fig. 14 were deduc
from the slope of the temperature dependent dark conduc
ity. We have not used the theoretically derived const
value of approximately 200 S/cm for the conductivity pre
actors0 ~Ref. 39! to calculate actual values of the condu
tivity activation energyEs . A brief review on experimen-
tally detected and actual values ofEs is given by Stuke.40

At this point it is useful to summarize the influence of the
mal annealing on the dark conductivity ofp-type amorphous
suboxides derived from the results obtained so far: At
nealing energies below 1.5–1.6 eV~regime I! a significant
increase of the dark conductivity is observed. The phys
origin of this activation of boron acceptors—and the cor
sponding shift of the Fermi level closer to the valence ba
edge—is most likely the dissociation of passivating boro
hydrogen complexes due to an effusion of hydrogen ato
Alternatively, a small scale motion of hydrogen atoms at lo
annealing temperatures may occur. The activation of bo
atoms is limited by a sudden effusion of a large quantity
weakly bound hydrogen and a concomitant phase separa
of the amorphous suboxides. This leads to a sharp drop in
dark conductivity. Finally, partial crystallization occurs aft
all hydrogen has effused. This gives rise to a further acti
tion of boron acceptors in the crystalline regions of the film

E. Acceptor density in p-type suboxides

We would now like to discuss in more detail the condu
tivity activation observed forp-type samples at low annea
ing energies. We used the following equation to calculate
acceptor densityNA from conductivity values~electron
chargee, free hole mobilitym51 cm2/Vs!.41

s5emNA exp~2Es /kT!. ~4!

Hereby it is necessary to take into account the dependenc
the conductivity activation energyEs5EF2EV ~valence-
band energyEV! on the varying acceptor density due to
shift of the Fermi energy,EF . As is schematically shown in
Fig. 15, activated dopants successively fill the states of
exponential bandtail of the amorphous suboxides and t

e

FIG. 15. Schematic diagram showing the shift of the Fermi le
due to a filling of the valence band tail states by activated dopa
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13 570 PRB 60R. JANSSENet al.
shift the Fermi energy closer to the valence band. The n
essary change in the dopant densityDNA can be calculated
using

DNA5E
EF1

EF2
N~E!dE. ~5!

EF1
is the initial Fermi energy level andN(E) the energy

dependant density of states. For the exponential Urbach
we use

N~E!51021cm23 eV21 exp~2E/E0!. ~6!

Here 1021cm23 eV21 is the value of the density of states
the band edge42 and the Urbach energyE0 describes the
exponential slope of the valence band tail.

Using Eqs.~4!, ~5!, and ~6! it is possible to estimate th
acceptor densityNA from conductivity values

NA5~s/em!kT/~kT1E0!~1021cm23 eV21 E0!E0 /~kT1E0!.
~7!

We have to further take into account that the Urbach ene
of amorphous suboxides is affected by thermal anneal
The Urbach energy was deduced from optical absorp
measurements using photothermal deflection spectrosc
The measurements were made at room temperature after
secutive annealing steps. It was assumed that the expone
increase of the absorption coefficient reflects the density
valence band tail states, as is commonly done for amorph
silicon.42,43 Figure 16 shows the dependence of the Urba
energy on the annealing energy forp-type samples with 0, 6
and 9 at. % oxygen. Annealing increases the disorder of
amorphous films and leads to broader bandtails. The incr
of the Urbach slope occurs at lower annealing energies
the sample with 0 at. % oxygen and reaches a significa
higher saturation value at large annealing energies. O
and shape of the curves closely follow the dependency of
optical band gap on the annealing energy~see Fig. 5!. It is
therefore reasonable to assume that the effusion of hydro
leads to an increase of the structural disorder of the fil
Since the Urbach energy of the films increases during th

FIG. 16. Urbach energy ofp-type suboxides with oxygen con
tents of 0, 6, and 9 at. % as a function of annealing energy.
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mal annealing, the calculation of the acceptor density us
Eq. ~7! was done based on the experimental results in F
16.

The value of the acceptor density in the as-deposited s
NA(0) was calculated to be 1.631019cm23 for the p-type
film with 0 at. % oxygen.NA(0) decreases with the incorpo
ration of oxygen, being 1.4, 1.1, and 0.731019cm23 for the
samples with 6, 9, and 18 at. % oxygen. With a dopant
concentration of 1% we therefore observe doping efficienc
of 3% for 0 at. % oxygen and 1.5% for 18 at. % oxygen f
our p-type samples prior to the thermal annealing. Simi
values of the doping efficiency for a dopant gas concen
tion of 1% were reported by Stutzmannet al. for boron-
dopeda-Si:H.44 Isothermal annealing of our films leads to a
enhancement of the dark conductivity shown in Fig. 9. T
is due to an activation of boron acceptors and gives rise to
increasing calculated acceptor density.

