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In this work we investigate the effects of thermal annealing on the optical and electrical properties of doped
amorphous silicon suboxidea{SiO, :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 the-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-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 t&gd gap
of the samples. The dependence &y, on the hydrogen content for amorphous suboxides with different
oxygen content is investigated and found to be similar to that of amorphous s[I&0163-182809)03743-]

. INTRODUCTION CO,/(SiH,+C0O,) between 0 and 0.6.
Hydrogenated amorphous silicoa-Si:H) deposited with

Hydrogenated amorphous silicon suboxidesSiO,:H)  our PECVD-system showed an optical band &ap of 1.95
represent a material system suitable for the application iRV, an Urbach energy of 70 meV, and a defect density of
silicon-based light-emitting devices. The optical band gapi0'’cm™3. The oxygen content of the suboxide films was
and stable room temperature photoluminescence can be cogletermined by energy dispersive x-ray spectroso@iyX)
trolled by varying the oxygen content of the filhP- and  using a silicon wafer and stoichiometric quartz as standards.
n-type doping is possible by incorporation of boron andThe optical properties o0&-SiO,:H samples with variable
phosphorus into the films, and thus light-emitting diodesoxygen content and thickness of approximatelyrh depos-
(LED) can be realized" As previously shown, thermal an- ited on Corning glass 7059 and quartz substrates were deter-
nealing at temperatures below 300 °C significantly reducesnined by transmission/reflection measurements and photo-
the defect absorption of intrinsic suboxides and annealing ofhermal  deflection  spectroscopy (PDS.  Electrical
a-SiQy :H p-i-n structures leads to a pronounced increase ofneasurements were performed using coplanar evaporated Cr/
the forward current densities and the total electroluminesAu contacts. To study the influence of annealing on the op-
cence intensity. This work was performed in order to better tical and electrical properties the samples were annealed un-
understand the effects of thermal annealingopeandn-type  der high vacuum <10~ ® mbar) or nitrogen atmosphere at
suboxide layers with the aim to improve the performance angemperatures between 200 °C and 900 °C. Additionally, hy-

stability of a-SiOy:H p-i-n structures. drogen effusion spectra were measured by heating the films
inside a quartz tube with a heating rate of 20 °C/min and
Il. EXPERIMENTAL DETAILS measuring the K partial pressure with a quadrupole mass

spectrometer. Structural changes in the suboxide films

P- andn-type a-SiO, :H layers were deposited by plasma caused by the thermal annealing were investigated by infra-
enhanced chemical-vapor depositid@RECVD) using SiH,  red(IR) spectroscopy performed with a Fourier transform IR
(with 1 vol. % B,Hg or PH;, respectivelyand CQ as source  spectrometer.
gases and K as dilution gas. The substrate temperature,
deposition pressure and deposition power were nominally
250°C, 0.5 mbar, and 1 W, respectively. The gas flow rates I1l. RESULTS AND DISCUSSION
for SiH, and CQ were in the range of 1-8 sccm and the
hydrogen dilution flow rate was 20 sccm. The oxygen con-
tent and the optical gaRy, (energy at which the absorption Figure 1 shows the optical band g&g, as a function of
coefficient reaches values of 4€m™?) of the samples were the oxygen content for intrinsiqy- and n-type amorphous
controlled by varying the C§ partial pressure suboxides. For oxygen contents exceeding approx. 3 at. % a

A. Optical and structural properties
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FIG. 2. Hydrogen effusion gb-type suboxidesl vol. % B,Hg)
with oxygen contents of 0, 6, 9, and 18 at. % as a function of
temperature.

linear increase of the optical bandgap is detected for both
doped and intrinsic samples, and for an oxygen content of 58r most of the bonded hydrogen. At oxygen contents ex-
at. % the optical band gap reaches a value of 2.8 eV. Theeeding 10 at. % a change in the microscopic structure of the
mechanisms responsible for an increase of the optical barigoron-doped films leads to a different bonding environment
gap ina-SiO, :H, when Si-Si bonds are replaced by Si-O-Si of the incorporated hydrogen. All hydrogen has effused at
bridges, are discussed by Carigsal® and should not be temperatures exceeding 650 °C, 700 °C, 750 °C, and 800 °C
affected by the incorporation of dopant atoms. A theoreticafor samples with 0, 6, 9, and 18 at. % oxygen, respectively.
study of the electronic structure of Si®y Martinezet al. ~ Note that at approximately 350 °C a spike appears in all ef-
confirmed a linear increase of the optical band gap for oxy.fUSion spectra. We will later return to this feature when dis-
gen concentrations between 0 and 50 af. Empirical re- ~ cussing the change of the dark conductivitypetiype subox-
sults similar to our data foE,, as a function of the oxygen ides upon thermal annealing.

content were reported by Cariles al. for amorphous SiQ For comparison, Fig. 3 shows the hydrogen effusion spec-
alloys produced by glow discharge of Siind NO,® while  tra of n-type suboxide$1% PH; diluted in SiH,). The effu-

dc magnetron sputtering using a crystalline silicon target angion peak ofn-type a-Si:H is shifted to higher temperatures
water vapor as the oxygen and hydrogen source results iy more than 100 °C with respect to theype a-Si:H. This
samples with lower optical band gap due to the lower hydroagrees with earlier results by Bey&with increasing oxygen
gen content of the film&.The hydrogen content of magne- content again the high temperature effusion peak is shifted to
tron sputtered samples was measured to be typically 10 at. 9%igher temperatures due to increasing silicon-hydrogen bond
whereas our samples have hydrogen concentrations excee@Pergies and the amount of hydrogen in this bonding con-
ing 20 at.%. For comparison, our intrinsi-Si:H with  figuration is decreasing. The dominance of the low tempera-
nominally O at. % oxygen has a hydrogen concentration of 15

at. %. The hydrogen is bound in Si-H configurations giving — T T

rise to a stretching vibration mode at 2000 Cnin the IR o 20 at.% '\
spectra. - at. °.o

FIG. 1. Optical band gaR, as a function of the oxygen content
for doped and undoped- SiO, : H.

