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Photoluminescence of Ef*-implanted amorphous hydrogenated silicon suboxides
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Erbium ions incorporated into amorphous hydrogenated silicon suboxd&d, :H) allow to overcome
the disadvantages of £ in c-Si such as the limited solubility, the strong quenching of the luminescence at
room temperature, and the need for co-doping with electronegative ae8i€, :H alloys have an enhanced
Er solubility and easily variable oxygen content, thereby providing favorable atomic environments for an
efficient Er luminescence and reduced excitation backtransfer due to deeper localized band-tail states. In the
present study, Bf doses up to X 10" cm™2 were implanted int@-SiO, :H with oxygen content between 0
and 44 at. %. Optical properties such as the absorption coefficients and the photoluminéBtgspectra of
the EF' ions and of the SiQhost were investigated as a function of erbium implantation dose, oxygen
content, defect density, temperature, and annealing treatment. It was found that annealing is a requirement for
activating the characteristic Er PL at 1.5 mainly due to a reduction of implantation induced defects. The
intensity of both the intrinsic SiQand the Er PL was found to be inversely proportional to the defect density
as measured by electron spin resonance or subgap absorption. The Er PL is additionally enhanced upon
annealing, probably as a result of better structural arrangements of the Er ions. The Er PL intensity increases
approximately linearly with the implantation dose. An increase of the oxygen cdiatethtcorrespondingly of
the optical band ggmf a-SiO, :H causes no drastic changes in the erbium luminescence energy and intensity,
whereas the intrinsic PL shifts to higher photon energies according to the larger band gap. Already low O
concentrations of a few percent provide favorable Er environments. The main advané&a&®f:H as a host
matrix is revealed by temperature-dependent PL measurements. For high oxygen contents, the thermal quench-
ing of both the E¥* and the intrinsic PL is strongly reduced. In arSiO, sample with 44 at. % oxygen, the
Er PL is only quenched by 20% between 77 and 300 K. In contrast, the quenching of the intrinsic PL for all
[O] is roughly one order of magnitude stronger than that of the Er PL. These PL measurements were comple-
mented by PL excitation experiments over a wide spectral range. We have observed tht the Erexcited
about one order of magnitude more efficiently when pumped with sub-band-gap light compared to band-to-
band excitation. The experimental results are discussed with regard to the two currently progosescir
tation models, the defect-related Auger effect and thestEo transfer mechanism.

DOI: 10.1103/PhysRevB.68.165207 PACS nuniber61.43.Dq, 61.72.Tt, 71.20.Eh, 78.40.Pg

[. INTRODUCTION electronegativity of these co-dopants induces strong local
fields with low symmetry around the ¥r ions and thus
Rare-earth erbium ions possess an incompletely filled 4 admixes other orbital momentum states to theave func-
shell that is screened by thes@nd 5 shells. In its 3-  tion so that the selection rules are relaxed, the radiative re-
charge state, it exhibits a luminescence at approximately 1.5dombination lifetimes are reduced, and the erbium PL inten-
pm, the transmission maximum of conventional silica-basedity is significantly enhanced.
optical fibers. This fact has made®ran interesting candi- Photoluminescence and electroluminescence of Er in
date for the incorporation into silicon-based semiconductocrystalline silicon co-doped with oxygen have been demon-
materials. Owing to the screening mentioned above, the lustrated even at room temperatéré. However, the incorpo-
minescence energy is rather insensitive to the chemical naation of EF* into c-Si has certain drawbacks such as the
ture of the host matrix. The photoluminesceri®) origi-  limited solubility (=10*° cm™3), the low efficiency of the
nates from internal transitions of the excitétys, state to  room-temperature luminescence due to thermal quenching,
the ground statél 5, of the 4f shell. It usually consists of and the need for co-doping with oxygen or carbon. Using
many lines centered around 1.%4n that are caused by the amorphous materials such as amorphous sifictfifa- Si:H)
crystal-field splitting of the 4 levels. Owing to the disor- and amorphous hydrogenated silicon  suboxities
dered surrounding in amorphous hosts, the luminescence—ia-SiO, :H) or also partially crystallized silicon oxidEs
contrast to crystalline silicdn(c-Si)—is rather featureless, semi-insulating polycrystalline silico(B8IPOS as a host for
with only the two main transitions at 1550 and 1538 nmerbium can help to reduce these problems. Er concentrations
remaining discernable. In the case of isolated ions, thabove 18° cm 2 can easily be incorporated due to the flex-
41 13— %1 155> transition is dipole forbidden. It was found that ibility of the amorphous network. Furthermore, the presence
it becomes partially allowed by co-doping with impurities of large fractions of electronegative oxygen anSiO, :H
such as oxygen, carbon, fluorine, or nitrogehThe strong  (evena-Si:H already contains residual oxygen in the range
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of some 100 ppmprovides the desired strong local crystal ~ TABLE I. Compilation of the different Er implantation doses at
field with low symmetry, which enhances the PL by makingthe respective ion energies, the total implantation doses, the Er peak
the 4l ,3,—21 15, transition partially allowed. Additionally, concentrations, and the oxygen contentsae8iQ, films investi-

the optical gap of silicon suboxides can easily be tuned byated.

varying the oxygen conteft. Thus, it should be possible to :
obtain optimal conditions for an efficient energy transfer ~E° lon Total  Maximum EF*  Oxygen
from the host matrix to the luminescent Er ions—even atmPlantation energy Er’" dose  concentration  content

room temperature. The larger band gapie8iO, :H com-  dose(cm ) (kev) (em (cm™) (at. %
pared toa-Si:H or c-Si and the correspondingly deeper lo- 45x102 200 @ 4.5¢10%2 108 30, 40
calized states also help to reduce strong thermal quenching. 45«10 200  4.5¢10% 1049 30, 40
Finally, doping of SiQ:H is possible so that light-emitting 45x10% 200 4.5¢10% 100 30, 40
p-i-n diodes containing erbium can be fabricated i {5¢q10“ 100
principle ™ +2.0x10% 200

The aim of this work is to study in detail the excitation +3:5>< 104 400 7% 104 7% 10 0—44

mechanism of erbium ions in disordered silicon-oxygen sys-
tems. It is of particular interest to elucidate the energy trans-

fertibeltvgeir; the hons(tj mfa;trr:x an%;asnarfunnnitl?: Zfltheth schungszentrum “lloh. The single implants resulted in
optical band gap and ot the oXygen environment. AiSo, E‘Gaussian—shaped distributions at penetration depths of
importance of structural defects for the excitation of the rare'roughly 100 nm and with a full width at half maximum of

earth ions and for competitive radiative or nonradiative chanz o v 5660 nm. The implantations were performed on, SiO
nels is an issue that requires thorough investigation. We r

- : 0 i
oort the resuilts of a systematic study of Efin a-SiO, :H Sims with oxygen contents from 0 to 44 at. %. Details can be

with oxygen contents between 0 and 44 at. %. Particular atgien in Table 1. Annealing in Natmosphere #ol h attem-

tention has been paid to a comparison of the extrinsi¢ Er ratures between 100 and 450°C was used to reverse the
as been pa . P . unwanted damaging effects of implantation, to passivate
and the intrinsica-SiO, luminescence as a function of the

tent. defect densitv. i d itat dangling-bond defects, to study the effects of hydrogen out-
g)r?é?g; content, detect density, temperature, and excita IOHif‘fusion, and to investigate the corresponding behavior of

o the Er and SiQ) PL. Photothermal deflection spectrosc
The results presented in this paper are expected also to ?BDS and ogical transmission measuremelrolts werf)pa/sed

of releyance for E¥ n the vicinity of _S|I|_con—o>§yge_r1 INeT- 45 determine the absorption coefficieat and the optical
faces in general. Disordered substoichiometric Si-O phase

: : ! g?ap Eos.
are very I|kely' to be pres.e.”‘ n matenals such ?S SIRRS. The PL was excited by an argon-ion laser at wavelengths
12) or in matrices containing Si nanocrystdis'’ as well. between 458 and 514 nm. a He-Ne laser at 632 nm and a

titanium sapphire laser akq,=920—995 nm. The laser
Il. EXPERIMENT beam was coupled into a glass fiber and directed onto the
. . samples mounted in a liquid-nitrogem £ 77 K) or a liquid-
Amorphous hydrogenated silicon suboxides were deposﬁe“um cryostat T=4—300K). For PL detection, an Oriel

ited by plasma-enhanced chemical vapor deposition ., onochromator combined with a Si avalanche diode
(PECVD) from the source gases SiHH,, and CQ. By | inee_w 'av '

) . ! ) (1.2-2.0 eV or a Ge detecto(0.7—2.0 eV, cooled with lig-
varying the SiH/CO, gas flow ratio, oxygen concentrations iy nitrogen was used. All PL spectra were corrected for the
between 0 and 50 at. % can be achieved. This leads to optic

mple absorption at the excitation wavelength and for the
gaps between 1.9 and 3.0 e¥(,, the energy where the D P g

absorption coefficient reaches*1ém™1), which makes SiQ spectral response of the detection setup.
a favorable material for applications in silicon-based opto-
electronics. The intrinsic SiQthin films (500—1000 nm Ill. RESULTS
were deposited on Corning 7059 glass at 250 °C. The oxygen
contents were varied between 0 and 44 at. % and were deter-
mined by energy-dispersive x-ray spectroscofiyDX), Implantation of erbium ions causes significant damage in
which was calibrated by quantitative elastic recoil detectiorthe a-SiO, :H layers. These structural changes can be moni-
(ERD) analysis. All oxygen concentrations given in the texttored by measuring the sub-band-gap absorption coefficient
refer to the atomic ratipO]/([O]+[Si]). of the samples. From characteristic parameters such as the
Erbium doses ranging from 4&10'2 to 7xX10* cm™2  optical gapE,,, the Urbach energ§, (the band-tail “steep-
were implanted at the ForschungszentruticBuresulting in -~ ness” as a measure of the disorder in the materaid the
erbium peak concentrations between'®l@nd 13°cm 2  dangling-bond densityderived from the defect absorption at
(Table ). Three single implantations at an ion energy of 200photon energies between 1.0 and 1.7)edfferences be-
keV and one multiple-energy implantation at 100, 200, andween and changes of samples subjected to different types of
400 keV were performed. The latter lead to a more homogetreatments can be quantified and compared. It should be
neous distribution of the Er ions within the first 200 nm of pointed out that in this study we are not only dealing with the
the SiQ film, which was confirmed byrRiM code simula- damages after implantation and with the effect of different Er
tions [“transport of ions in matter”(Ref. 18] at the For- doses at different ion energi¢keading to different penetra-

A. Defect absorption
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FIG. 1. Absorption spectra of as-deposited, intrinsic, unim-  qgtlartesanliaes bl Lol el bl g0

planteda- SiO, : H with different oxygen contents of 0, 29, 47, and 1015 20 25 1015 20 28

