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Abstract

We describe the effects of implantation of silicon into pure amorphous silicon and hydrogenated amorphous silicon and of erbium into
soda-lime silicate glass and hydrogenated amorphous silicon. The former implantations and subsequent annealing treatments are used as a
means of controlled defect creation. The experiments lead to new insights into the relation between defect density and bond-angle variation
in both types of amorphous silicon. Erbium implantation is used to produce planar optical waveguide materials. It is demonstrated that erbium
implantation into glass and amorphous silicon leads to efficient photoluminescence. It appears that these materials are attractive candidates

for Er-doped waveguide amplifiers.
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1. Introduction

Ion implantation used to modify the mechanical, electrical,
or optical properties of surfaces and thin layers has become
a ubiquitous technique. Especially the doping of semicon-
ductor crystals by implantation is common in the microelec-
tronics industry. In almost all cases the ion implantation
damage has to be annealed out after implantation, in order to
restore the crystallinity and electrical properties of the mate-
rial. Less known, however, is the use of ion implantation to
influence the properties of amorphous materials. The reason
for this is the common belief that amorphous materials are
always defective; ion implantation, in this view, would hardly
be expected to modify the properties of such a material.

In this paper we will illustrate the use of ion implantation
into various classes of disordered materials with a view to
modify the structural and optical properties of such solids.
As specific examples we will demonstrate the (self-) implan-
tation of amorphous silicon to modify the concentration of
point defects in the material, and the implantation of glasses
with optically active rare earth ions.

2. Ton implantation of amorphous silicon

Amorphous silicon (a-Si) is a material which is of great
interest for a variety of opto-electronic applications. It is
widely used in solar cells, in photosensitive layers, in
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photocopying machines, and in thin film transistors for dis-
play purposes. The rapid development of the application of
this material in the recent decade stems from the fact that it
has been proven possible to dope the material to make n-type
or p-type layers. This is only possible when the material is
hydrogenated, i.e. when a concentration of the order of 10
at.% H is present in the amorphous silicon layer. Hydrogen-
ated amorphous silicon is commonly designated as a-Si:H.

The optical properties of a-Si:H strongly depend on the
details of the structure and hydrogen bonding in the material.
We will therefore discuss these properties in more detail in
this article.

2.1. Structure of amorphous silicon

Amorphous covalent semiconductors, because of the
strong directionality of the bonds, in principle, display a
short-range order which is very much like the one in crystal-
line silicon. This means that each atom is fourfold coordinated
in a tetrahedral configuration, that the bond length is (to
within a few percent) equal to the value in a silicon crystal

and that the bond angles are also close to that of the crystalline

value (109°). However, while this angle in the crystal is fixed,
in a-Si a distribution of angle values exists, with a spread of
about 8°. If one measures the radial distribution function, e.g.
by neutron scattering, it turns out that not only the first neigh-
bour of a certain central atom can be found at a fixed distance,
but also the probability of finding the second nearest neigh-
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bour atomn strongly peaks at a certain distance. At larger
distance the order is lost and this is expressed by stating that
there is no long-range order present.

The structure described above is the so-called continuous
random network (CRN) and it is associated with ideal amor-
phous silicon. In practice, the structures obtained with various
methods of producing a-Si are far from ideal, in the sense
that a large number of threefold coordinations (possibly also
five-fold coordinations) occurs, that internal voids with sizes
of the order of a few to several tens of (missing) atoms are
present and that there is a high concentration of point defects
like dangling bonds. These defects are detrimental to the
electronic properties of the material and it was therefore a
major breakthrough when it was shown that hydrogen atoms
can passivate dangling bonds and thereby reduce the density
of electronic defect states, making a-Si:H suitable for electro-
optical applications.

The detailed structure of the amorphous silicon network is
closely related to the method of producing the a-Si and this
results in the important realization that amorphous silicon
does not have a unique structure. This fact motivates the
intense efforts to investigate new ways of producing amor-
phous silicon with optimized opto-electrical properties.

2.2. Preparation of amorphous silicon

Initially, a-Si layers were produced by sputtering of a sil-
icon target and depositing the sputtered material on a sub-
strate. This method generally produces amorphous silicon
with a rather low density. It contains a high density of internal
voids and is not suitable for electronic applications.

