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Abstract. We present an experimental investigation regardiegchanges induced by the Ge
doping level on the emission profile of the GerraamiLone Pair Center (GLPC) in Ge doped
silica. The investigated samples have been prodigethe sol-gel method and by plasma
activated chemical vapour deposition and have dpleivel up to 20 % by weight. The recorded
photoluminescence spectra evidence that the GLPi€s&m profile is the same when the Ge
content is lower than ~1 % by weight, whereas @&mges for higher doping levels. We have also
performed Raman scattering measurements that eddée decrease of the D1 Raman band at
490 cm' when the Ge content is higher than 1 % by weighe data suggest that both changes
can be related to matrix modifications. These figdi improve the knowledge regarding the
matrix effects on the physical proprieties of thanp defects and, in particular, for the GLPC
they show that variations in their emission projsrare induced by the presence of a second Ge
atom close to the defect within a sphere with @usadf about 2 nm.

PACS : 74.62.En, 74.25.nd, 78.55.Qr, 76.30.Mi.
INTRODUCTION

Many studies have been dedicated to the amorph@ys(Slica) and to the Ge doped silica materials
[1,2]. Silica in fact can be considered as a magstem to investigate the amorphous solid sta® [1-
and, moreover, it is used for the production ohtetogical devices [1,2]. In particular, the Ge ddp
silica, because of its enhanced photosensitivityi$dsuitable to obtain non linear effects, asamic
generation [5,6], or to induce spatial modulatidrthe refractive index, Fiber Bragg grating [1,%] o
anomalous anisotropic light scattering [8], usettl make sensors or other optical devices. The
radiation sensitivity of Ge doped silica has beelated to the presence of oxygen deficient point
defects [1,9] as the twofold coordinated Ge atof],[Rlso named Germanium Lone Pair Center
(GPLC) [11]. The GLPC has also attracted interestalbse it can be used as a model defect to
investigate the embedding matrix properties [12,435]. This defect is suggested to be formed by a
Ge atom linked with two oxygen ones, through twagks bonds, and having twaectrons forming a
lone pair [10]. The GLPC is associated with an agti absorption (OA) band and two
photoluminescence (PL) bands. The absorption bsuptaked at ~5.15 eV (nameg; Band) with a

full width at half maximum (FWHM) of ~0.46 eV, wheas the two emission bands peaked at ~4.3 eV
(called ag band) and at ~3.2 eV (nam@dband) with FWHM of ~0.43 and ~0.48 eV, respectivel
[10,14]. The Bs; band is attributed to theySS, transition, $being the ground singlet state andis

first singlet excited state [10,14]. Theand the bands are attributed to the-$S, and to the T-» &
transitions, respectively, with,Tthe first triplet excited state, supplied by atersystem crossing (ISC)
process connecting ¥ T,[10,14].

Even if several studies have been dedicated toatttigity and different Ge doping levels have been
investigated [1, 10,16,17], a clear dependencé®iGLPC overall PL features on the Ge content has
not yet been evidenced. This aspect is fundaméuatdl for the exact comprehension of the defect-
matrix interaction and for applications since plsetusitivity, for example, has been connected to ISC
[1].

To obtain more information on the matrix influeraredefect, we have studied Ge doped silica samples
with doping levels from 0.1 % to 20 % by weight guced by sol-gel and by Plasma-activated



Chemical Vapor Deposition (PCVD) techniques. THatien between defects spectral properties and
matrix structural features has been investigatemutih combined OA, PL and Raman measurements.

EXPERIMENTAL

The samples used in the measurements were prodiycbdth the sol-gel procedure and the PCVD
technique. The first have Ge doping levels of ~@ilby weight (corresponding to ~1.8 x*10
atoms/cm), 0.8 % by weight and 12 % by weight, whereaslakter have Ge doping of ~4.5 % and of
~20 % by weight.

The sol-gel samples were produced starting fromtuniés of TEOG (germanium tetraethoxide) and
TEOS (silicon tetraethoxide) with relative amoudependent on the required final Ge doping level.
The obtained gels were then differently thermaigated to obtain the glasses. The PCVD samples are
of commercial origin.