52 at. %. The spectral regions of band-to-béindband-tail(ll), and energy [eV]
defegt absorpt_ior(]lll) are ind_icated for_the sample Witho_ut oxygen FIG. 2. Absorption spectra of SjQwith 30 at. % oxygen after
(a-Si:H). Straight dashed lines are fits to the band tails to deterg, jmpiantation(solid lineg and after successive annealing for 1 h
mine the Urbach energy. The inset shows the dependence of thg >5q °C(dotted lines and 300 °C(dashed lines (a) Without Er
band gap on the oxygen content. implantation; (b) low Er dose,Ng=4.5x 102 cm™2; (c) medium
Er dose, N;,=4.5x10cm % (d) high Er dose, Ng=4.5

tion depth$, we also have to take into account that the SiO x 10 cm~2.
thin films themselves possess quite different defect proper-
ties at different oxygen contents. Furthermore, all thesesignificantly with increasing oxygen content and reach a
samples—as deposited and implanted—were subjected t@lue of roughly 200 meV for 50 at. % oxygen. Thus, the
different annealing procedures, which again alter the strucpresence of oxygen alone increases the disorder in the amor-
tural properties observed by absorption measurements. Thephous films. Also the defect absorption changes with increas-
measurements do not only provide information about the maing oxygen content. In the energy region between 1.0 and 1.5
terial properties such as band gap, Urbach energy, or defeelv, the sample without oxygen possesses the lowest defect
density, but also allow us to correct the PL spectra for theabsorption. Introducing oxygen creates defects and accord-
influence of the different sample properties, so that absolutangly increasese. Defect densities can be calculated from
comparisons become possible. sub-band-gap absorption using a calibration procedure de-

Figure 1 displays the sub-band-gap absorption spectra facribed elsewher#:?> However, this calibration is not trivial
a set of as-deposited, unimplanted silicon suboxides witlbecause with increasing oxygen content the optical gap and
oxygen concentrations of 0, 29, 47, and 52 at. %. For thalso the region of defect absorption shift in energy. There-
curve of thea-Si:H sample(0 at. %[Q]) the three different fore, the uncertainty in the deduced absolute defect concen-
regions of absorption in amorphous semiconductors are indirationsNp, is approximately a factor of 2, whereas the rela-
cated. Region | corresponds to band-to-band absorption, réive errors between samples are much smaller.
gion Il originates from absorption processes involving band- The influence of different Bf implantation doses and
tail states, and region Il arises from absorption via danglingsubsequent annealing steps on the absorption spectra is dis-
bond defect states in the middle of the forbidden ggp ( played in Fig. 2 for ana-SiO,:H sample with [QO]
~2.0055, as known from ESR measuremgnihese re- =30 at. %. Figure @) shows the unimplanted sample. The
gions are also discernible for the other curves, however, buptical gapE,, is between 2.3 and 2.4 eV, the Urbach energy
become less distinguishable with increasing oxygen concerk, is about 100 meV, and the as-deposited defect density is
tration. The value of the band gdfy, increases from ap- in the range ofNp~10® cm 3. Annealing at 250 and
proximately 1.9 to 3.0 eV fofO] between 0 and 50 at. %. 300 °C slightly reduceE,, and the Urbach enerdy,. How-
This is shown in more detail in the inset of Fig. 1. Here, theever, the sub-band-gap defect absorption decreases by almost
slow linear increase oEgy, up to roughly 45 at.% corre- one order of magnitude Np~10"" cm 3%). Implantation
sponds to oxygen contents where the conductioB) and  with a low erbium dosd Ng,=4.5x 10 cm™~?, Fig. 2Ab)]
valence (VB) bands are still dominated by Si-Si bonds, produces few damaging effects in the spectra at all annealing
whereas above 45 at. % oxygen these Si-Si bonds are gradsteps in comparison with the unimplanted sample. Unfortu-
ally replaced by oxygen lone paif¥B) and Si-O bonds, nately, Er doses below 3®cm™2 turned out to be insuffi-
causing a more rapid increase of the band gdpThe band  cient to obtain any luminescence from the rare-earth ions. In
tails (region Il) of our SiQ, samples start out with an Urbach contrast, medium and high Er dosgSigs. 4c) and 2d)]
energy of about 70 meV fa-Si:H (nonoptimized, broaden cause significant damage in the material. The band tails
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are broadened considerably in both cases, resulting in Ur- 300 1T

bach energies above 200 meV. The band gap itself is unaf- 280 a-SiO :H (N, =7*10" em’?)
fected, except for superimposed damage-induced band-tail X bl

states. Also, the dangling-bond absorption between 1.0 and 3 280 N a: ::‘,:,'Z:,ﬁ:ﬂ -
1.6 eV is increased by almost one order of magnitudg ( uF 240[ O impianted, N
~10" cm™ ). Annealing enables a relaxation of disorder in g L amihat2Zisic -
the material and a reconstruction of dangling bonds. Thus, %’ 220 N 7]
the band tails steepen again and the Urbach energies are £ 200 _
reduced to 120 and 140 meV for medium and high Er doses, °© 180[ 1

respectively. The defect density is lowered by approximately
half an order of magnitude upon annealing, but especially for
high erbium fluences the unwanted damaging effects of im- 0.22

Ge", H*, BY, P", Ar", Xe", etc) with energies up to 1 0.08
MeV into a-Si, a-Si:H, anda-SiN, :H.226 From such ab-

sorption measurements, no statement can be made about the
incorporation and microscopic environment of Er in " 1000
a-SiO, :H. No direct absorption of Er ions is visible in the
absorption spectra even for the highest implantation doses. In
glass fibers where Ef is completely surrounded by oxygen
(forming ELO5; complexey the absorption cross section is
only in the range of 10?* cn?.?’ This value can also be
regarded as an upper limit for Er in SiOTherefore, even

for Er concentrations up to 1 at. %, resonant Er absorption 10
would be too weak to be seen above the background of de- E v v vy
fect absorption ira-Si:H (Ref. 28 or a-SiO, :H. Note that o 10 20 30 40 50
the small absorption peak at 0.85 eV, which can be recog- oxygen content [at. %]

nized in some of the PDS spectra, arises from the second
harmonic of the O-H vibration of the glass substrate and no
from Er or SiQ, .23

plantation cannot be reversed completely, even for annealing < 020[° -]
at 300°C. The Urbach tails are still broaddr40 vs 100 2 0181 —
meV) and the dangling-bond density is still more than half v 0.16 [ .
an order of magnitude higher than that of the unimplanted § L h
annealed samplé¢hin dashed line in Fig. @)]. Quite similar E 01410 -
results with regard to implantation damage and annealing g 0127 -
were obtained for the implantation of different ions {Si £ 010 N -]

']

m

LI lIl"lI

Lol

100

defect absorption [¢

t FIG. 3. (a) Optical gapEgy,, (b) Urbach energyE,, and (c)
defect absorption coefficient ef-SiO, :H as a function of oxygen

. . . content Ng=7X10" cm™2). Each graph shows the data for the
. Flgure§_$a)—3(c) summarize the eﬁeCt of &F implanta- samples in the as-deposited, unimplanted stasterisk§ the as-
tion on silicon suboxides with varying oxygen content. Ajnnjanted statdsolid squares and after implantation and anneal-
multiple-energy erbium implantation with a total dose of 7 jng for 1 h at 275 °Qopen circles The lines are guides to the eye.
X 10* cm™~2 was performed om-SiO, :H with oxygen con-

tent from O to 44 at. %. After implantation annealing was200 meV as a function of oxygen content, increase drasti-
performed fo 1 h at 275 °Qunder nitrogen atmosphere. This cally after implantation. The Urbach energy of all implanted
is an annealing temperature sufficiently high to reverse mostamples is around 200 meV, irrespective of the oxygen con-
of the damage by Er-ion bombardment, but still low enoughtent. This confirms that the same high Er dose introduces the
to prevent the out-diffusion of hydrogen above 300 °C,same amount of disorder in all SiGamples that are still
which is known to deterioriate the structural quality. Showncharacterized by a percolating Si-Si backbone structure. Af-
in Fig. 3 are the optical gaBy,4, the Urbach energi,, and  ter annealing, the Urbach energies decrease again and the
the defect absorption as a function of the oxygen concentrasriginal dependence d, on the oxygen content reappears,
tion. For each oxygen concentration the corresponding datalthough the low values of the unimplanted samples can not
of an as-deposited sample before implantatiocomparable be entirely recovered. The deep defect absorption is difficult
to Fig. 1), directly after implantation and after implantation to extract for the implanted, unannealed samples because of
and annealing are plotted. Implantation reduces the value afpectral overlap with the implantation-induced tail states.
Eq4 by approximately 0.2 eV. As already mentioned, this isTherefore, only the defect absorption coefficient at a charac-
not due to a real reduction of the band gap, but rather due tteristic energy is plotted in Fig.(8). (This characteristic en-

the additional absorption of damage-induced band-tail statesrgy increases from 1.3 eV f¢iO]=0 to 1.7 eV for[ O]
extending toa~10* cm™! on the absorption curves. This =50 at. %; see Refs. 11 and 22 for detailEhis figure con-
apparent shift disappears completely after annealing, whicfirms the overall trend that the defect density, which is in-
removes the additional band-tail states. The Urbach energieseased by roughly one order of magnitude after implanta-
[Fig. 3(b)], which for as-deposited samples vary from 70 totion, can be partly annealed out again. This beneficial effect
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of annealing is, however, less pronounced for Sidith wavelength [nm]
higher oxygen content, which already contains more defects 1500 1250 1000 750

and disorder. T
a0 b a-Si0O :H a) i
[O]=30at. % 3 \
[ {1 N, =4510"%cm”

H \
20k § T=77K - “.ann. 1 hat
;n: J

B. Photoluminescence

In the following, the PL of the Ef" ions as well as that of
thea-SiO, :H host material will be discussed as a function of
erbium dose, annealing, oxygen content, temperature, and
excitation energy. Using the measured absorption coeffi-
cients and the calculated Er depth profiles, all PL spectra and
intensities presented below were normalized to the number
of absorbed photons and corrected for the fact that the Er . . . . .
implantation affects only the optical and luminescence prop- 08 10 12 14 16 18
erties of the first 100—200 nm of the SiGyers. energy [eV]

PL intensity [arb. units]