The method which is most widely used today, especiaily
in large-scale industrial production, is glow-discharge depo-
sition. In this method, silane gas (SiH,) is introduced into a
reactor that has two parallel electrodes. Between the elec-
trodes a radio frequency field (usually with a driving fre-
quency of 13.56 MHz) is applied and this field sets up a
discharge in the gas. Electrons produced in this plasma cause
partial dissociation of the silane molecules and various hydro-
gen-containing radicals are deposited on the electrodes. It is
generally believed that the SiH; radical is the most abundant
and effective precursor to the growth of the amorphousssilicon
layer. These layers necessarily contain a high concentration
of hydrogen and therefore the glow-discharge, or plasma
enhanced CVD (PECVD), method produces a-Si:H material.
There is a large range of deposition parameters (like gas flow
rate, plasma power, gas pressure, electrode distance, elec-
trode shape), which all influence the material structure. Of
these the substrate temperature has the strongest effect on the
material properties.

Recently, the method of hot-wire deposition has attracted
considerable attention. In this method silane gas is decom-
posed by a catalytic reaction at a hot (around 2000 °C)
tungsten wire. The silane molecules are dissociated at the
wire and produce an amorphous silicon layer on a substrate
which is situated at a few centimeters’ distance from the wire.

In this method hydrogen is also introduced in the material. It
is interesting that the detailed structure of this material is
markedly different from the glow-discharge material. In par-
ticular, the hot-wire material appears to exhibit good opto-
electronic properties with a far lower hydrogen concentration
than the PECVD material.

Finally, amorphous silicon can be produced by high-dose
ion implantation in crystalline silicon. In this process, the ion
dose exceeds the threshold dose for amorphization of the
target. Especially self-implantation (i.e. bombardment with
silicon ions) produces alayer of pure, unhydrogenated, amor-
phous silicon. This type of a-Si generally has a density which
is very close to the crystal silicon density and consequently,
contains a relatively small number of internal voids. How-
ever, this material cannot be used for electrical applications
owing to the presence of a large number of electronic defect
states associated with the point defects created by the implan-
tation process. Nevertheless, a detailed study of this material
and a comparison of its properties with those of a-Si:H has
been very helpful in understanding the properties of CRN
and particularly in elucidating the role of hydrogen in such
structures.

It should be pointed out that in all the methods mentioned
for producing a-Si or a-Si:H, only thin layers (roughly up to
a micron thick) can be fabricated. This stems from the fact
that in the sputtering or plasma deposition process, typical
deposition rates are of the order of 1 A s 1. In the implantation
amorphization process, very high implantation energies (and
doses) are needed to produce an amorphization depth in
excess of 1 um.

2.3. Analysis techniques

We will give a short overview of the characterization meth-
ods which are used to obtain information about the network
and defect structure and the electro-optical properties of
amorphous silicon.

2.3.1. Raman scattering

The Raman spectrum of crystalline silicon consists of a
single sharp peak at an energy of 521 cm ™', owing to the
interaction of the laser with the transverse optical (TO) vibra-
tion mode of the lattice. All other modes are not Raman active,
because of the symmetry in the fcc lattice. In contrast, in
amorphous silicon, such symmetry does not exist and hence
all modes are Raman-active. The peaks in the Raman scat-
tering spectrum also are considerably broadened, compared
with the crystal case. It has been shown that, in particular, the
width of the TO peak in the spectrum is related to the width
of the bond angle distribution in the amorphous network. An
example of Raman spectra obtained from a plasma-deposited
a-Si:H sample and an ion-beam amorphized sample is pre-
sented in Fig. 1.