We performed OA measurements in the range from 8 ®V using a double beam Jasco V560
spectrophotometer. PL measurements in the rangeo56eV have been recorded using a Jasco FP
6500 spectrofluorometer using a 150 Watt Xenon lagpource. All the PL spectra have been detected
in 45° back scattering configuration at room terapane and have been corrected for the spectral
dispersion and for the detection system efficiediRgman scattering measurements in the range 300-
1200 cnit* were acquired with a Bruker SENTERRA micro-Rampectrometer, with a laser excitation
light at 532 nm and a power level of 20 mW. Thectewere recorded in both non confocal and
confocal (in different parts of the sample) openatinodes using a lower spectral resolution of 5.cm

PL spectra and the time decay measurements of .B#¥% eV emission amplitude as a function of
temperature were performed using the synchrotrdiatian excitation at the SUPERLUMI station on
the I-beamline of HASYLAB at DESY (Hamburg). Thedsta were acquired using excitation radiation
at about 5.12 eV with a pulse width of 130 ps. €hession was selected by a 0.5 m monochromator
(Czerny-Turner mounting) and it was detected byNa@CD 1100 Princeton Instruments camera for
the PL spectra. For the PL time decay measurentbatsignal was recorded by a photomultiplier
(Hamamatsu R2059 model) using 1024 memory chamoeisan the 192 ns time interval between two
adjacent pulses. For the time decay measuremelgadatime of the detection system of alidos was
evaluated and only the data recorded for time loigen 2 ns were considered for the analysis. To
perform the measurements at different temperatfuoes 10 K to 300 K, a sample chamber equipped
with a continuous flow liquid Helium cryostat waseudl.
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Figure 1: Optical absorption spectra of samples ditferent Ge doping levels. Sample doped wit20f Ge =), with 12
% (=), with 4.5 % —), with 0.8% () and with 0.1 %), all doping levels are by weight.

RESULTSAND DISCUSSION

In figure 1, the optical absorption spectra recdride the samples with doping levels from 0.1 td%20
are reported. An OA band at about 5.15 eV withgpectral features of the,Bis always found. The



amplitude of the absorption, related to the corretioh of the GLPC, depends on the sample and on
the production procedure as already evidenced [18].
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Figure 2: Normalized PL spectra recorded in sampiés different Ge doping levels by weight: 20 %@ =), 12 % ),
45 % —),0.8% (), 0.1 % ¢) and PL spectrum of the natural silica sample (30d —). Excitation energy has been fixed
at5.0 eVv.

In figure 2, the PL spectra of the samples witliedént doping levels are reported together with the
spectrum of a natural silica sample, an Infrasil 8301), containing ~ 0.8 x 10GLPC/cnt [14,19].

The spectra are normalized to the emission amglitatd~3.2 eV and are acquired using the same
experimental conditions and excitation energy 6féV.

All the spectra show the two emission bands at e¥.2&nd at ~3.2 eV characteristic of the GLPC [10,
14]. Up to a doping level of 0.8 % the relative ditode doesn’t depend on the Ge content, whereas
above 0.8 % it changes from ~0.86~0.24. Furthermore, the position of tle band maximum is
detected at ~4.27 eV for the 20 % doped sampleemisat is at ~ 4.32 eV in the less Ge doped samples
and in the 1301. These findings suggest a deperdehthe PL profile on the Ge content. It is worth
noting that the absorption coefficiemts lower than 2 cthin the energy range in which the emission
bands are detected: as a consequence re-absagfidots cannot affect the emission profile of b# t
samples. On the other hand, inhomogeneity effeotddcoriginate these profile changes acting
differently for each sample.
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Figure 3: PLE spectra of the sample doped with 2§wveight of Ge+{ —) and of natural silica sample 1304=] fixing the
emission energy at 3.18 eV (panel a) and at 4.@Ad]®); c) PL spectra of the sample doped with 20%e —) and of the
1301 (=) fixing the excitation energy at 5.3 eV, as evickwhby the arrows in the panels a) and b).



The PL excitation (PLE) spectra recorded fixing ¢ingission energy at 3.18 eV (figure 3a) and at 4.27
eV (figure 3b) illustrate minor differences betwetbe 1301 and the highest doped sample (20% by
weight of Ge). These differences are too low tdifyushe variation of the PL profiles reported igdre

2. Moreover, as shown in figure 3c, using excitata 5.3 eV, where the PLE profiles are essentially
the same (see arrows in figure 3a and 3b), therdifices in the PL spectra are maintained.