1. Dependence on Er implantation dose and defect annealing ',‘1538“'" b) ]
Particularly after heavy implantation, hardly any PL either
from the SiQ host or from the rare-earth ions can be de-
tected. Annealing of the induced structural damage turned
out to be crucial to activate both kinds of luminescence, a
fact that correlates well with partial removal of the
implantation-induced defects by annealing, already observed
in the absorption specti@dig. 2). Figure 4a) shows spectra
of a heavily implanteda-SiO,:H sample [O]~30 at. %, P ———
Eo~2.3 eV, Ng—4.5x 101 cm™2, T=77 K), where both T O ey V. % 0%
extrinsic and intrinsic PL maxima can be seen. The intrinsic
PL is situated at roughly 1.4 eV with a spectral width of FIG. 4. SiQ and EF* PL at 77 K of ana-SiO,:H sample
about 400 meV. There is hardly any luminescence in th€[O]~30 at. %,Eq,~2.3 eV) implanted with high Er dose (4.5
as-implanted state, but PL appears after a first annealing stepl0** cm™?) as a function of annealin¢as implanted, solid line;
at 250 °C for 1 h and increases further after a second step atneald 1 h at 250 °Cdotted line; anneatel h at 300 °Cdashed
300°C. The shoulders, which can be seen in some of théne). (@ Er anda-SiO, PL. (b) Enlarged view of the Ef" PL with
intrinsic SiQ, spectra, are due to thin-film interference. Thethe two characteristic lines at 1538 and 1550 nm.
narrow erbium luminescence at 0.8 eV on the left side of Fig.
4(a) is shown on a larger scale in Figil4. The two main Er  and 16° cm 2 was found by Kine et al?® These authors
PL lines at 1538 and 1550 nm arising frofh,5,—%l15,  suggested that in a dipole-mediatedrster energy transfer
transitions can be resolved. Similar to the intrinsic luminesprocess the distances to the Er ions would be too large
cence, the Er PL is completely absent in the as-implanted>100 A) for an efficient PL excitation at low Er concentra-
state, but increases with successive annealing. Thus, defe@dns. Fortunately, the solubility of erbium in Si@xceeds
annealing is a requirement for activating and detecting eri0?° cm™2 and is in the range of some tenths of atomic %. In
bium PL ina-SiO,. Comparable behavior was found in Er- contrast to the Er PL, the intensity of the intrinsic SiPL
implanted and Er-cosputteredSi:H (Refs. 10 and 3Rwith  decreases for samples implanted with increasing Er dose
low oxygen content=<1 at.%. Therefore, most of the fol- [Fig. 5b)]. This likely occurs due to a more persistant defect
lowing spectra and data were measured for samples that halénsity that cannot be eliminated completely by annealing
been annealed at optimum conditiofish at 250-300 °C and that favors nonradiative recombination. Thus, the intrin-
The systematic determination of these optimum conditionsic PL intensity in Fig. Bb) decreases by approximately a
will be discussed in more detail in conjunction with Fig. 6 factor of 4 upon Er implantation with the highest dose, in
below. agreement with the corresponding increase of the defect ab-
The dependence of the intrinsic and the Er photoluminessorption shown in Fig. @l). Also, the intrinsic PL peak po-
cence at 77 K on the Er dose is shown in Fig. 5, again for amition is shifted from about 1.4 to 1.3 eV for higher Er doses
oxygen content of 30 at.%. Annealing was performed atdue to the band-tail broadening and the resulting band-gap
300°C for 1 h. The displayed spectra were obtained frormarrowing.
one unimplanted sample and from four samples with differ- However, from these general observations it is still not
ent Er implantation doses between %.50'2 and 7 possible to quantitatively distinguish various contributions to
X 10% cm™2. The intensity of the erbium P[Fig. 5@] in-  the enhancement and quenching of th&'Eand the SiQ PL
creases monotonically with the implanted amount of Eras a function of implantation dose and annealing. For ex-
Doses larger than #Hcm™2, corresponding to peak concen- ample, the Er PL could increase with annealing due to a
3, are necessary for the detection of anreduction of implantation-induced defects and disorder and

20k 1550nmy [ [}

10 | L ., ann.1hat i

PL intensity [arb. units]

0 e

trations of 16° cm3,
effective PL. A similar critical Er concentration betweert®0 thus a more effective energy transfer to the erbium {8®n
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S 30k : 3 wreeeere N, = 7*10% om™ ‘G_S 0.8
27| z
= =
8 £ 06
| E |
10 =
T g 04
0 n ] M 1 " 2 1 i 1 " 1 i 1 " § [
0.77 0.78 079 0.80 0.81 082 0.83 084 0.85 5 02
energy [eV] £
60 1 T T T T T CC, 00
I 220
) 50 i .
S af 3 200
N E
8, 30 > 180
2 T o RPN
® 20 F o
5 | 5 160
£ 10} = .
# 8 140 R
oF £ I e9 ]
, L 5 .0 Teo
0.8 1.0 1.2 14 16 1.8 120 | @@ 4 1x10™
energy [eV] P TR TN N sl B
10 12 14 16 18 20 22
FIG. 5. Intrinsic and E¥" PL at 77 K fora-SiQ, :H (annealed at annealing energy E, = kTin(v,t) [eV]
300 K for 1 h with 30 at.% oxygen and an optical gdfy,
~2.3 eV as a function of Er implantation doga) Detailed view of FIG. 6. (a) Normalized SiQ (open circles and EF* PL (solid
the EP™ PL. The lines drawn indicate the two characteristié'Er squares—both at 77 K—and hydrogen partial pressudashed
lines at 1538 and 1550 nnfb) SiO, and Er PL. line) during thermal effusion(b) Urbach energysolid circles and

defect density(open diamondsfrom the absorption spectra as a
the other hand, also the formation of a more favorable Efunction of annealing energy and effusion temperature. The sample
environment upon annealing or a different incorporation withstudied contained roughly 30 at. % oxygefy4~2.3 eV) and was
increasing Er doses might contribute to this eff@cAs far  implanted at an Er fluence of 410 cm™2. The dotted lines are
as the intrinsic SIQPL is concerned, a nonradiative quench-guides to the eye. The relative uncertainties of the respective quan-
ing approximately proportional to the density @xisting tities are shown exemplarily by an error bar on one of the data
and implantation-induceddangling bonds is suggested by points of each data set.
the data in Figs. 2 and 5. However, in addition a competitive
energy-transfer mechanism between the intrinsic PL and ththan the Er PL. Starting from the as-implanted stat& gt
Er PL might contribute to the decrease of the intrinsic,SiO ~1.0 eV, both curves increase in a similar fashion by more
PL with higher Er contenté than one order of magnitude upon annealing, show a peak

In order to shed more light on this general question, wearound Ey,~1.6 eV (=1 h at 300-325°C and decrease
have investigated the behavior of both photoluminescencagain towards higher annealing energies. Similar behavior
signals and of relevant structural properties such as defeetas observed by Shiet al° for Er-implanteda-Si:H. Upon
density and Urbach energy systematically as a function otloser inspection, however, one notices an earlier increase of
annealing and Er dose. In Fig. 6, several relevant quantitiethe EF* PL at lower annealing energies, which will be dis-
of ana-SiO, sample with 30 at. % oxygen and an Er dose ofcussed below. These findings can be compared to the anneal-
4.5x 10 cm™2 are displayed as a function of effusion tem- ing dependence of other quantities: Hydrogen is known to
peraturg(linear heating rate g8 =20 K/min) and of the cor- become mobile at annealing temperatures of about 250 °C,
responding characteristic annealing enefgy=kTIn(yt)  thus favoring a reduction of disorder by structural relaxation
(calculated for isothermal annealing for 1 h and tempera- and the passivation of dangling bonds. This can be seen in
tures T=100-475°C).E, is deduced from the rate of a Fig. 6(b) as an initial decrease of the defect density from
thermally activated process and combines time and temperd0'®to 2x 10'® cm™3 and of the Urbach energdg, from 200
ture, which allows us to compare isochronal and isothermato 120 meV. Upon further annealing, H begins to effuse from
annealing procedures. The rate constagtin this relation the samples as evidenced by a rise of the H partial pressure
was previously determined tg,=10 s 1.113* As already in effusion measuremenf&ig. 6@]. From this point on the
shown in Fig. 4, the SiQas well as the Ef" PL require an material quality deteriorates agailNp starts to increase
appropriate annealing for the activation of their lumines-again, and the luminescence intensities are drastically re-
cence[Fig. 6a)]. Note that forNg,=4.5x 10'* cm 2 the in-  duced. A weaker deterioration is observed for the Urbach
tegrated intrinsic PL at 77 K is roughly a factor of 20 larger energyE,, i.e., the amount of disorder remaining after im-
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FIG. 7. Intensities of SiQand EF* PL at 77 K, multiplied with
the respective defect densitilig, (obtained from sub-band-gap ab- 1012 1013 1014 1015
sorption in PDS spectyas a function of the annealing energy. The 3+ -2
SiO, sample had 30 at. % oxygen and an optical gap of 2.3 eV. The Er” fluence [Cm ]
Er* implantation dose was 4510 cm 2. The lines are guides , - ) .
to the eve. FIG. 8. Product of the intensities of Sj@nd EF" PL at two

different annealing steps and of the respective defect denslties

: : S : btained from sub-band-gap absorption in PDS speesa func-
lantation and annealing. An optimized annealing procedure’
P 9 P gp éon of Er implantation dose. The Sj@amples had 30 at. % oxygen

can be deduced from Fig. 6 to consist of an isothermal an-

nealing at about 300 °C for 1 h, which agrees very well WitharlOI an optical gap of 2.3 eV. The uncertainties of 'tk‘“NF’ prod-
- 103233 o e ucts are shown by an error bar on one of the data points for each
previous findings®3*2*3The principal limitation due to H

. . . . . data set. The dotted line indicates a linear increase in this double-
out-diffusion at higher temperatures makes this a quite 9€Mogarithmic plot. The other lines are guides to the eye.

eral value for amorphous Si alloys prepared by different

techniques and containing various amounts of O and Er. g1 seems to be responsible for this behavior: Steeper tails
Upon closer inspection of Fig.(&, however, only the i aliow a faster thermalization of geminate electron-hole

decaying edges of the two PLs and of thg partial pressure  hairs and, on the average, will result in a larger separation of

overlap sufficiently well within the given uncertainties of the yhermajized photocarriers from nonradiative deep defects due

data. As for the rising edge, the Er PL increases distinctly, the reduced combined density of states. Th&p prod-
earlier with respect to the hydrogen effusion and the,SiO ¢ for ER*, on the other hand, increases by only one order

PL. Thus, in addition to the fact that the Si@nd also the Er magnitude, but the absolute rise is fagieee Fig. 63)]

PL seem to be mainly affected by a competitive nonradiativeynq occurs at lower annealing energies. This gives rise to the
reco.mbmano'n via midgap defectdwhich Ieads' to an ap-  assumption that the enhanced rare-earth-ion PL is due to
proximately inverse dependence of both PL intensities of3+ jncorporation into a more favorable environment such

Np, apparently additional mechanisms exist below the outyg gy, clusters or O-rich regions. Several studies have

diffusion temperature of fithat have an enhancing effect on gpown that the correct oxygen environment of erbium is cru-

the Er PL. ) . cial for an enhancement of its PL due to the corresponding
In order to account for the influence of the defect de”S'tynoncentrosymmetric crystal field3336-38 Annealing is

Np on the PL intensitylp,, the product ofip. andNp i known to additionally improve this oxygen coordination
plotted as a function of the annealing energy in Fig. 7. Aboveygund Er.