Fig. 1 enables one to directly draw some important
conclusions about the defect production and creation mech-
anisms in amorphous silicon. Firstly, the bond-angle distri-
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Fig. 1. Raman spectra for (a) a-Si prepared by ion amorphization of ¢c-Si,
(b) glow-discharge deposited a-Si:H, (c) ion-implanted a-Si after annealing
at 500 °C for 2 h, and (d) a-Si:H after implantation with 3X 10! Si* ions
cm™2

bution is narrower in a-Si:H. Secondly, its structure is ‘better’
than that of a-Si in terms of bond angle distribution. Thirdly,
the structure of a-Si:H deteriorates upon ion implantation and
finally, the network structure improves upon annealing.
Apparently, hydrogen addition during the deposition has a
beneficial influence on the structure, while ion implantation
increases the defect density in the network. Annealing
reduces the defect density by a structural relaxation process.
However, annealing procedures at moderate temperatures are
unable to induce a transition from the amorphous to the crys-
talline state [17].

2.3.2. Pump-probe reflectivity measurements

Another estimate of the defect density can be obtained from
the lifetime of optically generated free charge carriers in a-Si
or a-Si:H. These are excited by a (pump-) laser which excites
an electron-hole plasma in the specimen. This density of free
charge carriers causes a decrease in the reflectivity of the
sample. This reflectivity is probed by a part of the same laser
which is incident at a small angle to the surface. This probe
laser is time-delayed with respect to the pump and therefore
the reflectivity can be measured as a function of time after
the pump has been switched off. Because of recombination
of carriers at defects in the material, the reflectivity will
increase again to its stationary value after a decay. The decay
time is related to the defect density in the material. Fig. 2
shows the decay of the reflectivity of implanted and annealed
a-Si samples. It can be observed that annealing causes an
increase of the carrier lifetime by an order of magnitude. The
inverse of the lifetime 7 is linearly dependent on the density
of defects in the material [2].

2.3.3. Optical absorption

Optical reflection and transmission measurements can be
used to determine values for the absorption coefficient «
above ~1.5X10° cm™"'. Such data, measured for photon

{a) a=~Si, as—Implanted

(b) o—Si, annealed 500 °C |
1 1 1
0 5 10 15
Time (ps)

Fig. 2. Normalized changes in reflectivity as a function of the time delay
between pump and probe pulse for (a) as-implanted a-Si; (b) a-Si annealed
at 500 °C for 1 h. ' :

energies between 1.1. and 3.0 eV enables one to calculate the
refractive index »n, the absorption coefficient and the film
thickness [3]. For lower values of « the technique of pho-
tothermal deflection spectroscopy (PDS) has been applied
[4]. In this method, an intensity-modulated light beam is
absorbed in a sample, which causes periodic heating. The
heat from the absorbing material flows into the surrounding
medium causing a modulation of the refractive index. A laser
beam grazing the sample surface will thus undergo a periodic
deflection, the magnitude of which is proportional to the
absorption coefficient of the sample. Thus, if the wavelength
of the pump beam is varied, the deflection of the probe mon-
itors the absorption spectrum of the sample.

2.3.4. Infrared spectroscopy

Hydrogen bonding in the samples is investigated using
Fourier-transform infrared absorption spectroscopy. The
characteristic absorption frequencies are representative for
hydrogen configurations in Si-H, Si-H,, (Si-H,),, and Si-H;
groups [5].

2.4. lon Implantation and Annealing of a-Si and a-Si:H
The effects of ion implantation and annealing on the optical
absorption spectra of a-Si and a-Si:H are quite pronounced.
In Fig. 3 absorption spectra for a-Si:H after deposition, after
irradiation with various doses, and annealing are presented.
The shoulder in the absorption spectrum for a<5 cm™*
(region A) is caused by optical transitions involving defect
states, the exponential increase of e« from5cm ™' to 10°cm ™!
(region B) is dominated by transitions from the valence band
tail to the conduction band, while interband transitions are
prominent in the regime of a>10* cm™=! (region C). The
solid lines in Fig. 3 are fits to the measured data obtained
with a model for the density of states which was proposed by
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Fig. 3. Optical absorption spectra of a-Si:H after deposition, after implan-
tation with 1 MeV Si* to doses of 3 X 10'2and 3 X 10*3 ions cm ™2, and after
post-implantation annealing at 180 °C.