T T T

n-type
{1 vol.% PH,)

The results of hydrogen effusion measurementp-tyfpe 3.0x10° F . '0, o~
suboxides(1% B,Hg diluted in SiH,) are shown in Fig. 2. ' s % F =20°C/min
The total amount of effused hydrogen shows a slight increase *

with increasing oxygen content. The hydrogen content of
samples with 0, 6, 9, and 18 at.% oxygen was 18, 20, 21,
and 24 at. %, respectively. Up to 9 at. % oxygen there is a
shift of the onset of hydrogen effusion and of the main effu-
sion peak to higher temperatures, suggesting that back-
bonded oxygen leads to stronger silicon-hydrogen bonding.
It is assumed that all incorporated hydrogen is bonded to
silicon, since IR spectroscopy gives no evidence for the ex-
istence of O-H bonds in amorphous silicon suboxides. The
broadening of the effusion peaks with increasing oxygen
content is caused by a larger variety of bonding environ-
ments. In contrast to the films with lower oxygen contentthe FIG. 3. Hydrogen effusion ofi-type suboxides1 vol. % PH)
sample with 18 at. % oxygen shows a two peak effusiorwith oxygen contents of 0, 8, and 20 at. % as a function of tempera-
spectrum, with a low temperature effusion peak comprisingure.
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FIG. 4. Absorption coefficient gb-type suboxides withOand 9 . FIG. 5. Optical band gaf,, Of p-type amorphous_suboxides
th oxygen contents of 0, 6, and 9 at. % as a function of an an-

at. % oxygen in the as-deposited state and after annealing at 450 o i & —KT1 T and i
(the structure observed is due to interference fringes neaiing energy par_amet th™ Q(VHt)_' andt are annealing
temperature and time ang,=10'Hz is a frequency prefactor

commonly used foa-Si:H. The dotted lines are guides to the eye.
ture (LT) effusion peak for high oxygen contents again indi-
cates a change in the bonding environment of the hydrogem at. % oxygen because at an annealing temperature of
Note that for then-type sample with 20 at. % oxygen the 450°C a higher fraction of hydrogen has left the filsee
relative magnitude of the LT effusion peak is significantly Fig. 2).
larger than for thep-type sample with 18 at. % oxygen. We  Figure 5 shows the optical band g&p, after consecutive
will later comment on this fact when discussing the darkannealing steps. AlEy, data was taken from PDS spectra
conductivity of doped suboxides. After heating théype  with an uncertainty of 0.01 eV. We introduce the parameter
suboxides with 0, 8, and 20 at. % oxygen to 700 °C, 750 °CKTIn(v4t) as a measure for the thermal annealing energy
and 850 °C, respectively, all hydrogen has effused from théy,, t andT being the annealing time and temperatikréhe
samples. The total amount of hydrogen determined in thigoltzmann constant, angy=10'"Hz a frequency prefactor
way was 16, 23, and 31 at. %, respectively. Both the higftommonly used for amorphous silic6h? In this case the
hydrogen content of more than 20 at. % and the formation ofrequency prefactowy is describing an attempt-to-escape
a low temperature effusion peak is a characteristic of voidfrequency for hydrogen effusion. For a thermally activated
rich amorphous silicot® The most likely reaction account- Process with rater=1/t=v,expEa/kT) one finds Ex
ing for the LT evolution peak is the rupture of two neighbor- = KT In(vet). Thus in a system with a distribution of activa-
ing Si-H bonds simultaneous with the formation of &hd  tion energies, the energy paramefigy=kT In(uf) separates

the subsequent rapid diffusion of molecular hydrogenSYStems which already have been thermally activateg (

through the open void-rich structure. The observation of an~Ew) from those which have not yet been affectelely (

increasing dominance of the LT effusion peak with higher.> Etrf]‘)' Th?refgr'ekT lr?("ot)lis a US(T.fUI paramgterto combine
oxygen contents thus indicates an increasing concentration o:[rhermal an i'ESOC. rtc;]na ar:jnea mtg gxpt)etrlments.l 95 198
voids in the films, both fop- andn-type amorphous subox- € Values Ok, IN the as-teposited state were 1.99, L.

. . ; . nd 2.02 eV and after effusion of all hydrogen 1.6, 1.65, and
ides. This fact was confirmed by electron micrographs o

amorohous suboxides with hiah oxvaen concentration 1.72 eV for 0, 6, and 9 at.% oxygen, respectively. With
pnhous  Suboxi Wi '9 xy9 ' ?ncreasing oxygen content the onset of the reductidBgfs
showing a void-rich structure.

. shifted to higher annealing energies and is spread out over a
We now focus on the effects of thermal annealing on th g g g b

X : , N&vider energy range, in good agreement with the hydrogen
optical properties op-type amorphous suboxides. The moti- gfsion spectra. In order to correlate the optical band gap

vation for concentrating on doped layers with low oxygenmeasured after consecutive isochronal annealing steps with
content will be given in the following section on the elec- ihe hydrogen effusion spectra, the annealing energy param-
tronic properties of amorphous suboxides, but briefly is dugter for the latter was calculated by discretizing the linear
to the fact that doped layers determine the series resistance géating rate of 20 °C/min by subsequent annealing tempera-
p-i-n diodes. Figure 4 shows the absorption coefficient meatures 5 °C apart and corresponding annealing times of 15 s.
sured by photothermal deflection spectroscdppS for Figure 6 shows the effusion spectra presented in Fig. 2 as a
samples with 0 and 9 at. % oxygen in the as-deposited stafenction of the annealing energy parameter obtained in this
and after thermal annealing at 450°C for 1 h. For bothmanner. It is then possible to calculate the amount of effused
samples thermal annealing reduces the optical bandEgap hydrogen at a certain annealing energy and thus correlate the
and increases the Urbach energy and the sub-band-gap aiptical band gap with the hydrogen content of the filifig.
sorption due to the effusion of hydrogen. The reduction of7). For all sample&,, increases approximately linearly with
the optical band gap is more pronounced for the sample witthe hydrogen content. The explicit dependence of the optical
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FIG. 6. Hydrogen effusion op-type suboxides with oxygen FIG. 8. Dark conductivity as a function of the oxygen content

contents of 0, 6, 9, and 18 at. % as a function of annealing energyfor as-deposited doped and undopediO, :H. The dotted lines
are guides to the eye.

band gapE, on the hydrogen contefiH] derived from lin-

dependence dEy, on the hydrogen content.