En~1.6 eV, this productp Np of both the host and the |5 Fig. 8, the product » N at two different annealing
rare-earth-ion PL is almost constant, which illustrates thagteps is plotted as a function of erbium dose. For the intrinsic
dangling bonds, generated by hydrogen out-diffusion, a0, PL, this product yields a constant value irrespective of
mainly responsible for the quenching of the PL in this an-yhe “siryctural damage caused by the different implantation
nealing regime: doses and irrespective of annealing at the two selected tem-
peratures. The intensity of the ¥r PL, when multiplied
lp=1MNp for En>1.6 ev. (1) with Np, shows the expected roughly linear increase with
Below Ey~1.6 eV, in contrast)p,Np increases with suc- the amount of implanted ions at both annealing steps dis-
cessive annealing. This suggests the existence of non-defe@ayed:
related mechanisms that enhance the luminescence intensity. +
For the SiQ PL, the increase ofp Np below Ey~1.6 eV |pu(EPT) <[ Er/No. )
comprises almost two orders of magnitude. The reduction oHowever, for annealing at 300 °C, the produgtNp of the
the Urbach energy for annealing up EB,~1.6 eV [Fig.  Er luminescence is enhanced by roughly a factor of 2 com-
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wavelength [nm] 41 11— 4 15, transition from the second excited state to the
100 1% 190 mmo o e 70 EP* ground state can be recognized on top of all
P Ng=T10"em®, T=77K a-SiO, :H(Er) PL spectra at 1.265 eV. This will be discussed
in more detail later. A closer look at the better-resolved Er PL
spectra in the left part of Fig. 9, however, reveals subtle
changes of shape and position as a functiorf @f. With
increasing oxygen content, the twoErpeaks of the*l 15,
— 41,5, transition tend to narrow and thus become better
resolved. Additionally, their wavelengths shift from 1551 to
1549 nm and from 1538 to 1534 nm, when the oxygen con-
centration increases from 0 to 30 at. %. No further changes
are noticeable fof O]>30 at. %. This leads to the conclu-
sion that the bonding environment of the Er ions in annealed
a-SiO, :H changes for oxygen contents<(O]<30 at. %.
Nevertheless, the intensity of the®ErPL at 77 K does not
show significant changes as a function of the oxygen content.
Thus, it seems that after adequate annealing, even smaller
amounts of oxyger(below 1 at.% for the showm-Si:H
sample approximately satisfy the requirement of an erbium
surrounding with sufficiently low symmetry for efficient lu-
minescence. Furthermore, other studiesaeB8i:H(Er) have
suggested that the oxygen content and correspondingly the
Er environment are not the most important factors for the PL
enhancement in disordered Si, but that the main effect is
b . w T rather a structural modification of the network that may lead
fpontitiaas :m’:fn"::;::"m“m ¢ to a reduction of defects and an improvement of the energy
DLV IS NS I PR S E i M PR - transfer’®42 Unfortunately, a detailed analysis of the Er en-
0.78 0.80 082 03 10 hotc:r-‘zener M[eV] 16 18 vironment is not possible ia-SiO, :H. The intrinsic disor-
P e der in the layers leads to random variations of the local bond-
FIG. 9. EP* and SiQ PL spectra at 77 K for oxygen contents iNg structure and stoichiometr¢e.g., network position of
between 0 and 44 at. %. The solid curves refer to samples that we@xygen atoms and local hydrogen conjefihis gives rise to
multi-implanted with an Er dose oflg,=7x10"cm 2 and an-  a Statistical broadening of the Er transitiGoll width at half
nealed afterwards at 275 °C for 1 h. The dashed, $iDspectra are  maximum=~10-15 meV, which is larger than that in crys-
those of unimplanted, as-deposited samples with identical oxygetalline hosts'®** As a consequence, similar studies as for
contents. The Bf luminescence is shown on a larger scale for all c-Si(Er) are difficult in our case. Restrictions also exist for a
implanted samples on the left side of the diagram. The relevanstructural investigation by extended x-ray absorption fine
erbium 4 transitions*l 13,115, and *l 17— %1 15 are indicated  structure since this technique does not allow us to clarify the
by dashed straight lines. influence of hydrogen atoms.

o The right half of Fig. 9 shows the intrinsic Si®L of the
pared to the 250 °C anneal for all Er doses, which is not th%r—implanted, annealed sampksolid curves, and addition-
case for the intrinsic PL. This again leads to the conclusior}i”y of an unimplanted, as-deposited set of samptizshed
that the Ef* PL is not only increased due to defect anneal-cneg with the same oxygen contents. The peak energy of
ing, but that it is also activated by the incorporation of er-i,q as-deposited S{OPL (dashed curvesis shifted from
bium into a more favorable structural environment. roughly 1.3 to 1.75 eV whef0D] is increased, corresponding
to an increase of the optical g&jp, from 1.9 to 2.7 eV. The
increasing energy difference betweEp, and the PL maxi-

a-Si:H usually is subject to a residual oxygen contamina-mum represents the energetic distribution of the band-tail
tion in the range of some tenths of atomic%:*'This may  states involved in the intrinsic PL. Photoexcited charge car-
already be helpful for the Bf luminescence because erbium riers first thermalize into the band tails before they recom-
ions can act as oxygen getters that only react with Si wheiine radiatively*! In addition, a broadening of the intrinsic
the accessibility or the amount of O is limitéd®"**The Er  PL can be seen for high®], again due to the broader tails.
PL is further enhanced when the fraction of oxygen is in- The main difference between the SiBL spectra of im-
creased above 1 at. %2°%!In the present study on silicon planted compared to unimplanted samples is a decrease of
suboxides the range of oxygen contents was extended up the PL peak energy by roughly 0.2—0.3 eV. In comparison to
values of 44 at. %. Figure 9 shows theé’Ernd intrinsic PL  the unimplanted state, strong implantation leads to additional
at 77 K for oxygen concentrations betweeid and 44 at. %. disorder in the samples that cannot be annealed out com-
Owing to the screening of the erbium ions by theg &d  pletely. Thus, photogenerated charge carriers can thermalize
5p shells, the main peak of the Er PL remains rather constarihto deeper band-tail states and the PL peak energy is accord-
at about 0.8 eV. Also, a small spectral feature due to théngly smaller. This tail broadening can already be identified

L4

!

------ N = [0] < 1%

PL intensity [arb. u.]

>

2. Influence of oxygen content and temperature
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FIG. 10. Ratio of the Bf" and the SiQ PL intensities FIG. 11. Normalized SiQand Er PL intensities of aa-SiO, :H

I (EPT)/15,(SI0)) at 77 K as a function of the energy difference sample with 44 at. % oxygen and a band gap of 2.7 eV as a function
between the two PL maxim&p, na{(SiO,) —Ep. malEFT). The of the inverse temperature. The sample was multi-implanted with an
samples have oxygen concentrations between 0 and 44 at. %, wel dose ofNg=7x 10" cm™? and annealed afterwards at 300 °C
multi-implanted with an Er dose oflg,=7x10*cm 2 and an- for 1 h. The lines are guides to the eye. The inset shows intrinsic
nealed afterwards at 275 °C for 1 h. The line is a guide to the eyeand Er PL spectra of the same sample at 77 and 300 K. The quench-
ing factors for both PL are indicated next to the arrows.
in Fig. 2(d) as a shift of the band-tail absorption of the an-
nealed implanted samples to lower photon energies by amt 0.8 eV. As a matter of fact, there is a considerable spectral
proximately 0.2 eV. Note that the shoulders at roughly 1.4overlap of the intrinsic SiQ PL with the transition energy
eV, which can be seen in some of the PL curves in Fig. 9from the EF" ground state to the second excited state
arise from a distinct spectral feature in the response of th€*l,,—%1,,,) at 1.265 eV (980 nm, as indicated by a
detection system, which could not be removed completelylashed line in Fig. 9. Further details will be discussed below.
and has no special significance. Also, no intrinsic defect lu- Figure 11 displays the Er and Si®L intensities as a
minescence was observed in any of the PL spectra at 77 Kiunction of the inverse temperature. The sample contains 44
The fact that the B PL intensity is rather insensitive to at.% oxygen, is highly implanted, and was annealed at
the increase of the optical gap with increas|i@, whereas 300 °C for 1 h. There is a clear difference between the tem-
tail-to-tail transitions of course change their average energperature dependencies of the two luminescence intensities.
depending on the band g#ps seen in Fig. )9 leads to the The thermal quenching of the intrinsic PL starts at lower
question, which transitions are responsible for the excitationemperatures and is more pronounced than that of the Er PL.
of the first excited Er state? In particular, the energy separaFor example, the inset of Fig. 11 shows that for increasing
tion of the EF* and the SiQ PL peaks becomes larger with temperature from 77 to 300 K the intrinsic PL is quenched by
increasing oxygen content, without causing a decrease of thee factor of 7, whereas the Er PL is only reduced by a factor
Er" PL intensity. This qualitatively contradicts a direct of 2. Similar differences between host and rare-earth-ion PL
resonant excitation of the erbiufit5;,—*l 15, transition via  have been observed also by others for Er-doped amorphous
SiQ, tail-to-tail recombination. In Fig. 10, the ratio of the host materials such asa-Si:H, a-SiO;:H, and
Er" and the SiQ PL intensities|p (EF")/Ip(SIQ) is  a-Si;_C,:H.1028324043 general, the extent of the thermal
plotted as a function of the difference between the two PlLquenching depends on the material properties and is smaller
maxima Epy ma{SiO) — EpL ma(Er*™). By using this ratio, for larger band gapshigher [O]) and correspondingly
the dependence of the luminescence intensity on the differetroader band tail{see Fig. 12 Kuhne et al: 28 for their
defect densities for the different oxygen contents is elimi-a- Si:H(Er) samples detected not only the intrinsic and the Er
nated to first order and a direct comparison is possible. TherBL but also the deep-defect-related PL at about 0.9 eV. It
is a small decrease dp (Er*")/1p(SiO) with increasing displayed a temperature quenching similar to the Er PL,
[O], but it only comprises a factor of about 2 f§O]  which lead to the conclusion that the Er excitation mecha-
=0-44 at. %. If resonance or only approximate resonancaism is defect-related. However, for none of the silicon sub-
between intrinsic and erbium PL at 0.8 eV were required foroxides studied here is a defect-related PL close to the Er peak
the energy transfer, this weak dependence would not seerfetectedsee Fig. 9. Thus, the results of Ref. 28 cannot be
consistent with the large energy separatiorEef ,,(SiO,)  generalized t@-SiO,, where the luminescence intensity of
—EpLmalEPPT)=0.75eV at the highest oxygen content. Eris even higher. In fact, the Er PL s still quite strong at 300
This suggests that other mechanisms, such as the enerlfy when most of the SiQluminescence has vanished. This
transfer to higher excited Er levels such Hs;,, may sig- demonstrates that the excitation of Er ions has only a minor
nificantly contribute to the excitation of the rare-earth-ion PLinfluence on the SiQPL, which is determined by other pro-
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FIG. 12. Temperature quenching of Si@nd EF* PL from 77
to 300 K for oxygen contents from 0 to 44 at. %. The erbium im-
plantation dose was 710" cm 2 (=~10°°cm 3). The samples
were annealed at 275 °C for 1 h. The lines are guides to the ey
Also shown for comparison is the thermal quenching of th&"Er
PL (Ng=10'° cm™3) in crystalline silicon with and without codop-
ing by oxygen (16° cm™3) (Ref. 4, in a-Si:H(Er) (Ref. 45, and
for a magnetron-sputtereda-SiO, :H(Er) sample Ng~4
X 10 cm~3) (78). The uncertainties of the quenching factors are
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FIG. 13. Quantum efficiencies at 77 and 300 K as a function of
[O], for (@ the intrinsic PL of unimplanted, as-deposited SiO
samples andb) for the EF* PL of samples, which were multi-
implanted with an Er dose ofig,=7x10"cm 2 and annealed
afterwards at 275 °C for 1 h. The lines are guides to the eye.