To investigate the PL features more quantitatively,have considered the zero momeng)(®f theag

o

andp bandsMo = .[S(E)dE , Wheres is the spectral distribution of the band and Edats the energy.

-0

In particular, from the ratio between tReband zero momentl\(lf) and theag band zero moment
(Mg®) it is possible to investigate the Ge doping lesféct on the intersystem crossing process once

the rate K}) of the S-S, transition is known. In facM /M J=is equal toK . /K[, Ko being

the ISC relaxation rate from; 30 T;. This approximation is valid if we can neglect nadiative
channels from Sand T to § [14]. This condition has been verified for natJial] and sol-gel samples
with doping level of 0.1% [20]. For the sol-gel saen~1 % by weight and for the PCVD sample 20 %

by weight we have verified that the sume(f and M ;¢ is also independent of T (data not reported).
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Figure 4: M 5/ M gE as a function of the medium Ge distance in Ge-dgaedples (circles); the ratio evaluated for the
natural silica sample 1301 is represented by theusgpoint.

In figure 4, we report the ratiM(f/ Mé’E , as a function of the medium Ge distance deteminfram

the sample Ge content, assuming that the Ge atmrtsomogeneously distributed. The data evidence
that no effects are observed for a distance betv@seatoms larger than 2x16n (doping level of 0.8
% by weight), whereas for lower distances (highmping) we observe an increase of the ratio.

Lifetime measurements at 4.27 eV show that at 1Wtkere Kg is dominant, the decay time is (8.5 £

0.5) ns for all the studied materials suggestiraj thg is essentially the same for all the doping levels.

This unchanged singlet-singlet emission rate, ssigge possible increase of the efficiency of the
intersystem crossing process to explain the dafigufe 4.

It is worth noting that the dependency of the Pecsral profile on the Ge content, reported in feg@r

is a feature not dependent on the material praparggchnique. In fact, the PL profile of the 12i%6
weight Ge-doped sol-gel sample agrees with thiteePCVD samples having doping levels larger than
4% by weight; whereas the 0.1 % by weight Ge-dageljel sample PL profile is in agreement with
the PL profile of the 1301 one. Taking into accotime data in figure 4 and the above considerations,
we can conclude that the GLPC optical proprietiesnaainly affected by the local environment, within
a sphere of radius of ~ 2 nm.

Considering this structural effect, it is knownttirecreasing the Ge doping content the Raman spectr
of the silica change as a consequence of matrixifiroations [21-23]. One of the Raman spectral
features that can be used to investigate the Gembeffects on the silica glass matrix is the @hdy



peaked at about 490 &mThis band is associated to the breathing motfdsridging oxygen atoms in
four member rings [3,22]. In particular, in previopapers the decrease of thedand amplitude on
increasing Ge content was associated to the inmdmbaf ring structure formation [21]. In figure Sae
report the Raman spectra recorded for the samptesGe content 4.5%, 12%, and 20% by weight,
whereas in the panels b, ¢ and d we show magnificabf the spectral region of the D1 band. The D1
decrease in our samples is observed for dopindslemve 0.8 %, in agreement with previous results
[21].
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Figure 5: a) Raman spectra of 4.5%, 12% and 20%édights Ge doped samples; b), c), d) zoom of thetsge@ange of the
D1 peak recorded in samples doped at 4.5% 12% &f@d % weight of Ge, respectively. The dashed lidescribe the
Gaussian bands used to describe the contributiciheoRaman band at 440 ¢mvhereas the continuous black lines are
tangent to the Raman spectra at 520 @md cross the spectra at 473tm
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While the D1 band amplitude decreases monotonieeillly the increasing of the Ge content, a band
peaked at ~700 cfhrappears and becomes clearly distinguishable isahle with 20 % by weight of
Ge. This band is attributed to the Ge-O-Si vibra{id2]. As regards, the D2 band peaked at 60%, cm
attributed to the breathing motion of bridging ogggatoms in three member rings [3,22], we observe
that its amplitude decreases to a dopawgl of 12 % and then becomes undeterminable lsecafuthe
large overlap with the bands attributed to Ge-Owvibeations [22]. Finally, we also note that the tan
peaked at ~ 800 chattributed to TO and LO bending modes of Si-J28i, decreases monotonically
with the increase of the Ge content. All theseuezt strongly evidence the perturbative role of Ge
atoms on the glass structure.