Miller et al. [6]. From Fig. 3 it is clearly observed that the
low-dose implantation already causes an increase in the
defect-related absorption. The high-dose implant causes an
extra absorption in region C, which could be modelied as
owing to a decrease of the optical band gap of the material.
Annealing causes both a decrease in the defect density ahd
in the band gap. Qualitatively similar results were obtained
for implanted unhydrogenated a-Si samples, although in the
latter case the defect densities were approximately one order
of magnitude higher than similarly treated a-Si:H samples.
This difference demonstrates the well-known effect of pas-
sivation of point defects by hydrogen.

The effects of defect creation by ion implantation on var-
ious electrical, optical and structural properties of hydrogen-
ated and unhydrogenated amorphous silicon are preserited in
Fig. 4. It is clear that damage accumulation owing to ion
implantation dramatically affects the photocarrier lifetime,
the average bond-angle variation and the optical band gap.
Fig. 4(a) shows that the value of 7in a-Si:H decreases with
ion dose and saturates at 2.5 ps. The slope of this decrease
(close to unity) suggests that the density of electronic defects
initially is proportional to the implantation dose. It is also
noteworthy that for all ion doses the defect density in a-Si
appears to be higher than in a-Si:H. The fact that the presence
of hydrogen reduces the defect density is in agreement with
optical absorption data and Raman studies, as can also be
concluded from Fig. 4(b). Fig. 4(b) also indicates that ion
irradiation increases the structural disorder in a-Si and a-Si:H
in the same way. The optical gap data in Fig. 4(c) show a
decrease of the gap for both types of materials and a saturation
in the high-dose regime. For all implantation doses the value
of E, in a-Si:H is 0.22 eV larger than in a-Si. Furthermore,
the similarity between the S-shaped curves in the two lower
figures suggests a strong correlation between structural dis-
order and band gap. The behaviour of the carrier lifetime
versus ion dose is different. Here saturation sets in at a lower
value of the ion dose. As a matter of fact, the saturation _dose
(10" cm~?), is the same as found for the behaviour of dark
conductivity of implanted a-Si:H samples (not shown).

" The annealing behaviour of all of the mentioned properties
has also been studied. Further details can be found in Ref.
[1]. In this context, damage-saturated samples have a differ-
ent annealing behaviour than low-dose implanted samples. It
is generally observed that in samples implanted with high
doses the global structural properties (band gap and bond-
angle distribution) do not restore to their original (unim-
planted) values. On the contrary, the density of single point
defects, as measured by the carrier lifetime can, in many
cases, be restored by annealing treatments. It was mentioned
earlier that by modelling the optical absorption data, in com-
bination with the measured carrier lifetimes, the value of 7
can be related to the defect density. Also the width of the
Raman TO peak can be related to the width of the bond-angle
distribution. All these data now enable us to draw some inter-
esting conclusions about the relation between point defect
creation and bond-angle variation. These results are shown
in Fig. 5, for the case of unhydrogenated a-Si. Starting from
the relaxed state in the figure (bottom left), we observe that
ion implantation raises the defect density from 1.7 X 10'° to
4.5%10* cm~3, while A @ remains at a constant level of
8.9°. Further irradiation results in a simultaneous increase in
N4 and A ©, until N, reaches its saturation level of 2 X 10%°
cm ™, Upon ion implantation A @ increases further from
10.2° to 11.0°% the value for fully damaged a-Si. Annealing
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Fig. 4. (a) The photocarrier lifetime 7, (b)’the half-width I'/2 of the Raman
TO peak, and (c) the optical band gap E, as a function of 1 MeV Si* dose
(bottom axis) and the number of displacements per atom DPA (top axis).
The filled symbols refer to relaxed a-Si samples, prepared either by ion
amorphization and annealing (triangles) or by dehydrogenation of a-Si:H
(circles). Open symbold denote a-Si:H samples, deposited at 200 °C (cir-
cles) or 230 °C (triangles). The short-dashed and long-dashed lines repre-
sent the saturation doses for 7, I'/2, and E,, respectively. The solid line in
(a) represents a reciprocal relationship between rand the ion dose.
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Fig. 5. The defect density Ny, (left axis) estimated from photocarrier lifetime
measurements (right axis) versus the average bond-angle variation A ®
(bottom axis) calculated from the Raman TO peak width I'/2 (top axis)
fora-Si. The open circles represent implanted samples, while the filled circles
denote samples that were annealed after ion implantation.