semi-insulating polycrystalline silicdd (SIPOS and
magnetron-sputtereda- SiO, :H(Er), which also contain
large oxygen concentrations.

Qualitatively, the Et* PL thermal quenching shows the
same tendency as that of the intrinsic PL, but it is signifi-

%antly smaller for all oxygen concentrations and also has a

smaller variation with oxygen content. Thus, a major benefit
of increasing oxygen alloying is the significant reduction of
the thermal quenching of the £r PL (and of the SiQ PL,

as wel). With the knowledge of the relative PL intensities

shown by an error bar on one of the data points for each data sef19- 9 and using a suitable calibration procedure, the quan-

cesses such as nonradiative recombination.

tum efficienciesy of the SiQ and EF* PL at an excitation
wavelength of 458 nm can be estimated. Starting from

In order to be efficient and stable at room temperature, thenown values ofy for a-Si:H and taking into account the
thermal quenching of the Er luminescence in the respectiveifferent defect densities and the observed quenching at the
host has to be minimized. This can be achieved by a favorrespective temperaturé?64” the quantum efficiencies for
able EF* environment that reduces the radiative lifetime, orboth PL at 77 and 300 K were estimated and are shown in
by an increase of the host band gap that prevents the deerig. 13. The SiQ quantum efficiencyFig. 13a)] was deter-
citation of Er ions via backtransfer of the excitation energy tomined for the as-deposited unimplanted set of samples

the host matrix. The thermal quenching of the Sad Er
PL from 77 to 300 K[1p. (300 K)/Ip (77 K)] as a function

(dashed curves in Fig.)9At 77 K, 5(SiQ)) is roughly 0.1
for all oxygen contents, whereas at room temperature, the

of oxygen content is displayed in Fig. 12. The quenching ofoxygen dependence of the PL quenching results in an in-

the SiQ, PL for [O] ranging from 0 to 44 at. % is consider-
ably reduced as the oxygen content increases. [

crease ofp(SiOQ,) over two orders of magnitude from below
10 3 for[O]<1 at. % to above 10 for [O]=44 at. %. The

=0 at. %, the quenching is about three orders of magnitud®L quantum efficiency of Ef [Fig. 13b)] in the highly

and decreases to a factor of 3[&]~44 at. %. This can be

implanted annealed SiGamplegsolid curves in Fig. Dis

understood from the widening of the optical gap and then the range of 0.01-0.02 at 77 K and shows no significant
increased density of deep localized band-tail states, alreadjariation with oxygen content. At 300 Kz(Er**) is reduced

known for unimplanted-SiQ, : H.1146

In crystalline Si* the EFT PL is quenched between 77
and 300 K by 2 orders of magnitud¢Fig. 12. Co-doping
with oxygen? however, results in a quenching by only 1
orders of magnitude, a value comparableat&i:H(Er),?84°

to values around 10 for [O]< 10 at. %, but reaches a value
of approximately 0.01 fofO]>15 at. %.

3. Influence of higher-level EF* transitions and excitation
efficiency

which always contains residual small amounts of oxygen Although the most desirable transition for applications of
(<1 at. 9. In comparison to these host materials, the erbiungr jons in Si is the one from the first excited stdlgs, to

luminescence ira-SiO, :H is quenched much less. Starting

from a quenching of % orders magnitude for[O]
<1 at. %, the reduction factdp (300 K)/I 5 (77 K) is only
0.8 at the highest oxygen content studied he¥é at. %.

the ground statél ;s,, (\=1.54um), also transitions from

or to the higher levelél,,, and *l 5, can be observed under
appropriate conditions. Transitions from the second and third
excited state to the ground statél(,,—*l15, and *lg,

This is in good agreement with values obtained in Er—doped—>4ll5,2) result in luminescence lines at about 1.265 eV
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FIG. 14. Er and SiQPL spectra of samples containing 30 and
44 at. % oxygen Ng,=7X10" cm 2, anneald 1 h at 300 °Q at
77 K. The inset shows the spectral feature at 1.265%80 nm), .
which is situated on top of the intrinsic luminescence and originates 0.79 0.80 0.81 0.82
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FIG. 15. Spectra of the 1.54m Er PL for different excitation

B . wavelengths between 948 and 993 ni=(77 K). The data are
(=980 nm and 1.55 eV(=800 nm. As a matter of fact, in corrected for the pump intensity at the respectiyg.. The solid

erbium-doped optical fiber amplifiers a population inversionjeg reslt from a smoothing of the spectra. For comparison the Er
of the first excited statél 15, is generated by pumping the Er |yminescence ak o= 458 nm is shown as welhot corrected for

the second excited statl;;,,.**7°° So far, evidence for implanted Ng=7x10"cm 2), and was annealed fol h at

higher-level Er transitions has been reported only in a fewp7s °C.
previous publications, where $Er) nanocrystals were em-
bedded ina-Si:H (Ref. 32 or Si0, films (Refs. 51-53 identification of the relevant excitation process. No such
For the erbium-implanteda-SiO,:H samples studied resonant feature is observed for thg,— I 15, transition at
here, Fig. 14 shows a spectral feature at 1.265%80 nm) 800 nm(1.55 e\j.
superimposed on the intrinsic PL, which can be seen on all Although higher-level Er transitions have so far mainly
PL curves of highly-Er-implanted and annealed samples, irbeen seen in host materials containing Si nanocry&tals>
respective of the oxygen content. At closer inspection, it acthere are no indications for nanocrystals in @SiO,:H
tually can be identified in all PL spectra of Fig.(3olid  samples, which are deposited at conditions where the mate-
curves, as well. Its origin is the transition from the second rial growth is amorphous. Subsequent to deposition, the ma-
excited state to the ground state of the Hr ghell *1;,, terial was only subjected to annealing temperatures below
— %15, schematically depicted in Fig. 14. There are two300 °C, where hydrogen is the only mobile component. No
possible explanations for the excitation of this transition.evidence of nanocrystalline 8ic-Sj) PL can be seen in any
One possibility is that the energy of a tail-to-tail transition in of the a-SiQO, :H spectra. Also, the Er and-SiO, PL have
the SiQ, matrix is transferred more or less effectively to the qualitatively similar temperature dependences, which corre-
Er ion and excites thél ,,,, state. This would imply that the late well with the oxygen content of the-SiO, host (see
intrinsic luminescence is quenched to a certain extent at erFig. 12. Thus, we conclude that the observation of higher
ergies slightly higher than 1.265 eV, which should lead to aexcited EF" states ina-SiO, :H(Er) is independent of the
Fano-type spectruiif. On the other hand, also an up- formation of Si nanocrystals.
conversion process involving two Er ions is possible. Such In order to find out whether the second excited erbium
an Er-Er interaction is known from Er-doped®;, Al,Os, state®l 11, acts as an intermediate state for the population of
yttrium aluminum garnet YAG and glasses such as soda-limehe I, level, a SiQ sample with 20 at. % oxygen was
silicate and phosphosilicate glaSsHere, the energy of the excited with resonant sub-band-gap light from a Ti-sapphire
0.8-eV Er transition {113, %15, is transferred nonradia- laser M exc=920—995 nm). Despite the weak absorption of
tively to another Er atontalready in the®l 5, statd, which  the sample in this energy range, the main Er(&@.1.54um)
is thereby excited into the third excitetl o, state. From could still be detected. In the spectra of Fig. 15, there is no
there, thermalization occurs to tHé,,, level and radiative abrupt change of the Er PL intensity when the excitation
recombination withA =980 nm takes place. Unfortunately, wavelength was tuned from values lower to values higher
the small signal intensity of this transition on the backgroundthan 980 nm (=1.265 eV, *l;5,—%l11,). Previous
of the large intrinsic SiQ PL does not allow a definitive result®?®4°also reported no enhancement of the 1.54-
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excitation wavelength [nm] tive excitation wavelengths. The relative®ErPL quantum
1200 1000 800 600 efficiency is more than one order of magnitude larger for
Tk ' 1 ! T ! sub-band-gap excitation between 1.2 and 1.3 eV than for
a-Sio :H band-to-band absorption around 2.5 eV. There is an increase

10° | e [O]=20at% by a factor of 2 for excitation energies slightly above 1.265
E : N =7*10"em? eV (980 nm, which allows us to quantify the contribution of
- a:’n. 1h at 275 °C the second excited Er level to the 0.8-eV Er PL in these
- T=77K samples. As conjectured above, a Stokes shift of at least 0.1
7 eV exists between the most favorable excitation energy and
. the erbium I ;5,— %114, transition at 1.265 eV. This addi-

3 tional excitation path, contributing at dl0], can also ex-

Er PL plain the weak decrease of the Er PL intensity with increas-

ing oxygen content(cf. Figs. 9 and 10 A similar

Q? enhancement of the Er PL for sub-band-gap excitation has

4 R also been reported by Fules al. for a-Si:H(Er).*® Based on

géb’?nm the estimated absolute quantum efficiencies for excitation of

N T the EF" PL with 458-_nm laser lightroughly 1% gt 7? K, cf.

10 15 20 25 Fig. 13 and the relative spectral dependenceyan Fig. 16,

’ ' e ) we obtain a total quantum efficiency forErin a-SiO,:H
excitation energy [eV] at 77 K close to 10% for excitation at 970 nm.