Ega(H)~Ep,(0)+0.02eV [H], (1)
B. Electrical properties

where[H] is given in at. % andEy, (0) is a function of the We now concentrate on the electrical properties of amor-
oxygen content, namely 1.60 eV, 1.66, and 1.73 eV for 0, 6phous suboxides. Figure 8 shows the dark conductivity as a
and 9 at. % oxygen, respectively. A similar dependence isunction of the oxygen content of the films for intrinsje,
usually observed for undoped-Si:H'*® [Eo,(H)~1.67eV  andn-type amorphous suboxides. Intrinsic samples exhibit a
+0.02 eV[H]]. The somewhat lower value &, (0) for our  decreasing conductivity with increasing oxygen content cor-
samples with 0 at. % oxygen reflects the broadened band taiésponding to the larger optical band gap. This behavior is
of doped compared to undoped samples, leading to smalleixpected if the Fermi level is pinned close to the center of
values ofEg,. the band gap by dangling bond defects for all intrinsic

According to photoemission measurements by von Roedsamples. Dark conductivity values of 1% S/cm for intrin-
ernet al. performed ora-Si:H the dependence of the optical sic a-SiO, :H with oxygen contents of-40 at. % were also
bandgap on the hydrogen concentration is mainly due to geported by Hagaetal. for suboxides deposited by
recession of the top of the valence band of amorphous silicoRECVD® whereas sputtered samples show higher values by
by the transformation of Si-Si bonds into Si-H borfd&or  almost four orders of magnitude in the whole range of oxy-
oxygen contents up to 10 at. % this mechanism seems to kgen contents up to 45 at. % The latter is possibly caused by

an increased contribution of hopping conductivity due to a
higher defect density as deduced from subgap absorption.

20} p-type ,0/,"0” ] Efficient doping is possible up te-10 at. % oxygen in the
e o films, wherep- andn-type doping enhances the conductivity
S /.,o”,,fo’*’ by three and six orders of magnitude, respectively. For
ORELS o v K : [O]<20at. % the higher doping efficiency oftype subox-
i Rt ides is explained in analogy ®- Si:H by a steeper conduc-
a ,/O, "/,f’ tion band tail compared to the valence band tail. Boron-
o 18 S ] doped a-SiO, :H films with oxygen contents of 10 at. %
g b o X (Egs=2.0eV) and dark conductivities of 16S/cm were
S e reported by Ichikawaet al.l” The dark conductivity values
R x Oat% | | of our boron-doped samples with 10 at. % oxygen are one
gl o] x o 6at% order of magnitude lower in the as-deposited state, whereas
16 |- e 9at% | | the dark conductivity of X 10 ®S/cm for ourp-type as-
y o T depositeda- Si:H film is lower by almost two orders of mag-

4

6

8

10 12 14 16 18 20 22

Hydrogen content (at.%)

nitude compared to conductivity values for state-of-the-art
p-type amorphous silico~2° Our conductivity values of
102 S/cm forn-type a-Si:H, on the other hand, agree well

FIG. 7. Optical band gafEy, as a function of the hydrogen Wi}h published data Iorla phosphine concentration in the gas
content forp-type suboxides with oxygen contents of 0, 6, and 9mixture of ~ 1 at. %*81° One possible reason for the much

at. %. The dashed lines are linear least square fits to the data.

lower conductivity of ourp-type samples is that samples
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used in this study with nominallyO]=0 at. % still contain a 1.8 prrr———r
noticeable amount of oxygen contamination. It is known that | p-type 3
oxygen acts as a donor & Si:H.?1~?*We therefore believe !
that a compensating effect of the oxygen contamination may 1.6 "
contribute to the fact that only the dark conductivity of our I ’
p-type samples is significantly reduced. A compensation of
boron and oxygen in amorphous silicon was reported by Iso-
mura et al?* They showed that boron concentrations of
10'”cm 3 lead to a full compensation of oxygen concentra-
tions in the range of Bcm 3. The physical origin of the
electrically active oxygen related stat@®nor stateshas so

far not been agreed upon. Shimigtial. suggested the exis-
tence of positively charged, threefold-coordinated oxygen at- 1.0
oms (Q)),%*?® whereas Pontushket al. favored positively . . '
charged, singly coordinated oxygen atothst should also 100 1000 10000
be noted that oxygen gives rise to a large number of shallow
donor levels in crystalline silicofthermal donors, new do-
norg whose exact microscopic structure has not yet been g 9. Normalized dark conductivity as a function of annealing

established. _ o time at annealing temperatures of 470, 490, 510, and 535 K for a
A further possible reason for the significantly lower dark p.type suboxide with 6 at. % oxygen.

conductivity values of oup-type samples is the passivation

of boron acceptors by hydrogen atoms due to the formatiomize the band gap discontinuities at the interfaces of the
of boron-hydrogen complexé§:3 The effect of hydrogen p-i-n structures. Particularly the-i interface, i.e., the injec-
evolution and a subsequent reconstruction of the amorphou®n of holes in the intrinsic layer, seems to be of critical
network caused by thermal annealing on the dark conductivimportance for the electroluminescence properties of amor-
ity of p-type suboxides will be discussed further below. phous silicon suboxide light emitting diod&s0n the other