of fully damaged a-Si results in a simultaneous reduction in
A @ and N, until the relaxed a-Si state is reached once again.
These data suggest the following scenario for the accumula-
tion of ion damage in a-Si. For low doses, small isolated
damage clusters and point defects are formed in low concen-
trations. This leads to an increase in N, but without effect on
A O. Athigher damage levels, larger defect zones are formed.
Finally, the properties are no longer affected by further irra-
diation because the additional produced defects recombine.
1t is interesting to note that A @ still increases where Ny,
saturates. Similar results have been found for crystalline sil-
icon [7], where it was also shown that the photocarrier life-
time in c-Si saturates far below the saturation threshold. Our
results suggest that there is a limit to the density of defects
which can be accommodated in the a-Si network. Fig. 5
clearly shows that the coupling between defects and the aver-
age bond-angle variation is different for implanted and
annealed samples. We observe that, the structural disorder
being the same, annealed samples have a smaller defect den-
sity. Apparently defects and bond-angle variation are sepa-
rable to a large extent, which is an important modification to
the general notion that the overall network strain in a-Si is
entirely controlied by defects.

Similar results were obtained for a-Si:H. In this material,
however, the beneficial influence of hydrogen on the network
structure shows from a lower starting value of A ® and from
the fact that the defect densities for comparable ion doses are
an order of magnitude lower than in the case of a-Si. In this
case, however, annealing cannot restore the original order,
because of loss of hydrogen during the annealing treatments.

3. Ton beam synthesis of Er-doped optical gain
materials
3.1. Soda lime silicate glass

In this section we will show recent experimental results on
the ion beam synthesis of Er-doped optical waveguide mate-
rials operating at 1.5 um. Er-doped waveguide amplifiers can

be used, for example, to compensate for the losses in a Y-
branch (1-to-2) splitter. In this case an optical gain of a factor
2 (3 dB) is required. To obtain such a gain in a waveguide
of typically a few centimeters in length, Er concentrations of
the order of 0.5 at.% are required. Soda-lime silicate glass
has been doped with Er, using ion implantation. The advan-
tage of this glass is that single-mode optical waveguides can
be made using the relatively simple Na*-K™ ion exchange
process from a KINO; melt. In this way, Na ions near the
surface are replaced by K, thereby raising the refractive index
in a typically 6 um thick surface layer. Such waveguides are
compatible with standard single mode silica fibers as far as
the mode diameter and the refractive index are concerned.

Fig. 6 shows a photoluminescence spectrum of the Er-
implanted silica glass (500 keV, 3.7 X 10" Er cm~2) after
annealing at 512 °C [8]. Annealing is necessary to remove
implantation-induced defects which, by an interaction with
the Er®* ions, reduce the luminescence lifetime and effi-
ciency [9]. PL measurements are performed using an Ar ion
laser at 514.5 nm as a pump source. This wavelength is
resonantly absorbed at the 2H,,,, manifold of the Er** ion
{see inset in Fig. 6). After rapid non-radiative relaxation to
the “I,3/, level, the Er decays to the ground state by emission
of a 1.54 um photon. The spectrum in Fig. 6 is relatively
broad owing to Stark splitting of the degenerate 4f levels in
the electric field around the Er ion, as well as owing to inhom-
ogeneous broadening as a result of the broad distribution of
sites of Er in the multicomponent glass.

Fig. 7 shows PL lifetime measurements at 1.54 pum of Er
in soda-lime glass as a function of Er peak concentration,
measured after annealing at 512 °C [10]. The maximum
concentration in Fig. 7 corresponds to a fluence of 1.8 X 10'¢
Er cm ™2 As can be seen, a linear increase of the decay rate
is observed. This effect is attributed to a concentration
quenching effect: at high Er concentrations energy transfer
can take place between an excited and an unexcited Er ion.
This migration continues until a quenching center is met and
the excitation is lost. This effect becomes stronger at higher
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Fig. 6. Photoluminescence spectrum of Er-implanted soda-lime silicate glass
(500 keV, 3.7 10" Er cm~2) after thermal annealing at 512 °C for 1 h.
The inset shows the energy level diagram of Er*,
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Fig. 7. Photoluminescence decay rate at 1.54 um as a function of Er peak
concentration for Er-implanted soda-lime silicate glass (500 keV, annealed
at 512 °C) and borosilicate glass (400 keV, annealed at 400 °C). The lines
are fits to the concentration quenching models discussed in the text.