FIG. 16. Relative quantum efficiency (ErPL intensity at 77 K Owing to the already large parameter space we have not
normalized to the amount of absorbed phojoas a function of ~Performed detailed excitation spectroscopy measurements
excitation energy. The SiOH sample contains 20 at.% oxygen, for all [O], which nevertheless is an interesting topic for
was implanted with an Er fluence of<710* cm™2, and was an- future studies. This would allow us to quantify the contribu-
nealed fo 1 h at 275 °C. The Er PL dt.54 um was excited with an  tion of the different Et" levels as a function of their reso-
Ar-ion laser (458-514 nmy a He-Ne laser at 632 nm and a Ti- nance with the intrinsic SIOPL (as adjusted by the optical
sapphire lasef920—995 nm The dashed vertical line indicates the gap Eqy, and[O], respectively. However, as seen in Figs. 9
position of the second excited Erlevel *1,,,,. The dotted line is  and 10, the Er PL intensity decreases weakly as a function of

a guide to the eye. [O], which suggests that such an optimized overlap between

the Er levels and the broad Si®L band only would have a
Er PL around\ .= 980 nm, which agrees well with the lack minor influence.

of direct light absorption by erbium ions in the absorption
spectra. However, for a population of the erbidin,, level
via the SiQ matrix, a Stokes shift is very likely to exist
between the absorption of the Si@atrix and the energy, at Due to the fact that its 1.5&m luminescence is rather
which excitation to the'l ;;/, level occurs. independent of the host matrix, Er has been incorporated
At 1.265 eV(980 nm), there is a strong spectral overlap of into a large number of host systems. The respective excita-
the second excited Er level with the SI®L for all [O]  tion mechanisms for the desired®ErPL turn out to differ
(indicated by a dotted line at 980 nm in Fig. Fherefore, a  considerably depending on the host properties. Erbium em-
population of the first excited Er levéll 15, via the second bedded in SiQ fibers can be directly excited by means of
excited level®l 1y, is a possible contribution to the 0.8-eV resonant pumping’*®~*°whereas in crystalline and amor-
Er* PL. For[0]<20 at.%, there also exists a resonantphous semiconductors the excitation prevalently occurs via
overlap of the broad intrinsic SiCPL with the first excited absorption by the host and subsequent energy transfer to the
“l 131 Er level (0.8 eV, see Fig. B which has been discussed rare-earth ions. In the case ofSi, erbium is believed to be
as an important mechanism for resonant Er excitation in thexcited by an Auger process. An electron from the conduc-
case ofa-Si:H. This partial overlap, however, is reduced andtion band is trapped at an Er-related le(@15 eV below the
finally is negligible for larger oxygen contents, which should conduction-band edgeAfter recombination with a hole the
result in a strong decrease of the Er PL with risingenergy is transferred to the Er ion by means of an Auger
[O] (cf. discussion of Fig. 10 However, the ratio effect®®-®*Auger recombination has also been reported as an
I (EPT)/15.(Si0,) decreases only by a factor of 2 in Fig. excitation mechanism for Er in Ill-V semiconductors such as
10. Thus, other pathways for the excitation of the first ex-In-Ga-P(Ref. 61) or Al-Ga-As (Ref. 62. Interactions of ex-
cited Er I 5, level, presumably via the second excitdd,,  citons and rare-earth-metal ions have been observed in
state, are likely to contribute at highgD]. CsCdBg, as well®® In amorphous materials, the determina-
Evidence for a direct excitation of th#l ;5,,—*1 11, tran-  tion of the EF* excitation mechanism is more complicated
sition via the SiQ matrix can be found in Fig. 16, which due to the larger density and variety of tail and defect states
shows the excitation efficiency of the erbium luminescencehat are located in the band gap. Luminescence from erbium
for an annealed highly implanted Si@ith 20 at. % oxygen ions has so far been detected in hydrogena&i and its
at 77 K. The data were obtained by normalizing the intensityalloys a-SiO, and a-SiC,,?® but also in chalcogenide
of the EF* PL to the flux of absorbed photons at the respec-glasse¥ or sputtereda-GaN®® The energy-transfer mecha-
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exhibit predominans character, whereas valence-band and
band-tail states as well as dangling-bond states pastear-
acter. Thus, the required dipole moment in #&i host is
provided by electron-hole pairs. In contrast to the DRAE,
where excess recombination energy can be taken up by
phonons, resonance is necessary for sf€o transfer, which

of course narrows the energetic window for efficient excita-
tion. On the other hand, this mechanism does not require a
close proximity of Er and dangling bonds. Since the Er con-
centration in amorphous hosts is generally one to two orders
of magnitude higher than the defect concentration, an overall
close neighborhood of Er and defects is unlikely. Thus, a
transfer over larger distances is more favorable and explains
%he observed threshold for the detection of Er PL, namely,
host matrix. Process§l) shows a defect-related excitation of the when the transfer distance exceeds 50 A at low Er concen-

erbium 1,5, level caused by a transition of a conduction-band tajl trations (%_]_'018 C_m 3)'_ These Cons'derat'on_s Im.ply that not

electron to a dangling-bond defe@%/D ). Proces¢2) represents  ONly transitions involving defectgprocess 1 in Fig. 17but

an excitation of the'l ;5,, state via tail-to-tail recombination from @lso transitions between deep localized tail stgpescesses

deep localized band-tail states and in prod&sshe first excited Er 2 and 3 in Fig. 1Y can play a role for the Er excitation.

state %l 5, is populated via an excitation of the second excited A third possible excitation path is the existence of charge-

erbium state’l ;. transfer levels of EY" in the bands or the band gap of the
amorphous host material. Little insight exists so far in the

nisms, however, are still under discussion. For the case dilectronic structure of Er in Si hosts and most theoretical
amorphous silicon, two different excitation models haveWork has concentrated on Er it+Si. Depending on how
been suggested: strong the bonding and interaction offErwith its surround-

(i) Fuhset al*® and Yassievich, Bresler, and Gu&®pro-  ings is, the resulting energy of the Ef 4evels ranges from
posed a defect-related Auger effé tRAE) as the main ex- far below the band gap~20 eV) to a position directly in the
citation path of E¥* in a-Si:H. An electron from the band gap ot-Si.*®"?~"As far as amorphous silicon is con-
conduction-band tail is captured by a neutral dangling-bongserned, recent experimental results by Tessteal,” using
defect state and excites an®Erion (*l;5,—%113,) by a ultraviolet photoemission spectroscofiyPS on a-Si:H(Er)
nearly resonant Auger procefgrocess 1 in Fig. 17 This ~ samples, found a binding ener@, attributed to the B
occurs in competition with radiative recombinatiieading  4f levels, which is roughly 10 eV below the Si valence-band
to a defect PL band around 0.9 éRef. 28] and a nonradi- maximum. This feature in the UPS spectra, however, could
ative multiphonon process. This model is based on the closenly be seen as a rather weak peak at high excitation photon
vicinity of Er ions and dangling-bond defects that are sup-energy (140 e\). It cannot be excluded that other
posed to be introduced in large numbers as a result of erbiurar 4f —related peaks with smaller binding energies exist in
incorporation in the amorphous matrix. The model is supthe UPS spectra, which are too weak to be resolved. Such
ported by the similar temperature quenching of the defectevels might be energetically closer to the band maxima or
and Er luminescence and by the fact that the temperaturdie gap and could therefore allow for a direct excitation of
quenching of the rare-earth-ion PL can be simulated quitéhe rare-earth ions by charge transfer from the amorphous
well based on the competition between the DRAE excitatiorhost material.
process and nonradiative multiphonon recombination at de- For the evaluation of the relevant excitation mechanism of
fects. A band-tail-to—band-tail Auger recombination, excit-Er** in a-SiQ,:H, the following experimental observations
ing the Er#l 5, via the %I 11, state is unlikely because of the have to be taken into account:
different temperature dependence of the intrirssisi PL at (i) No direct absorption of the erbium ions at resonant
1.3 eV and the Er luminescence. transitions between Ef levels (*1,5,— %113, at 0.8 eV and

(i) The second model for Er excitation is a dipole- *l;5,— 11 at 1.265 eV could be observed in absorption
mediated resonant energy transfer originally proposed bgpectra. Thus, Er ions are excited mainly by an energy trans-
Forstef"®8for the interaction of molecules in gases and lig- fer from the SiQ matrix.
uids. This mechanism is also evoked for the energy transfer (ii) The thermal quenching is roughly one order of mag-
in photosynthesf§ and between semiconductor quantumnitude smaller for the Ef PL than for the intrinsic SiIQPL.
structures and organic matric®s’! In rare-earth doped There is a comparable reduction of the quenching for both
a-Si:H, it resembles a resonant Auger transfer and is effiPL with increasingd O] since the reexcitation of charge car-
cient for large distances up to 50 A—as suggested bigri€u riers into the bands is more unlikely for samples with higher
et al?® The necessary dipole moment of the Eiion is pro-  [O], which possess deeper tail statEiy. 12). But, generally,
vided by local fields in its surroundings, i.e. the oxygen at-there is a large quantitative difference in the temperature
oms are situated close by. For tetrahedrally coordinateduenching of Er and SiQPL. In particular, for low oxygen
amorphous silicon, the conduction-band and band-tail statesontents [O]<10 at. %), Er PL can still be observed at 300

Ec

excitation

Ey

FIG. 17. Schematic diagram of possible transitions leading t
the excitation of the*l 3, EF* level via the amorphous-SiO,
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K, when the intrinsic recombination is almost completely In contrast to the DRAE model, most of the experimental
guenched. findings for erbium in amorphous silicon suboxides can be
(iii) Upon sub-band-gap excitation, i.e., in the absence ofeasonably explained in the framework of ar$ter transfer.
band-to-band absorption as well as intrinsic tail-to-tail re-Such a dipole-mediated process can occur over larger dis-

combination, the 1.54ém Er luminescence is still detect- tances(up to 50 A. Thus, the existence of an Er threshold
able, with a quantum efficiency approximately one order ofconcentration can be explained. The Er density in the host
magnitude higher than that for band-to-band pumpisge should be large so that the distance between an Er atom and
Figs. 15 and 16 An additional resonant increase of thé Er  the electron-hole dipolewvhich transfer the excitation en-

PL by approximately a factor of 2 was observed for pumpingergy) is smaller than 50 A. For defect-related transitions
slightly above 1.265 e\980 nm), the transition energy from (process 1 in Fig. 17—if contributing to the energy transfer
the erbium ground state to the second excited stitg,§  to EP*—neither a close vicinity nor equal numbers of Er
—%11). ions and defects are required. Moreover, thestey mecha-