To make a more quantitative analysis, in figurevé,report the peak amplitude (panel a) and the area
(panel b) of the D1 band as a function of the Ganmdistance. Both spectral feature estimates were
obtained averaging the values found after the aatitm of a Gaussian curve that describes the band
peaked at-440 cnm (symmetric stretching of the bridging oxygen atpi®s0-Si, in many member
rings [22]) and the values obtained after the sudion of a straight line that is tangent to then@a
spectrum at 520 cfnand that intersects it at 473 ¢ifor each sample (see figure 5). The data in figure
6 evidence that up to a mean distance of ~ 2 n&%0by weight of Ge) the D1 band is unaffected by
the presence of Ge atoms in the glass networkaAance, for lower distance (higher Ge content) an
almost linear dependence is observed.
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Figure7: (¢) Ratio between the zero moment of fhand thexe PL bands as fuction of the D1 peak.

On the basis of the observation that bMif /M = and D1 depend on Ge distance as shown in figared4

6, we can seek a relation between these featurdgyure 7, we reportl\/l(')”’/M(‘)”E as a function of the D
amplitude. It can be noted that this ratio decreasdth the increase in the D1 peak and that
M(f/M(‘)’E becomes practically constant for D1 amplitudes digihan 0.23. The data shown in figure 7
suggest that the changes of population of the risgsciated to theiand are not directly correlated to the
changes oM f/ M ;= . Being the 3.2 eV band supplied by the phonorstessiSC process that feeds the T

state from the Sone [10], it can be concluded that the vibratioodm associated to the, Band is not
connected to this process. However, it can be gdedst for high Ge concentration, when the Geadcsts
are below 2 nm, the presence of Ge prevents tineaforn of the four member rings, as previously ssted
[21,23], also introducing maodifications in the niatr On these bases, it can be suggested tharédsence
of large concentrations of Ge also affects th&;Soupling, so modifying the |k rate.

To investigate the | it is important to remember that it has been shtvat in the range 140-300 iK
depends on temperature by an Arrhenius law:

K = Axe @



in which AU is the activation energy of the process K the Boltzmann constant, T indicates the
temperature and A is a pre-exponential factor [A},2

In figure 8, we report the natural logarithm Mf/MgE as a function of 1000/T normalized to its

maximum recorded value:M £ /M Je)(ME 1M Je )W =K s /JKM*sc  for the 20% by weight Ge-doped

sample. From these data we can estimieby the slope of the linear fitting for T > 140 Khe result of
this procedure indicates that the GLPC presenhénsample doped at 20 % by weight have an activatio
energy of (85t 10) meV. This value is compatible with the valde(@0 £ 15) meV found in a sample
containing ~0.1% by weight of Ge [20] and with tredue of ~ 80 meV reported in [14] for the 1301. In
order to explain the observed increase of the IBiCiency evidenced in figures 2 and 4, and considg
that within experimental uncertaintyJ is unchanged, we can suggest that the A factengés increasing
with the increase of the Ge doping level. The Atdadepends on the matrix disorder through entropic
contributions as reported in [20, 24], and its #&3e does not disagree with the increase of the
inhomogeneity of the GLPC environment with dopirydl. These findings need further experimental
investigations, using procedures such as thoseteghn [12, 15, 25], to go deeper into inhomoggnei
effects. Nevertheless, they suggest that high Gésob affects the properties of point defects amdudate

the extension of the investigation also to othefects such as Ge(l), Ge(2) and E'Ge, involved in
phenomena like the photosensitivity and the set@mchonic generation, in order to better clarify toke of
high Ge doping.
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Figure 8:Natural logarithm of the normalized values g§das a function of 1000/T obtained by thisl 5/ M gE values. In
the inset a zoom relative to T>140 K is reported.

CONCLUSIONS

The reported data show the effects of the matranges, evaluated by the Raman spectroscopy, on the
optical proprieties of the GLPC and indicate thet GLPC emission proprieties are affected when the
medium Ge atom distance is below ~2 nm. These moatldns can be attributed to the increase of
glass network disorder and to its effect on the pgazess linking the GLPC excited states.
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