With increasing oxygen content the probability for the hand, the low conductivity of thp-type layer—as compared
incorporation of dopant atoms at electrically inactive sites igo the n-type layer—for[O]<10 at. % determines the series
greatly enhanced and consequently the dark conductivity afesistance of th@-i-n diodes at high applied forward volt-
both p- and n-type suboxides is diminished, until for ti,e  ages and thus limits the current density at a given voltage.
type sample with 45 at. % oxygen no doping effect can beAs both a high current density and an efficient injection of
detected. At such high oxygen concentrations the probabilityoles in thei layer are crucial for the electroluminescence
of the formation of active dopant sitgslopant atom sur- properties, it is therefore necessary to apgplgyers with the
rounded by four silicon atomss at least one order of mag- best compromise between optical band gap and dark conduc-
nitude smaller than for low oxygen contents, based on contivity in the p-i-n structures.
tinuous random network statistics alone. A reduction of the Thermal annealing at low temperaturds<(550 K) leads
dark conductivity was also detected for amorphous films exto a significant, irreversible increase of the dark conductivity
hibiting a void-rich microstructure. Beyer reported a conduc-of p-type suboxides. As an example Fig. 9 shows the effect
tivity decrease fon-type a-Si:H with hydrogen concentra- of thermal annealing on the normalized dark conductivity of
tions exceeding 20 at. % which could be correlated with thea p-type sample with 6 at. % oxygen for annealing tempera-
presence of a low temperature effusion p&&k.comparison  tures between 470 and 535 K. Thermal annealing for about 6
with Figs. 2 and 3 shows that a LT effusion peak appears foh at temperatures as low as 470 K already causes an en-
our p-type samples withhO]>10at. % and that the LT effu- hancement of the dark conductivity by a factor of 1.4. At
sion peak is more pronounced fartype (as compared to longer annealing times a logarithmic dependence of(t)
p-type) suboxides at oxygen contents below 20 at. %. Wewas observed. An accelerated activation of the dark conduc-
therefore believe that an increasing concentration of voidsivity can be realized by increasing the annealing tempera-
also contributes to the strong reduction of the dark conducture. At 535 K, conductivity activation was only found up to
tivity of our doped suboxides with rising oxygen content. annealing times of 4 h, where passes through a maximum
The relatively larger conductivity decrease of omtype  and decreases again for longefThermal activation of the
samples(see Fig. 8 in this context can be explained by an dark conductivity of oump-type suboxides is thus only pos-
even higher concentration of microvoids in agreement withsible in a limited range of annealing temperatures and times.
the dominance of the LT effusion peak in these samples. For Figure 10 shows the dark conductivity pftype samples
oxygen concentrations of 20 at. % the dark conductivity of measured at room temperature after consecutive annealing
both p- and n-type amorphous suboxides amounts to abousteps at increasing temperatures. As a measure for the ther-
the same low value of I S/cm. mal annealing energy we used the paramet&in(v,t),

One goal of our research work done on amorphous subaherev,, is a frequency prefactor characteristic for the struc-
oxides is the fabrication of light emitting-i-n diodes. As tural changes affecting the electrical properties of amorphous
intrinsic suboxides show a maximum of the room temperasilicon suboxides upon thermal annealing. To a first approxi-
ture photoluminescence intensity a0 at. % oxyger! it mation we can assume the frequency prefaefoto be equal
appears favorable to incorporate oxygen into the doped layto v, (frequency prefactor for hydrogen effusjorlthough
ers in order to enhance their optical bandgap and thus minin general different microscopic processes will be at the ori-
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FIG. 10. Room temperature dark conductivitypmfype subox- FIG. 11. Room temperature dark conductivityrefype subox-
ides with oxygen contents of 0, 6, 9, and 18 at. % as a function ofdes with oxygen contents of 0, 8, and 20 at. % as a function of
annealing energyRegions I-IIl are described in the text. annealing energy.

gin of hydrogen effusion and the variation of electrical prop-annealing energy values of 1.8 to 2.1 eV. This sharp drop
erties of amorphous suboxides. corresponds to the high temperature peak of the hydrogen
An enhancement of the dark conductivity @ktype  effusion spectra oih-type samples. Thus the breaking of
samples was observed for annealing energies lower thastrong silicon-hydrogen bonds results in a significant reduc-
1.5-1.6 eV(corresponding to the 4-h annealing at 535 Ktion of the dark conductivity. After total effusion of hydro-
shown in Fig. 9 or an equivaleri h annealing at 550 K, gen from the films partial crystallization of the films is de-
regime ). It is most prominent for tha-Si:H sample where tected, leading to an increase in the dark conductivity. Total
it leads to an increase of the dark conductivity by almostcrystallization was reached fortype samples with 0 and 8
three orders of magnitude. With larger oxygen content theat. % oxygen at annealing energies of 2.6 and 2.9@'re-
doping activation is reduced, but still comprises more tharsponding to a 1-h anneal at 690 °C and 80f ¥€spectively,
one order of magnitude at 18 at. % oxygen. whereas it was not possible to fully crystallize the sample
At annealing energies of approximately 1.5 eV a sharpwith 20 at.% oxygen for annealing temperatures up to
drop occurs in the dark conductivity by about one order 0f900 °C.
magnitude for alp-type samples containing oxygen. We be-
lieve that the origin of this conductivity reduction is the sud-
den effusion of a specific subset of hydrogen indicated by the
spikes in the hydrogen effusion spectra at low temperature To clarify the structural changes gf-type amorphous
(see Fig. 6. A correlation of these two characteristic featuressuboxides upon thermal annealing IR transmission measure-
will be discussed below. After the sharp drop the dark conments were performed. Figures (&2 and 12b) show IR
ductivity remains almost unchanged over a wide range ofransmittance spectra between 500 and 2500 ‘crfor
annealing energies for all sampl@sgime I). This is quite samples with 0 and 9 at. % oxygen after consecutive anneal-
remarkable in view of the fact that the majority of the incor- ing steps. Both spectra show the well-known Si-H wagging
porated hydrogen effuses from the films in this annealingnode at 640 cm' decreasing in intensity as hydrogen ef-
regime (see Fig. 6, however apparently without any effect fuses from the samples until all hydrogen has disappeared for
on the dark conductivity, although the defect density in-E=1.8€V. The structure appearing at 600 ¢nis due to
creases notablysee Fig. 4. A slight increase of the dark two-phonon absorption in the-Si substraté? The sample
conductivity indicating partial crystallization of the filnse- ~ with 0 at. % oxygen also exhibits the Sildcissors vibration
gime 1l1) is followed by an increase of several orders ofat 880 cm* and a very weak mode at 840 chattributed to
magnitude due to total crystallization of the films. Note thatthe wagging mode of polysilanes (S in the as-
both the onset of crystallization and the total crystallizationdeposited staf8 [Fig. 12a)]. We thus assume that Si,H
are shifted to higher annealing energies with increasing oxyand—to a lesser extent—(Si,}, configurations are present
gen content. Comparison with Fig. 6 shows that the onset ah our untreated films. These features vanish at an annealing
crystallization is detected only after all hydrogen has effusednergy of 1.35 eV, closely corresponding to the spike ob-
from the films. served in the effusion spectfaee Fig. 8. We attribute this
The dark conductivity ofh-type suboxides as a function sudden effusion to weakly bound hydrogen including $i-H
of the thermal annealing energy is shown in Fig. 11. Insteadnd (Si-H),, configurations. After this effusion a restructur-
of a conductivity activation, detected fprtype samples, the ing of the network is likely to occur leading to the observed
dark conductivity decreases slowlior remains approxi- changes in the conductivity properties of the material. The
mately constant for the sample with 8 at. % oxygemtil corresponding stretching vibrations of Si-H and Sigioups
there is a significant decrease of the dark conductivity aappear at 2000 and 2090 ch respectively. At annealing