(iv) There is an inverse correlation between the density ohism opens the possibility of alternative excitation pathways,
defects in the host and the intensity of thé EPL, i.e., the  which—unlike defect-related transitions—do not contradict
PL is significantly increased when defects are reduced byhe observation that annealing enhances the erbium PL while
appropriate annealin¢fFig. 6). Also, an incorporation into simultaneously reducing the defect density. Transitions be-
more favorable Er-O environments seems to occur upon artween deep localized conduction- and valence-band tail
nealing(Fig. 8. Furthermore, the erbium peak concentrationstates are likely to excite the Ef ;5,, (0.8 eV) and 1,4,
is around 18 cm™~3, whereas the defect density is 1-2 or- (1.265 eV} statesprocesses 2 and 3 in Fig. 17n this case,
ders of magnitude lower (#®-10°cm™3) in annealed annealing helps to reduce nonradiative recombination paths
samples. via defects and makes process 2 and 3 more likely. This

Among these results, points) and (i) agree very well assumption is corroborated by the finding of a resonant en-
with DRAE. In a-Si:H(Er), Fuhset al*® found an intrinsic  hancement of the 0.8-eV Er Placcording to process 3 in
defect PL at roughly 0.9 eV with a thermal quenching similarFig. 17 when the pump wavelength approaches resonance
to the EF* PL. These authors suggested that defect-relateith the second excited erbium levidig. 16).
transitions ina-Si:H were the dominant process in the exci- One condition required by a Ester process is resonance
tation of erbium iongDRAE, process 1 in Fig. 7 How-  between the exciting electron-hole dipole and the excited
ever, no such defect PL is detectable in amorphous suboxare-earth ion. It was shown in Fig. 9 that for oxygen con-
ides. Even in ouma-Si:H(Er) samples, it cannot be resolved tents below 15 at. %, the SjGPL overlaps partly with the
due to the large intensity of the erbium luminescence afirst excited state of erbiurfil 13, at 0.8 eV. In addition, there
0.8 eV. is always a sufficient overlap of the intrinsic PL with the

As for point (i), a higher Et* PL excitation efficiency second excited erbium statt,;, at 1.265 eV, which pre-
for sub-band-gap-pumping has also been found by Fuhsents a strong decrease of the’ EPL at larger{O], when
et al*® and does not contradict the DRAE model. However,resonance at 0.8 eV is unlikelgee Fig. 10 Note, however,
unlike ina-SiO,, no contribution of thel ;,,, Er level to the  that the temperature quenching is one order of magnitude
population of the*l 5, level has been observed & Si:H. weaker for the rare-earth-ion PL than for the intrinsic PL in
Thus, the conclusions of the DRAE model cannot be readilypoth host materialsa-Si:H and a-SiO,:H. On the other
transferred to the case afSiO, :H(Er). Other possible ex- hand, the Ef" excitation process at the resonance energies is
citation pathways of Ef* in silicon suboxides have to be not necessarily expected to correlate strongly with the, SiO
taken into account. PL or its quenching. Even at temperatures where the intrinsic

An important argument against the DRAE applies also inPL is almost completely quenched due to reexcitation of
the case of BY' -implanted SiQ:H [item (iv)]. The Erions trapped charge carriers into the bands, the energy transfer
outnumber the defect states by 1-2 orders of magnitude arfdom deep band-tail states to ¥r can still be faster and
the Er PL intensity increases almost linearly with the total Ermore effective, which should lead to a weaker thermal
concentration(Fig. 8). This is incompatible with a one-to- quenching by nonradiative recombination processes. The
one correlation of active erbium atoms and dangling bondsmall size of the spectral feature at 1.265 eV, superimposed
throughout the sample. Similarly, it is difficult to explain by on the SiQ PL spectra(see Fig. 14 could indeed be an
DRAE that annealing reduces the number of defects by alindication for the minor influence of the Er excitation pro-
most one order of magnitude and at the same time tRé Er cesses on the SiCPL.

PL is strongly enhanced—as shown in Fig. 6. Last but not We conclude that the interpretation of the experimental
least, the DRAE model does not consider the role of Er-Oresults in the framework of a defect-related mo2@RAE)
complexes, which exist ia-SiO, and to a smaller extent in leads to several inconsistencies concerning the energy-
a-Si, as well. Tessleet al*° suggested that these complexestransfer process from the-SiO, :H host to the E}* ions.
might help to increase the number of defect states around th@en the other hand, most of these contradictions can be rea-
erbium ions. This, however, would require the existence otonably resolved by a dipole-mediated$ter mechanism. A
two types of defects, one that is associated with Er-O comeertain contribution from defect states or fron? Ercharge-
plexes and another that represents the ordimaBi:H dan-  transfer levels in vicinity of the band gap, however, cannot
gling bond. So far, there is no spectroscopic evidence fobe entirely excluded.

such a second type of defect. The presented results also have some relevance for other
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Er-doped Si-O systems, e.g., those that are partiallgilicon-oxygen alloys can be regarded as a model system that
crystallized? (SIPOS or contain Si-nanocrystalsic-S) em-  also provides a better understanding of the processes occur-
bedded in dsuboxide matrix}4~173251-53n these materials, ring atc-Si/a-SiO, interfaces.

Er* is likely to be located in the vicinity of the disordered

Si-O phase, which is believed to surround the Si V. CONCLUSIONS

crystallites.® Correspondingly, one common feature of the Effective erbium PL ina-SiO, :H was detected at room

Er PL in all these hostsa-SiO,:H, SIPOS, nc-Siis the temperature for varying oxygen contents and*Epeak con-
similar broad luminescence that only allows one to distin- peratu varying 2(3)/9 : " :
centrations up to #8cm 3. The intensities of SiQ and

guish two main transition$~1538 and 1550 ninand thus I : : .
differs significantly from the well-resolved spectra obtainedE'S PL scale mverselly with the defect .densny.and, o a
smaller extent, also with the structural disorder in the host

for ¢-Si(Er). But also the Et* PL temperature quenching . . o .
(from 77 to 300 K of SIPOS(Ref. 12 and nc-SiRef. 17 is  Matrix. Annealing at 300 °C fol h was found to be optimal
for the activation of both luminescence processes. Our re-

less than a factor of 10, which agrees quite well with the : ) S
findings presented in this articlef. Fig. 12 and points to- sults suggest a reconstruction of implantation-induced dan-

wards a reduced backtransfer due to larger optical band gap%l.'cr:rge ?g\?grsaglse v;ﬁl\l/i?;nrannelnqgofsrt?\tgg ios f r?gbgigr:onjem;%_
Furthermore, SIPOS samples containing comparabl ' g dep

+ . .
amounts of erbium as SiG&how a similar activation of their ence of the E¥* PL intensity at low temperatures on the

luminescence upon annealing at moderate temperaturé)%(ygen content, already small oxygen concentrations of the
(300—400 °Q. Presumably, this is due to an incorporation Oforder of 1 at. % seem to provide an optimal Er environment

. : .with low local symmetry. The temperature quenching of the
Er** into a favorable oxygen environment and defect passi- B+ PLis roug%ly one)(/)rder of mggnitude gmaller tr?an that

vation. The Er PL quantum efficiency of annealed SIPOSE A . . .
(En) is roughly 103,qwhich also comp)allres well to the case of the intrinsic SiQ PL. A major advantage of alloying with

of a-Si0, :H(Er) (cf. Fig. 13. Unfortunately, no PL lifetime increasing oxygen content is the fact that for the high@sgt

data have been recorded for @uSiO, :H samples so that a the temperature quenching from 77 to 300 K is significantly

comparison to the respective findings for SIPOS is not pos[educed for both the Efa factor of 2 and the SIQ PL (a

sible factor of 10. Measurements with different excitation wave-
On the other hand, amorphous Siénd partially crystal- Iir;gtrms Sgﬁ;ve(;jrdtg?t;Pemrga'nr;tiepl;ngtrel"z ?f]iclisenet)l(cn\?vien
lized Si-O systems are only comparable to a certain extentoHINY 9 y

First, the various deposition methods are known to producgumped with sub-band-gap light compared to band-to-band

materials with different structural properties. Second, the hy_excnatlon. The excitation of Bf via the second excited

4 . .
drogen content initially present in some samples effuses dufevel "l at 1.265 eV contributes to the population of the

ing the annealing procedures used for crystallizatidn ( "l 13 level and enhances the Er PL by a'factor of 2. Based on
~300°C). Thus, the structure of the samples become hese results, we argue that the excitation mechanism of the

somewhat different upon crystal formation, which compli- r** ions in a-Si0,:H can be explam(?d by a resonant
cates a direct comparison. In order to investigate the infludipole-mediated Rster transfer to the EFflyq; and "y
ence of Si crystallites on the rare-earth-ion Iuminescencéevels' On the_ other hand, some of the experimental f_mdmgs
some of oura-SiOy(Er) samples were subjected to intenseeilso agree with a DRAE, whereas others do not. This casts
Nd:-YAG ~ laser  pulses X=355nm,tye=81s,1, some doubts on the relevance of the DRAE model, at least

~300 mJ/cr). Applying this procedure lead to the forma- for Si-O alloys with high oxygen contenf©]>20 at. %.
tion of Si crystallites embedded in a suboxide maffixow-
ever, no further improvement of the Er PL compared to that

of amorphous sample&@nnealed at optimized conditions This work was supported by the Deutsche Forschungsge-
has been observed. Nevertheless, disordered Er-dopedeinschaft(Stu. 139/6-3.

ACKNOWLEDGMENT

* Author to whom correspondence should be addressed. Electroni¢G. Franzo F. Priolo, S. Coffa, A. Polman, and A. Carnera, Appl.
address: janotta@wsi.tum.de Phys. Lett.64, 2235(1994).
1E. G. Anderson, Appl. Phys. Let88, 2421(1996. 8T. Oestereich, S. Swiatkowski, and 1. Broser, Appl. Phys. [58t.
2J. Michel, J. L. Benton, R. F. Ferrante, D. C. Jacobson, D. J. 446 (1990.
Eaglesham, E. A. Fitzgerald, Y.-H. Xie, J. M. Poate, and L. C. °M. S. Bresler, O. B. Gusev, V. Kh. Kudoyarova, A. N. Kuznetsov,

Kimerling, J. Appl. Phys70, 2672(199)). P. E. Pak, E. I. Terukoy, I. N. Yassievich, B. P. Zakharchenya, W.
3M. Markmann, E. Neufeld, A. Sticht, K. Brunner, G. Abstreiter, Fuhs, and A. Sturm, Appl. Phys. Le@7, 3599(1995.
and G. Buchal, Appl. Phys. Let?5, 2584(1999. 103, H. Shin, R. Serna, G. N. van den Hoven, A. Polman, W. G. J.
4S. Coffa, G. FranzoF. Priolo, A. Polman, and R. Serna, Phys. H. M. van Sark, and A. M. Vredenberg, Appl. Phys. L8,
Rev. B49, 16 313(1994. 997 (1995.
SH. Ennen, G. Pomrenke, A. Axmann, K. Eisele, W. Haydl, J.''R. Janssen, irSelected Topics of Semiconductor Physics and
Schneider, Appl. Phys. Let#6, 381(1985. Technology edited by G. Abstreiter, M.-C. Amann, M. Stutz-
6B. Zheng, J. Michel, F. Y. G. Ren, L. C. Kimerling, G. C. Jacob- mann, and P. Vog(Walter Schottky Institut, Tech. Univ. Mu-
son, and J. M. Poate, Appl. Phys. Leid, 2842(1994). nich, 2000, Vol. 31.