Er concentration and results in an increase in the PL decay
rate. In soda-lime glass, infrared absorption measurements
have shown the presence of 8 X 10® OH cm™? [10]. OH
groups are important quenching centers as the energy of the
second harmonic of the OH stretch vibration corresponds to
the 1.5 wm transition energy of Er’*. In a simple concentra-
tion quenching model the PL decay rate W, as a function of
Er concentration Ng, is given by:

Wo=Wrad+Wi+CEr—EquNEr (1)

with W,,q the radiative decay rate of Er, W, the internal non-
radiative decay rate of each Er ion, and N, the density of
quenching sites. The linear behaviour as a function of Ng,
predicted by Eq. 1 describes the data for sodalime glass in
Fig. 7 quite well. The intercept at zero Er concentration found
in Fig. 7 is 42 s~! (24 ms), close to the radiative decay rate

W.,q found in an independent experiment [ 11]. This implies
that in Er-implanted sodalime glass W;=0, i.e. after thermal
annealing no implantation-induced structural defects remain
that couple directly to the Er.

Fig. 7 also shows data for 400 keV Er 1mplanted alkali-
borosilicate glass. This glass was annealed at 400 °C, the
temperature at which the maximum PL intensity was
obtained. For all Er concentrations the Er decay rate is much
higher than for the sodalime glass. For concentrations above
3% 10%° Er cm ™2 the behaviour can be described by Eq. 1.
Indeed, borosilicate glass contains OH quenching impurities,
as determined by infrared absorption spectroscopy [10]. For
low fluences a non-linear behaviour is found. This can be
explained based on an assumption that in this glass radiation
damage caused by the ion beam induces additional quenching
of the Er by an increase of the internal quench rate W;. The
dash-dotted line through the data is based on a calculation
[10] in which it is assumed that the damage coupling to the
Er increases with Er fluence according to an overlap model,

i.e. W, is proportional to (1-exp ( —f/f.)) with £, a critical
fluence. It is interesting to note that radiation damage is still
present in this borosilicate glass even after annealing at 400
°C. This is consistent with earlier observations that the pres-
ence of B in the silica network results in rather stable radiation
damage, owing to electronic energy loss processes [ 12]. The
concentration quenching behaviour shown in Fig. 7 is a lim-
itation for the application of these silicate glasses. For the
typical Er concentrations required in an amplifier (3 X 10%°
Er cm™?) the PL lifetime is around 5 ms in sodalime glass
and ! ms in the borosilicate. These lifetimes are much lower
than the purely radiative lifetimes of 24 ms. As a result, much
higher pump powers are required to reach inversion in such
Er-doped waveguides. A further disadvantage of these Na-K
ion-exchanged waveguides is that the optical mode profiles
are relatively wide (6-10 um). Therefore, relatively high
pump powers are required to reach high pump intensities in
the Er-doped part of the waveguides.

3.2. Erbium-doped hydrogenated amorphous silicon

Another promising host material for Er is amorphous sili-
con. Being amorphous, it allows avoidance of the problem of
limited solubility of Er in crystalline semiconductors, and to
incorporate more of the impurities such as oxygen and carbon
that are known to enhance the luminescence [ 13-15]. Earlier
work on Er doping of pure amorphous Si has shown lumi-
nescence only at low temperature (77 K) [16]. More recent
experiments have shown that room temperature photolumi-
nescence [17] and electroluminescence [18] can be
achieved from heavily oxygen-doped (30 at.%) amorphous
Si (SIPOS). The disadvantage of this material is that its
electrical quality is rather poor, and it is therefore interesting
to investigate amorphous materials with better electrical
quality.