C. IR transmission spectroscopy
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o ot T around 790 cm'* has been assigned to an overlap of a local
annealing parameter (eV) bond configuration with mixed bending and stretching char-
M e acter for oxygen and hydrogen atoms bonded to the same

G : silicon atom at 780 cmt (Ref. 31 and of the Si-O bending
mode at 810 cm’ (Ref. 32. Evidence for the contribution of
hydrogen to this mode is given by its disappearance after the
total effusion of hydrogen at annealing energies of 2.0 eV.
The absorption band centered at 1000 ¢nis the well-
known Si-O-Si stretching mode that was shown to shift to
higher wave numbers with increasing oxygen contért
annealing parameters exceeding 1.27 eV the Si-O-Si stretch-

as deposited

IR - Transmittance (arb.units)

840 880 p-type ing mode indeed exhibits such a slight shift to higher wave-
(0] =0 at.% numbers. This fact can be explained by the onset of phase
T T S separation of the suboxide into Si and Sideading to an
800 1200 1600 2000 2400 enhanced concentration of oxygen in some parts of the film.
(a) Wave number (1/cm) As far as Si-H stretching modes are concerned, there are four

distinct local environments for the Si-H group in amorphous
suboxides. These can be written as HSi-§D, with n
=0,...,3. Thecorresponding Si-H stretching frequencies
TN T 20 ; are 2000, 2100, 2195, and 2265 ¢hi? Our as-deposited
L : sample with 9 at. % oxygen shows contributions at 2000 and
2100 cm! indicative of configurations with zero and one
backbonded oxygen atom. Naturally an analysis of this spec-
tral region is complicated, as Sistand (Si-H),, vibrations
overlap the HSI-Si_,0,, modes. Nevertheless, at annealing
parameters exceeding 1.35 eV an additional mode at 2250
cm ! becomes visible. This mode is due to the HSi-O
stretching vibration and provides further evidence for a re-

annealing parameter {eV)

as deposited

IR - Transmittance (arb.units)

880 1000 p-type 2250 structuring of amorphous suboxides into a silicon-rich and an
(O] =9 at% oxygen-rich phase. Additional proof for this is a small, but
P S noticeable shift of the mode at 880 chto lower wave
800 1200 1600 2000 2400 numbers at 875 citt. The latter mode has been identified as
(b) Wave number (1/cm) the bending mode of HSi-{*? We thus interpret this change

in the IR spectra at annealing energies of 1.35 eV as the

nealing steps at successively increasing annealing energies. Tﬁésappearance of the SiZH;,CissorS OmOde_WhiCh was a'SP
dotted lines indicate vibrational modes described in the teyt. detected for our sample with 0 at. % oxygen—accompanied
[O]=0 at. %. (b) [O]=9 at. % by the emergence of the HSi;ending mode. Again the

hydrogen-related nature of the mode at 875 &twas con-
energies exceeding 1.35 eV we indeed detect a reduced atirmed by the disappearance of the mode at annealing ener-
sorption ratio of 2090 c¢m/2000 cm ! indicating a reduc- gies of 2.0 eV.
tion of hydrogen bonded as dihydride. However, even after Thus annealing of the-type sample with 9 at. % oxygen
the total disappearance of the Sj-Kcissors mode at 880 causes the following changes in the amorphous structure. At
cm™ ! there still remains a noticeable contribution of the 2090low annealing energies weakly bound hydrodeny., Si-H)
cm ! mode to the stretching vibrations. In accordance witheffuses from the film, and a concomitant restructuring of the
earlier work we explain this fact by a fraction of monohy- amorphous network leading to an agglomeration of oxygen
dride bonds situated in larger cavities or in microscopicand possibly a phase separation into a silicon-rich and an
voids. It was shown by Cardorfathat the presence of Si-H oxygen-rich phase takes place. This phenomenon of phase
bonds at the surface of internal voids leads to a shift of theseparation in amorphous suboxides was also reported by
stretching frequency from 2000 crhto approximately 2100 Hagaet al. for as-deposited undoped films with oxygen con-
cm L. We thus have evidence that in our sample with 0 at. %centrations between 9 and 60 at. % prepared by rf glow dis-
oxygen annealing energies of up to 1.35 eV lead to an effucharge decomposition of SjHCO, gas mixtures? Finally,
sion of weakly bound hydrogen from Si,;Hand (Si-H),  we would like to state that no local modes attributed to boron
configurations resulting in an amorphous material with inter-vibrations[such as the B-H stretching mode at 2560 ¢m
nal voids. It has to be noted that the features in the IR spectrand the B-O stretching mode at 1350 ¢hiRef. 35] could
appearing around 1100 crhare due to the-Si substrate be detected in oup-type samples. Moreover, there was no
and that no evidence for unintentional incorporation of oxy-evidence for the characteristic hydrogen vibration at 1875
gen in the films during the annealing process was observed¢m ?, correlated with B-H complexes responsible for an ac-