165207-15



JANOTTA, SCHMIDT, JANSSEN, STUTZMANN, AND BUCHAL PHYSICAL REVIEW B8, 165207 (2003

12G. N. van den Hoven, J. H. Shin, A. Polman, S. Lombardo, and S*L. R. Tessler and A. C."iguez, J. Non-Cryst. Solid866-269

U. Campisano, J. Appl. Phyg8, 2642(1995. 603 (2000.

BR. Janssen, A. Janotta, D. Dimova-Malinovska, and M. Stutz**E. I. Terukov, Y. K. Undalov, V. Kh. Kudoyarova, K. V. Koughia,
mann, Phys. Rev. B0, 13 561(1999. J. P. Kleider, M. Gueunier, and R. Meaudre, J. Non-Cryst. Solids
14X, Zhao, S. Komuro, H. Isshiki, Y. Aoyagi, and T. Sugano, Appl.  299-302 699 (2002.

Phys. Lett.74, 120(1999. 42C. Piamonteze, L. R. Tessler, H. Tolentino, M. do Carmo Martins
154 -S. Han, S.-Y. Seo, and J. H. Shin, Appl. Phys. Lé&. 4568 Alves, G. Weiser, and E. I. Terukov, lsmorphous and Hetero-

(2002). geneous Silicon Thin Films—200&dited by R. W. Collins, H.
16| R. Tessler, J. L. Coffer, J. Ji, and R. A. Senter, J. Non-Cryst. M. Branz, S. Guha, H. Okamoto, and M. Stutzmann, MRS Sym-

Solids 299-302 673 (2002. posia Proceedings No. 6aRittsburgh, 2000 p. A11.2.1.

M. Schmidt, J. Heitmann, R. Scholz, and M. Zacharias, J. Non“*H. Przybylinska, W. Jantsch, Yu. Suprun-Belevitch, M.

Cryst. Solids299-302 678 (2002. Stepikhova, L. Palmetshofer, G. Hendorfer, R. J. Wilson, and B.
183, F. Ziegler, J. P. Biersack, and U. Littmafkhe Stopping and J. Sealy, Phys. Rev. B4, 2532(1996.

Range of lons in SolidéPergamon, New York, 1985Vol. 1. 4N, Q. Vinh, H. Przybylinska, Z. F. Krasilnik, and T. Gregork-
Bw. B. Jackson, N. M. Amer, A. C. Boccara, and D. Fournier, iewicz, Phys. Rev. Lett90, 066401(2003.

Appl. Opt. 20, 1333(1981). 4SW. Fuhs, 1. Ulber, G. Weiser, M. S. Bressler, O. B. Gusev, A. M.
20W. Y. Ching, Phys. Rev. B6, 6633(1982. Kuznetsov, V. Kh. Kudoyarova, E. I. Terukov, and I. N. Yass-
21R. Carius, R. Fischer, and E. Holzémkgfer, J. Phys. @&, 1025 ievich, Phys. Rev. B56, 9545(1997).

(1981). 46R. A. Street and J. C. Knights, Philos. Mag4R, 551 (1980.

22)\1. S. Brandt, A. Asano, and M. Stutzmann,Amorphous Silicon 47"W. B. Jackson and R. J. Nemanich, J. Non-Cryst. Sdhig60

Technology—Symposium 199%&dited by E. A. Schiff, M. J. 353(1983.

Thompson, A. Madam, K. Tanaka, and P. G. LeComber, MRS*®A. M. Glass, Phys. Toda}6 (10), 34 (1993.

Symposia Proceedings No. 2@Rittsburgh, 1998 p. 201. 4%E. Desurvire, Phys. Toda47 (1), 20 (1994.

23H. stitzl, G. Kraz, and G. Mlier, Appl. Phys. A53, 235(1991).  9J. L. Zyskind, C. R. Giles, J. R. Simpson, and D. J. DiGiovanni,
24p. J. M. Berntsen, W. F. van der Weg, P. A. Stolk, and F. W. Saris, Design&Elektronik23, 59 (1993.

Phys. Rev. B48, 14 656(1993. Sim, Fujii, M. Yoshida, Y. Kanzawa, S. Hayashi, and K. Yamamoto,
25p. A. Stolk, F. W. Saris, A. J. M. Berntsen, W. F. van der Weg, L. ~ Appl. Phys. Lett.71, 1198(1997).

T. Sealy, R. C. Barklie, G. Kita, and G. Mier, J. Appl. Phys.  52M. Fuijii, M. Yoshida, S. Hayashi, and K. Yamamoto, Appl. Phys.

75, 7266(1994. Lett. 84, 4525(1998.

26R. A. C. M. M. van Swaaij, A. D. Annis, B. J. Sealy, and J. M. %3K. Watanabe, M. Fuijii, and S. Hayashi, Rtoceedings of the 25th
Shannon, J. Appl. Phy82, 4800(1997). International Conference on the Physics of Semiconductors

27W. J. Miniscalco, inRare Earth Doped Fibre Lasers and Ampli- Osaka, 2000 edited by N. Miura and T. Ando, Springer Pro-
fiers edited by M. J. F. DigonngDekker, New York, 1998 p. ceedings in Physics No. 8Bpringer, Berlin, 200y, p. 1177.

19. 54U. Fano, Phys. Revi24, 1866(1961).

28H. Klhne, G. Weiser, E. I. Terukov, A. N. Kuznetsov, and V. Kh. °A. Polman, J. Appl. Phys82, 1 (1997.

Kudoyarova, J. Appl. Phys36, 896 (1999. 56F. Priolo, G. FranzpS. Coffa, S. Libertino, R. Barklie, and D.

297, Miya, Y. Terunuma, T. Hosaka, and T. Miyashita, Electron.  Carey, J. Appl. Physz8, 3874(1995.

Lett. 15, 106 (1979. 57F. Priolo, G. FranzpS. Coffa, and A. Carnera, Phys. Rev5B,

30A. Asano and M. Stutzmann, J. Appl. Phy, 5025(1991). 4443(1998.

S1E. Lotter, Ph.D. thesis, Fakitt&lektrotechnik, UniversitaStutt- M. Needels, M. Schiier, and M. Lannoo, Phys. Rev. B7,
gart(1994. 15533(1993.

325, B. Aldabergenova, H. P. Strunk, P. C. Taylor, and A. A. An-%°P. G. Kik, M. J. A. de Dood, K. Kikoin, and A. Polman, Appl.
dreev, J. Appl. Phys90, 2773(2001). Phys. Lett.70, 1721(1997.

33 . R. Tessler and A. R. Zanatta, J. Non-Cryst. Sol&#v-230 60A, Taguchi, K. Takahei, M. Matsuoka, and S. Tohno, J. Appl.
399(1998. Phys.84, 4471(1998.

34\, Stutzmann, W. B. Jackson, and C. C. Tsai, Phys. Re82,R23 61A. J. Neuhalfen and B. W. Wessels, Appl. Phys. Léfd, 2657
(1985. (1992.

35R. A. Street,Hydrogenated Amorphous Silicdg@ambridge Uni-  82T. Benyattou, D. Seghier, G. Guillot, R. Moncorge, P. Galtier, and
versity Press, Cambridge, 1991 M. N. Charasse, Appl. Phys. Let8, 2132(1991.

36, R. Tessler, C. Piamonteze, M. C. Martins Alves, and H. Tolen-53J. Heber, J. Neukum, M. Altwein, R. Demirbilek, and N. Boden-
tino, J. Non-Cryst. Solid266-269 598 (2000. schatz, Spectrochim. Acta, Part54, 1557 (1998.

37C. Piamonteze, A. C’lguez, L. R. Tessler, M. C. Alves, and H. 643, G. Bishop, D. A. Turnbull, and B. G. Aitken, J. Non-Cryst.
Toletino, Phys. Rev. Let81, 4652(1998. Solids266-269 876 (2000.

38\, F. Masterov, F. S. Nesredinov, P. P. Seregin, V. Kh. Kudo-°S. B. Aldabergenova, M. Albrecht, A. A. Andreev, C. Inglefield, J.
yarova, A. N. Kuznetsov, and E. |. Terukov, Appl. Phys. Lég. Viner, V. Yu. Davydov, P. C. Taylor, and H. P. Strunk, J. Non-
728(1998. Cryst. Solids283 173 (2002).

39D. L. Adler, D. C. Jacobson, D. J. Eaglesham, M. A. Marcus, J. L.5%I. N. Yassievich, M. S. Bresler, and O. B. Gusev, J. Phys.: Con-
Benton, J. M. Poate, and P. H. Citrin, Appl. Phys. L6it, 2181 dens. Matte9, 9415(1997).

(1992. 57Th. Faster, Discuss. Faraday S&7, 7 (1954.

165207-16



PHOTOLUMINESCENCE OF B -IMPLANTED . .. PHYSICAL REVIEW B 68, 165207 (2003

58Th. Farster, Z. Elektrochemb4, 157 (1960. 753, Wan, Y. Ling, Q. Sun, X. Wang, Phys. Rev. 38, 10 415

89D, L. Dexter, J. Chem. Phy21, 836(1953. (1998.

D, M. Basko, G. C. La Rocca, F. Bassani, and V. M. Agranovich, "®C. Piamonteze, L. R. Tessler, H. Tolentino, M. do Carmo Martins
Eur. Phys. J. B3, 353(1999. Alves, G. Weiser, and E. |. Terukov, lsmorphous and Hetero-

1D, M. Basko, V. M. Agranovich, G. Bassani, and G. C. La Rocca, geneous Silicon Thin Films—200&dited by R. W. Collins, H.
Eur. Phys. J. BL3, 653(2000. M. Branz, S. Guha, H. Okamoto, and M. Stutzmann, MRS Sym-

72C. Delerue and M. Lanoo, Phys. Rev. Le&#, 3006 (1997). posia Proceedings No. 6QRittsburgh, 2000 p. A11.1.1.

3| N. Yassievich and L. C. Kimerling, Semicond. Sci. Tech®l.  “’A. Janotta, Y. Dikce, M. Schmidt, Chr. Eisele, M. Luysberg, L.
718(1993. Houben, and M. Stutzmann, J. Appl. Physnpublished

743, Michel, L. V. C. Assali, M. T. Morse, and L. C. Kimerling, “8Sample provided by E. I. Terukov, loffe Institute, St. Petersburg,
Semicond. Semimetal49, 111 (1998. Russia.

165207-17



