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The evolution of the index change of type-lla gratings observed in 28 mol % Geg-€8i@ fibers

with 1.8 um core diameter under various strains was measured from the optical spectra, and the
induced defects at high and low strains were studied with electron spin resonance. Data will be
presented to show that the index modulatidmg,,g of type-lla gratings is likely associated with
GeE' centers. ©1999 American Institute of Physid$S0003-695099)04141-§

Fiber Bragg gratinggFBGS are emerging as critical strongly dependent on the strain applied to the fiber at the
components for telecommunication and sensor applicationstime of the photoimprintind. Studies of the growth kinetics
So far, three types of fiber Bragg gratings have beerof paramagnetic defects under similar applied strains as those
reportedt Type | gratings exhibit a monotonic increase of of type-lla gratings can then provide additional information
both the mean effective refractive index and the induced infegarding the contribution of paramagnetic defects to type-
dex modulation under ultraviolétV) exposure-? Although  lla gratings.
their spectral characteristics are excellent, their thermal sta- The aim of this letter is to report further investigations
bility is limited to 300°C. Type Il FBGs, formed with a undertaken to determine if a relationship exists between the
single excimer pulse, feature large UV induced refractiveformation of GeE’ centers and the appearance of type-lla
index changestypically 10" 2) and high thermal stability to grating spectra and their respective dependencies on strain
800°C? Nevertheless the poor spectral characteristics ofpplied during FBGs inscription. Furthermore, it has been
type Il FBGs fabricated to date prevent them for technologi+ecently shown in short period gratifgbat the Gé1,2) cen-
cal uses. On the other hand, type-lla gratings display similaters contribute only to an increase of average UV-induced
spectral properties as type | FBGs, but are thermally stable teefractive index changgAn). We will also report how the
550°C2 Thus, type-lla gratings may be suitable for high growth kinetics of the G@.,2) centers are affected by exter-
temperature applications, and understanding the mechanisi@l strain and the influence of strain ¢an).
responsible for type-lla FBG formation is important for their ~ Single mode fibers with a core diameter of Luén
technological usage. doped with 28 mol% Ge were used in this study, and the

Typically, the most relevant feature of type-lla gratings strain applied to fibers during UV exposure was the param-
is the complex behavior akn,q and{Angs) with increas- ~ eter of the experiment. The fibers were exposed to a KrF
ing UV exposure time. Indeed, a partial or total bleaching ofexcimer laser through a phase masksiris Corp. Canada
the saturated type | grating is followed by the formation of afor FBG fabrication. Grating reflectivity and Bragg wave-
new type-lla grating, suggesting an inverse relationship belength shift were monitored in real time using a broad band
tween the index modulation of these two types of gratingsEr-doped superluminescent source and an optical spectrum
So far, type-lla FBGs have been reported in highly Ge-analyzer (AQ6315A, ANDO, Japan Photoinduced para-
doped, small core silica fibers, and more recently in boronmagnetic defects were studied Kyband(~9.4 GH2 elec-
codoped germanosilicate and nitrogen-doped fib&rs. tron spin resonancéESR at room temperature using a
Based on the experimental results, a model was proposed Byuker ER 200D-SRC spectrometer in second harmonic
explain the complicated grating growth: Briefly, the bleach-mode operation. The ESR samples consisted of 2-cm-long
ing rate of the oxygen deficient centédDC), which is re-  pieces of fiber of total length 60 cm that were uniformly
sponsible for the formation of type | FBGs, is presumed toexposed with the same power used to write the FBGs at high
be larger than that of unknown centers that produce the negatrain (AL/L=9.84<10"%) and low strain AL/L=3.85
tive index change responsible for the formation rate of theX 10°%).
type-lla grating spectrum. Although the model explains the  Figure 1 shows the evolution of the UV induced para-
observed phenomena, it does not elucidate the microscopfdagnetic defects for high and low strains. One can see that
origin of the type-lla grating precursors. the concentration of G&' increases faster at high than at

It has been reportédhat the thermal stability of type-lla low strain. The solid lines in Fig. 1 are the fit pGeE’] to
gratings is similar to that of the paramagnetic Blecenter, @ saturating exponential
implying that the GeE’ center is associated with type-lla .
gratings. Also it has been shown recently that the complex [GeE']=bgee/[1~exXp( —keee'P)], @
dynamics observed in fibers exhibiting type-lla gratings werevhere P is the number of pulseigeg: andkgeg: are the
parameters of the saturating exponential equal to, respec-
3AIso with the Fiber & Electro-Optics Research Center, Virginia Polytech- tively, 3.5X 10"Ycn®, and 0.000645 at high strain and 3.0
nic Institute, Blacksburg, VA 24061. X 10'%cm® and 0.000172 at low strain. Furthermore, one
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FIG. 1. Paramagnetic defect center concentration measured as a function 6fG- 2. Index modulation of FBGs at various strains as a function of the

the number of laser pulses at high stra@84x 102 (solid point and low ~ humber of laser pulses. Solid lines are fits to E2). using the growth

strain=3.85< 10~* (open points Solid lines are fits to Eq). kinetics of the GeE' center(Fig. 1) for the type-lla grating and negative
saturated exponential growth kinetics for the tension increase and densifica-
tion.