The IR spectra of the sample with 9 at. % oxygen areceptor passivation in boron-doped crystalline siliéer®

more complexfsee Fig. 1&)]. In the as-deposited state, two A comparison of Figs. 6 and 10 shows that the annealing
additional features are observed in the spectral region beenergy at which the effusion spike and the structural changes
tween 750 and 1100 cm. The absorption band centered at observed by IR spectroscopy occurs is lower by approxi-

FIG. 12. IR transmittance spectra ptype suboxides after an-
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mately 0.12 eV compared to the annealing energy of the drop
in the conductivity. A correlation of the effusion spike and
the conductivity drop can thus be achieved by assuming a
ratio of the frequency prefactons,/v,~10. Such different

R. JANSSENEet al.
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annealing parameter
(eV)

values for the frequency prefactorg, and v, can be ex-
plained by the assumption that one out of ten hydrogen at-
oms which are effused from the sample at low annealing
energies causes a change in the electrical properties of the
amorphous suboxides. In the range of thermal conductivity
activation[i.e., kT In(y,t)<1.5-1.6 eV, regime]l~ 2 at. %

of weakly bound hydrogen atoms effuse from the films. We
therefore assume that the activation of boron acceptors is
either directly caused by removal of hydrogen atoms or is
mediated by a small scale motion of hydrogen. The exact 10°
physical process leading to an enhanced incorporation of 10'700 : 0'2//' 1'5 : 2'0 : 2'5 30 25
electrically active, fourfold coordinated boron atoms is not oo ‘ ' ' ' '
known, as IR spectra give no evidence for boron-hydrogen @ 1000/T (1/K)

complexes prior to thermal annealing. We will show later
that the increase of the active acceptor density corresponds to
4 10"°cm™2 at most. Such small changes in the concentration
of hydrogen bonds are below the detection limit of our
present IR-analysis, so that no direct microscopic evidence is
available so far.

1.1

Dark conductivity (S/cm)

p-type ([O] = 9 at. %)

annealing parameter
(eV)

ST BT

D. Temperature-dependent dark conductivity 10" r 1.6 1
The influence of the hydrogen effusion and the recon- .
struction of the amorphous network on the conductivity of
p-type suboxides can be further investigated by measuring
the temperature dependence of the dark conductivity. Figures
13(a) and 13b) show the Arrhenius plot of the temperature 10° k
dependent dark conductivity forgtype sample with 9 at. % R
oxygen after various annealing steps. The conductivity is %00 03 15 2,0 25 3.0 35
thermally activated for temperatures exceeding 370 K and is (b) 1000/T (1/K)
described by

Dark conductivity (S/cm)

TV

p-type ([O] = 9 at. %)

FIG. 13. Temperature-dependent dark conductivity after various
annealing steps for prtype suboxide with 9 at. % oxygefa) Low
annealing energy parameteks;,=1.1-1.6 eV.(b) High annealing
energy parameter&,;,=1.6—2.4eV. The dotted lines are extrapo-
lations of the experimental data giving the value of the conductivity

o(T)=o0gexp —E,/KT), (2

whereo is the conductivity prefactor anl,=Er—Ey, the
activation energy(Fermi energyEr, valence-band energy
Ey). The range of thermal conductivity activation at I&  prefactoro, at the intercept with thg axis (see top left corner of
(see Fig. 10, regime Is displayed in Fig. 1&). An increase the figures.

of the annealing energy from 1.1 eV to 1.45 eV and 1.6 eV

causes a reduction &, from 0.73 eV to 0.66 eV and 0.56

eV, respectively. At the same time, decreases from 7 nied by a large reduction @&, to 0.38 eV. In nanocrystalline

x 10° S/em to 2x 10" S/cm and 5 10° S/cm, respectively. silicon the doping efficiency of boron is close to unity. The
The increase of the dark conductivity at 300 K is thus due tdesulting increase pf electrically_active acceptors will then
a shift of the Fermi energy towards the valence band edga®@d to a further shift of the Fermi level closer to the valence
As for kT In(vet)<1.6 eV[i.e.,kT In(uyt) <1.48 eV in Fig. 3 band, until fmqlly ldegeneraq&type conduction is observed
the reduction of the optical bandgap is negligible, the defor full crystallization.
crease of,, is caused by an activation of boron acceptors. A For a further discussion of the temperature dependent
quantitative analysis of this effect will be presented below. dark conductivity we have used the correlation between the
In Fig. 13b) the o(T) data atE,,=1.85 and 2.4 eV re- conductivity prefactoro, and the activation energg,
present the regime 1l of constant dark conductivity after the(Meyer-Neldel rulg. Figure 14 shows a Meyer-Neldel plot
sharp conductivity drop and the regime Il of partial crystal- (In o as a function ok ) for p-type suboxides with 0 and 9
lization, respectivelysee Fig. 10 The lower conductivity at  at. % oxygen. Both samples clearly exhibit the existence of
300 K for Ey,=1.85 eV as compared ©,=1.6 eV is caused three distinct regimesindicated in Fig. 14 for the sample
by a significant reduction ofry from 5 1¢S/cm to 5 with 9 at.% oxygeh These correspond to the regimes
10? S/cm. The observed small decreaseEgfto 0.53 eV is  (shown in Fig. 10 of the thermally activated dark conduc-
probably due to the diminishing optical band dap Fig. 5. tivity (E;,<1.5-1.6 eV, regime)] the constant dark conduc-
After the onset of partial crystallizationE¢,=2.4eV)o at tivity after the sharp conductivity drop
300 K increases again: a further decreasefs accompa- (1.5-1.6e\KE;;<2.0-2.2eV, regime )l and the partial
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port is the reason for the strong decrease of the conductivity