Hydrogenated amorphous Si (a-Si:H) is a candidate mate-
rial. Here we present a photoluminescence characterization
of device-quality a-Si:H films doped with Er by ion implan-
tation. These films show room-temperature 1.54 pm photo-
luminescence from Er**, with an intensity higher than what
has been achieved in c-Si so far. A 250 nm thick a-Si:H film
was deposited on glass (Corning 7059) by plasma enhanced
chemical vapor deposition (PECVD) of SiH, at 230 °C. The
H content in the films was 10 at.%, and a background con-
centration of 0.3 at.% O was-also present, as measured by
elastic recoil spectrometry. Erbium was implanted at 125 keV
to a dose of 4 X 10" Er cm ™2, corresponding to a peak con-
centration of 0.2 at.%. In some samples, additional O was
implanted at 25 keV to a dose of 7X 10" O cm™?, corre-
sponding to a peak O concentration of 1.0 at.%, which over-
laps with the Er profile. The Er doped samples with the two
different O-contents refer to the low-O and high-O sample,
respectively. After implantation, samples were annealed in a
vacuum (base pressure < 13X 107%mbar) for 2 h at various
temperatures. Photoluminescence spectra were measured
using the 515 nm line of an Ar laser as the excitation source
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Fig. 8. Room temperature photoluminescence spectra of Er implanted a-
Si:H with two different O contents: low O (0.3 at.%) and high-O (1.3 at.%).
The Er fluence was 4 X 10'* Er cm™2 and both samples were annealed at
400 °C. The inset shows the peak intensity at 1.54 zm at room temperature
as a function of the anneal temperature for both samples. All anneals were
performed for 2 h. Ay, =515 nm, pump power=>50 mW.

at a nominal power of 50 mW, and employing a mechanical
chopper and standard lock-in techniques. All spectra were
corrected for detection sensitivities.

Fig. 8 shows the room temperature photoluminescence
spectra of Er-implanted a-Si:H samples (low-O and high-O),
annealed at 400 °C, displaying characteristic Er** lumines-
cence at 1.54 mm. The inset shows the Br** luminescence
intensity at 1.54 um as a function of the annealing tempera-
ture. As can be seen, samples annealed at 300-400 °C display
the optimum Er** luminescence. Therefore, these were cho-
sen for all further studies. No erbium related luminescence
can be observed from either the as-implanted samples nor
from the samples annealed at 500 °C. The increasing and
decreasing trends in the inset are attributed to the competing
effects of removal of irradiation-induced defects and outdif-
fusion of hydrogen as the annealing temperature is increased.
Hydrogen is essential for passivating the defects inherent in
a-Si:H. It has been shown before that Er in pure a-Si without
hydrogen does not luminesce at room temperature [ 16]. The
room-temperature photoluminescence peak intensity for the
high-O sample is more than two orders of magnitude larger
than that for Er-implanted c-Si co-doped with oxygen and
annealed for optimum luminescence, and measured under
identical conditions.

Finally, it is interesting to discuss and compare the effect
of O on the luminescence quenching in a-Si:H and c-Si. In
general, O co-doping in ¢-Si can reduce the luminescence
quenching, and this effect increases with O content [ 15]. For

the highest O content studied in crystalline Si (0.2 at.%), the
quench factor between 77 and 300 K was 30 [15]. However,
in this case the absolute photoluminescence intensity was
lower than for samples with lower O content, presumably
owing to a reduction in minority carrier lifetime owing to the
high O content. In contrast, in a-Si:H the O content can be
increased to at least 1.3 at.% (high-O sample), causing a
further increase in the photoluminescence intensity and a
reduction in the quench factor to only a factor of 7, instead
of 30. These data are shown in Ref. [19]. This shows the
advantage of an amorphous host in accommodating large
concentrations of impurities such as Er and O. Note that the
Er-doped high-O sample in Fig. 8 showed two orders of mag-
nitude more intensity than a comparable c-Si sample. This
difference is partly ascribed to the higher optical absorption
coefficient of a-Si, leading to higher carrier densities and
hence higher excitation efficiency in the Er-implantedregion.
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