can see that at low strain, the Geand Gé&2) concentrations
increase up to 1000 pulses and then decrease, while at high

strain the decrease in their concentrations is observed when9 spectrum.shows -also that the ,f'rSt term |n. E2). is
P is greater than 100. associated with the index modulation responsible for the

The UV-inducedAn, o4 is shown as a function d® un- type-lla grating. In addition, this assignment is in agreement
mo

der various strains in Fig. 2. Clearly observed at low strain igVith the report of similar thermal stability of the G’

the fact that growth of type-lla gratings follows a total centg? and Anpq Of type-lla gratlngg. Itis to be noted in

bleaching of type | gratings. However, at high strain, as prePassing that the growth kinetics of E(®) are mathemati-

viously observed in Ref. 7, type | gratings are hardly ob-Cally identical to that proposed in Ref. 2.

served. The growth kinetics dfn,,,q observed at high and Both positive and negative contributions im,,q4 are

low strains in Fig. 2 can be fit with the following equation: Necessary to account for the complicated growth in fibers

that exhibit type-lla gratings because their growth always

Anpog=|B[Ge E']+Angy] 1—exp(—konP) I, 2 follows a partial or total bleaching of saturated type-I grat-

where 8(=6x10"2%? is the contribution, per unit concen- ings. However, in fitting the growth kinetics using EQ),
tration, of GeE’ (measured by ESR spectroscopyAn,,.q,  NO absolute assignment of the sign of each term can be made
andAn,, stands for the total contribution to the index modu- as long as their relative contributions are the inverse of each
lation associated with the UV-induced tension incréhaad  other. In this sense, it is possible that the index change of
densification:* The solid lines in Fig. 2 are the fits using Eq. type-lla gratings associated with G centers is negative

(2) with Anyy, andkqyy, equal, respectively, te-1.65x 102 due to unknown phenomena not yet elucidated, although it is
and 8.8510 * for high strain and—1.21x10 # and 3.7 anticipated that G&' centers contribute a positiv&nyeq

% 10 * for low strain. The dotted lines in Fig. 2 are also fits through the Kramers—Kronig relationship due to their optical
of the growth kinetics ofAn,,,q at intermediate strains using absorption band in the UV region. However, the data of Fig.
similar saturated exponential growth of E@®). Since the 3 obtained af\L/L=4.5x 102 in which only type-lla grat-
data of Fig. 2 show that the maximum of index modulationings are observed show that the associated Bragg wavelength
of type-lla gratings is greater than that of type-I gratings, theshift during its growth is positive. This implies that the con-
type-lla grating is to be associated with the larger in absolutéribution of GeE’ to the An,q Of type-lla gratings is likely
value of the two terms in the fits using ER). Since positive.[The decrease in Bragg wavelength that occurred at

| B[GeE']| is larger tharf Angy{ 1 —exp(—kyP) 1|, we then  the saturation of type-lla gratings seems correlated with the
associate thén,.q of type-lla gratings with G&’ centers.  drastic decrease in population of @Geand G&2) centers, as
The good correlation between the increas¢ GeE’] with Fig. 3 illustrates, in agreement with the report in Ref. The
applied strain and the early appearance of the type-lla graAn,,, observed in our fibers is then negative. This conclusion
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asoxiole AR AL ] tive Bragg wavelength shift during the growth of type-lla
0 4.5x10 gratings[correlated with the bleaching of Gg2) at high
3.00x10F——0018(1-exp”*™)-.00112(1-exp ™) <4 fluence, see Figs. 1 and 8an be attributed to the contribu-
C§ i ] tions of G&1) and G&2) to the average index of FBGs, as
< 1.5010 7 previously reported.
0.00 L i In summary, we have found that at high and low strains,
ittsa ] a1 el . the growth kinetics of type-lla gratings in 28 mol% Ge-
@ 100 1000 _ ”1IOIOOO . doped SiQ fibers with 1.8um core diameter can be fit using
o ' oo : the observed growth kinetics of the & centers. This sug-
15632 O 4.5x10° IjlEI:I o | gests an association of & centers with the index modu-
£ 1563.1 | o0 - Igtiqn (_)f t_ype-lla gratings,_ in agreement with their reported
c - 1 g - -
£ Dﬂj similarity in thermal stability® The report that type-lla grat
<£1563.0 - o]  ings are observed in Ge-Si@ibers with small core diam-
1562.9 [ . . ' o eters but not in preforms can also be understood. The posi-
(b) 0 1000 10000 tive Bragg wavelength shift during the growth of the
< e — negatlveAnmod. of type-l gratings and the .negat|ve Bragg
S X l\ a-- ] wavelength shift observed after the saturation of the positive
% 10" F l\- E Anoq Of type-lla gratings can be attributed to the growth
o3 - ‘.i \ ] and bleaching kinetics of G& and G&2) centers, that con-
% 10" F__3.85¢10* \- - 3 tributes to the uniform index of short period gratirfgs.
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