FIG. 14. Conductivity prefactor, vs the conductivity activa- Prefactor. With the onset of partial crystallizatidgregime
tion energyE,, for p-type suboxides with 0 and 9 at. % oxygen. The lI) the strong reduction o, comes to an end and the data

dashed lines represent the Meyer-Neldel relatitRegions I-1ll  again essentially follow a Meyer-Neldel relation.
indicated for the sample with 9 at. % oxygen are described in the Finally, we would like to state that all activation energy
text, and conductivity prefactor values in Fig. 14 were deduced

from the slope of the temperature dependent dark conductiv-
crystallization(Ey,>2.0—2.2 eV, regime I)l For large acti- ity. We have n_ot used the theoretically derived_ _constant
vation energiegregime ) the data can be described by the value of approximately 200 S/cm for the conductivity pref-

Meyer-Neldel relation actor oy (Ref. 39 to calculate actual values of the conduc-
tivity activation energyE, . A brief review on experimen-
In og=1In ogg+ E, /KTy, (3) tally detected and actual values Bf, is given by Stuké?

At this point it is useful to summarize the influence of ther-
where for our samples with (9) at. % oxygen,oy is @  mal annealing on the dark conductivity pftype amorphous
constant with a value of about 28) QO *cm™* and kT, suboxides derived from the results obtained so far: At an-
equals 8366) meV, respectively. nealing energies below 1.5-1.6 d¥egime ) a significant

The Meyer-Neldel relation states that the temperature deincrease of the dark conductivity is observed. The physical
pendent conductivity data for different samplésour case: origin of this activation of boron acceptors—and the corre-
a sample after different annealing stepdl intersect at the sponding shift of the Fermi level closer to the valence band
same value of the conductivity;y, at the temperature,,. edge—is most likely the dissociation of passivating boron-
A comparison with Figs. 13) and b shows that this is ob- hydrogen complexes due to an effusion of hydrogen atoms.
served for the sample with 9 at. % oxygen only up to annealAlternatively, a small scale motion of hydrogen atoms at low
ing energies of 1.6 eV, the value @f, being 770 K. A annealing temperatures may occur. The activation of boron
departure of the data from the straight line in Fig.(lggime  atoms is limited by a sudden effusion of a large quantity of
II) for activation energies lower than 0.6 eV is caused by aveakly bound hydrogen and a concomitant phase separation
significant reduction of the conductivity prefactor. Similarly, of the amorphous suboxides. This leads to a sharp drop in the
the sample with 0 at. % oxygen follows the Meyer-Neldeldark conductivity. Finally, partial crystallization occurs after
relation only down to activation energies of 0.4 eV. For bothall hydrogen has effused. This gives rise to a further activa-
samples the transition from regime | to regime Il occurs attion of boron acceptors in the crystalline regions of the films.
annealing energies of 1.5-1.6 eV, corresponding to the de-
tected drop in the conductivitisee Fig. 10 We have shown E. Acceptor density in p-type suboxides
in the previous section that the conductivity drop can be We would now like to discuss in more detail the conduc-
correlated with the sudden effusion of weakly bound hydro-

gen followed by a reconstruction of the amorphous networkf[IVIty activation observed fop-type samples at low anneal-

We therefore believe that the observed reduction of the con-'9 energies. We used the foIIowing_e_quation to calculate the
ductivity prefactor is caused by percolation effects in theacceptor densityN » frpm condur::]glwty 4¥alues(electron
amorphous films. IR measurements have given evidence thgpargee, free hole mobility.=1 crr/Vs).

after the sudden effL_Jsion of hy(_jrogen ‘;Myp_e sample with o=euN,exp —E, /KT). ()

0 at. % oxygen consists of a void-rich material andgpe

sample with 9 at. % oxygen exhibits an agglomeration ofHereby it is necessary to take into account the dependence of
oxygen. Both structural changes result in a phase separatidhe conductivity activation energf,=Er—E,, (valence-
leading to one phase with a higher and one phase with band energyE,) on the varying acceptor density due to a
lower conductivity. The current will thus be forced to perco- shift of the Fermi energyEg . As is schematically shown in
late through the high conductivity phase and the reduction oFig. 15, activated dopants successively fill the states of the
the active sample volume contributing to the current transexponential bandtail of the amorphous suboxides and thus
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FIG. 16. Urbach energy gi-type suboxides with oxygen con-

; . FIG. 17. Change in the acceptor denski}, of p-type subox-
tents of 0, 6, and 9 at. % as a function of annealing energy.

ides with oxygen contents of 0, 6, 9, and 18 at. % as a function of

. . annealing energyAN, was calculated from dark conductivity val-
shift the Fermi energy closer to the valence band. The neGjes as described in the text.

essary change in the dopant densiti, can be calculated

using mal annealing, the calculation of the acceptor density using
Eq. (7) was done based on the experimental results in Fig.