Figure 17 shows the change of the acceptor densityD NA
as a function of the energy parameterkT ln(nst) for p-type
suboxides with various oxygen contents. Incorporation
oxygen increases the thermal energy at which the onse
the activation of boron was detected and reduces the m
mum increase of the acceptor density. As we have shown
comparison of hydrogen effusion measurements and IR s
troscopy, a small scale motion of hydrogen atoms or an
fusion of hydrogen, which is weakly bound, e.g., in Si-H2
configurations, takes place at low annealing energies. T
apparently leads to an increased incorporation of boron
electrically active sites, possibly due to a dissociation of p
sivating boron-hydrogen complexes. The shift of the onse
dopant activation to higher annealing energies with incre
ing oxygen content might thus be due to the stabilization
these passivating complexes by backbonded oxygen ato

An enhancement of the dark conductivity is achieved
to an amount of effused hydrogen of 2 at. %. Using
atomic density of 531022cm23 for amorphous silicon, this
amounts to about 1021cm23 effused hydrogen atoms. As w
have mentioned earlier, approximately one out of ten effu
hydrogen atoms influences the electrical properties of

FIG. 17. Change in the acceptor densityDNA of p-type subox-
ides with oxygen contents of 0, 6, 9, and 18 at. % as a function
annealing energy.DNA was calculated from dark conductivity va
ues as described in the text.
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films. For our sample with 0 at. % oxygen the change of
acceptor density comprises 431019cm23 being roughly one
order of magnitude lower than the effused hydrogen. Th
thermal annealing at low annealing energies increases
acceptor density by up to a factor of three compared to
as-deposited films, giving rise to the observed enhancem
of the dark conductivity~see Fig. 10!. The opposite effect of
a decreasing dark conductivity for boron-dopeda-Si:H after
a post hydrogenation plasma treatment was found by M
gariño et al.45 He attributed this effect to the creation of in
active, threefold coordinated boron atoms by the introdu
hydrogen atoms. Increasing concentrations of oxygen in
films inhibits the activation of dopant atoms just as it reduc
the probability of boron incorporation on electrically activ
sites during deposition. The microscopic origin of this effe
is not fully understood, but it seems that increasing oxyg
concentrations in amorphous silicon promotes the incorpo
tion of inactive, threefold coordinated dopant atoms due t
larger flexibility of the amorphous network and the increas
concentration of voids in the films.

We have shown that an optimized thermal annealing p
cess at low annealing temperatures leads to a significan
crease of the dark conductivity ofp-type suboxides without
affecting the optical bandgap. This is an important result,
the low conductivity of thep layers determines the serie
resistance ofp-i-n light emitting devices. Moreover, the
bandgap discontinuity at ap-i-interface governs the injection
of holes into thei-layer. Thermal annealing of diode struc
tures therefore causes a significant increase of the forw
current density without inhibiting the carrier injection prop
erties. Moreover, the dark conductivity and the optical ba
gap ofn-type suboxides remain approximately unchanged
low annealing temperatures, so that the influence of ther
annealing on then layers ofp-i-n structures can be neglected
i
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IV. CONCLUSION

We have studied the effects of thermal annealing on
electronic properties of doped amorphous silicon subox
films. For as-deposited samples efficient doping is poss
up to ; 10 at. % oxygen in the films, wherep- and n-type
doping enhances the conductivity by three and six order
magnitude, respectively. Thermal annealing ofp-type subox-
ides at low annealing energies leads to conductivity acti
tion due to an effusion of weakly bound hydrogen or a sm
scale motion of hydrogen in the films. This activation is le
pronounced and shifts to higher annealing energies with
creasing incorporation of oxygen in the films, but still in
creases the dark conductivity at 300 K by almost two ord
of magnitude forp-type films with 9 at. % oxygen. Estimat
ing the change in the acceptor density from conductiv
data, we find that the effusion of approximately 1021cm23

hydrogen leads to an activation of up to 431019cm23 boron
atoms. No such conductivity activation was detected
n-type suboxides. The thermal conductivity activation
p-type suboxides is limited by the sudden effusion of a la
quantity of weakly bound hydrogen, causing a major rec
struction of the amorphous network. At higher anneali
temperatures the effusion of hydrogen bound in Si-H c
figurations causes a decrease of the optical band gapE04 and
leads to a linear dependence ofE04 on the hydrogen conten
of the amorphous suboxides, similar to what is known
a-Si:H. Optimized annealing thus is important to signi
cantly improve the dark conductivity ofp-type amorphous
silicon suboxides. This has direct consequences for the
rication of light emitting diodes, as the series resistance
these diodes is dominated by the high resistivityp-type
layer.5
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