Er2 16.
ANa= fEFl N(E)dE. ) The value of the acceptor density in the as-deposited state

N(0) was calculated to be 2610*°cm 2 for the p-type
Er, is the initial Fermi energy level ant(E) the energy film with O at. % oxygenN,(0) decreases with the incorpo-
dependant density of states. For the exponential Urbach taition of oxygen, being 1.4, 1.1, and & 70 %cm 2 for the
we use samples with 6, 9, and 18 at. % oxygen. With a dopant gas
concentration of 1% we therefore observe doping efficiencies
N(E)=10"*cm 3eV lexp —E/Ey). (6)  of 3% for O at. % oxygen and 1.5% for 18 at. % oxygen for
our p-type samples prior to the thermal annealing. Similar
values of the doping efficiency for a dopant gas concentra-
tion of 1% were reported by Stutzmaret al. for boron-
dopeda-Si:H.** Isothermal annealing of our films leads to an
enhancement of the dark conductivity shown in Fig. 9. This
is due to an activation of boron acceptors and gives rise to an
increasing calculated acceptor density.
@) Figure 17 shows the change of the acceptor densit,
as a function of the energy parameter In(v,t) for p-type
We have to further take into account that the Urbach energguboxides with various oxygen contents. Incorporation of
of amorphous suboxides is affected by thermal annealingoxygen increases the thermal energy at which the onset of
The Urbach energy was deduced from optical absorptiothe activation of boron was detected and reduces the maxi-
measurements using photothermal deflection spectroscopsum increase of the acceptor density. As we have shown by
The measurements were made at room temperature after cocbmparison of hydrogen effusion measurements and IR spec-
secutive annealing steps. It was assumed that the exponenttedscopy, a small scale motion of hydrogen atoms or an ef-
increase of the absorption coefficient reflects the density ofusion of hydrogen, which is weakly bound, e.g., in Si-H
valence band tail states, as is commonly done for amorphousonfigurations, takes place at low annealing energies. This
silicon 23 Figure 16 shows the dependence of the Urbactapparently leads to an increased incorporation of boron at
energy on the annealing energy fetype samples with 0, 6, electrically active sites, possibly due to a dissociation of pas-
and 9 at. % oxygen. Annealing increases the disorder of thsivating boron-hydrogen complexes. The shift of the onset of
amorphous films and leads to broader bandtails. The increaswpant activation to higher annealing energies with increas-
of the Urbach slope occurs at lower annealing energies foing oxygen content might thus be due to the stabilization of
the sample with 0 at. % oxygen and reaches a significantlyhese passivating complexes by backbonded oxygen atoms.
higher saturation value at large annealing energies. Onset An enhancement of the dark conductivity is achieved up
and shape of the curves closely follow the dependency of thieo an amount of effused hydrogen of 2 at.%. Using an
optical band gap on the annealing enefgge Fig. 5. It is atomic density of % 10??cm™2 for amorphous silicon, this
therefore reasonable to assume that the effusion of hydrogesmounts to about #cm™2 effused hydrogen atoms. As we
leads to an increase of the structural disorder of the filmshave mentioned earlier, approximately one out of ten effused
Since the Urbach energy of the films increases during therhydrogen atoms influences the electrical properties of the

Here 16'cm eV ! is the value of the density of states at
the band edd® and the Urbach energf, describes the
exponential slope of the valence band tail.

Using Egs.(4), (5), and(6) it is possible to estimate the
acceptor densitiN, from conductivity values

Na=(o/ew) " KT+E) (102t cm 3 eVt Eg)Eo/(KT+Eo),
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films. For our sample with O at. % oxygen the change of the IV. CONCLUSION

acceptor density comprises<4.0'°cm™2 being roughly one

order of magnitude lower than the effused hydrogen. Thus, We have studied the effects of thermal annealing on the
thermal annealing at low annealing energies increases thglectronic properties of doped amorphous silicon suboxide
acceptor density by up to a factor of three compared to théiims. For as-deposited samples efficient doping is possible
as-deposited films, giving rise to the observed enhancemeg to ~ 10 at. % oxygen in the films, wherg and n-type

of the dark conductivitysee Fig. 10 The opposite effect of goping enhances the conductivity by three and six orders of
a decreasing dark ponductlvny for boron-dopedi:H after magnitude, respectively. Thermal annealingd§pe subox-

a post hydrogenation plasma treatment was found by Mayeg at low annealing energies leads to conductivity activa-

garifo et al*® He attributed this effect to the creation of in- - yue to an effusion of weakly bound hydrogen or a small
active, threefold coordinated boron atoms by the mtroduce&cale motion of hydrogen in the films. This activation is less

hydro_ge_n atoms. Increasing concentrations of OXygen In OU onounced and shifts to higher annealing energies with in-
films inhibits the activation of dopant atoms just as it reduce o . . ; o
creasing incorporation of oxygen in the films, but still in-

the probability of boron incorporation on electrically active -
sites during deposition. The microscopic origin of this effectCTEaSeS the dark conductivity at 300 K by almost two orders

is not fully understood, but it seems that increasing oxyger?f magnitude fO'P'type films with 9 at. % oxygen. ESt'm"’_‘tf
concentrations in amorphous silicon promotes the incorpordd the change in the acceptor density from condu_c;mty
tion of inactive, threefold coordinated dopant atoms due to &at&, we find that the effusion of approxmgatelyz;im
larger flexibility of the amorphous network and the increasedydrogen leads to an activation of up tx40"*cm™® boron
concentration of voids in the films. atoms. No such conductivity activation was detected for
We have shown that an optimized thermal annealing prod-type suboxides. The thermal conductivity activation of
cess at low annealing temperatures leads to a significant i-type suboxides is limited by the sudden effusion of a large
crease of the dark conductivity gftype suboxides without quantity of weakly bound hydrogen, causing a major recon-
affecting the optical bandgap. This is an important result, astruction of the amorphous network. At higher annealing
the low conductivity of thep layers determines the series temperatures the effusion of hydrogen bound in Si-H con-
resistance ofp-i-n light emitting devices. Moreover, the figurations causes a decrease of the optical bandegapnd
bandgap discontinuity atgri-interface governs the injection leads to a linear dependenceky, on the hydrogen content
of holes into thei-layer. Thermal annealing of diode struc- of the amorphous suboxides, similar to what is known for
tures therefore causes a significant increase of the forwara-Si:H. Optimized annealing thus is important to signifi-
current density without inhibiting the carrier injection prop- cantly improve the dark conductivity gi-type amorphous
erties. Moreover, the dark conductivity and the optical bandsilicon suboxides. This has direct consequences for the fab-
gap ofn-type suboxides remain approximately unchanged atication of light emitting diodes, as the series resistance of
low annealing temperatures, so that the influence of thermahese diodes is dominated by the high resistiityype
annealing on tha layers ofp-i-n structures can be neglected. layer?®
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