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Experimental data are presented to show thaflizand Gé2) centers are induced by trapping
photoinduced electrons from the conduction band, in agreement with our previous proposal that
both are trapped electron centers. The spa¢iigdependence of ultraviolétJV) light bleaching

of the pre-existing GE&’ centers illustrates that the electron diffusion length is greaterAhafithe
spatially modulated UV light used in the fabrication of fiber Bragg grati(lBGs with Bragg
wavelengths<1.5 um (short period gratingfor laser powers as low as 25 mJfriThe Gé1) and

Ge2) centers are uniformly induced by the spatially modulated UV light and therefore contribute to
the uniform component of the index structure of FBE®0003-695(98)01325-4

Fiber grating devices are emerging as critical compo-2), the observation of complete photobleaching of pre-
nents for telecommunications and for sensor applications.existing GeE’ centers in Ge-Si@suggests that bleaching
However, the physical structures associated with the index dias occurred before trapping to form Geand G&2) de-
fiber Bragg grating$FBGS have not been totally identified: fects] The diffusion length of the carriers can then be stud-
The structures associated with the index modulatidn, (.o ied by photobleaching the pre-existing Gé centers.
of FBGs in unloaded Ge-Sifcore fibers that have been In our experiments, uncoated Ge-Sicre single mode
identified are GeE’ center$ and o!en5|f|catloﬁf IN" fiber that contains T cm?® pre-existing GeE’ centers was
I—i_z_-loa_ded fibers, besides th: assougtlon offSeand den- exposed to a single pulse of KrF laser light through a 50%
Is:|lf3|c(:3at|on, GeH was also foundo contribute tANmoq Of the duty cycle amplitude gratingPhoto Sciences, Inc., GAof

High concentrations of G&) and G¢2) are photoin- grating period AvyithA?B_Mnj. Single pulse Krl_: exposure
duced along with G&' centers in the FBG fabrication pro- was used tq avoid compllcat|on§ due to mUIt'Sh(.)t effects.
cess using a pulsed UV laseOne thing that remains to be Pargmagnetm defects mducgd in the exposed fibers were

studied by use of electron spin resonaESR on ~1 cm

elucidated is the contribution of GB and Gé&2) centers to i }
the index structure of FBGs via their optical absorptioats sample lengths of fiber of total length 96 cm loaded into the

4.4 and 5.8 eV, respectively, through the Kramers—Kronigg@mple tube. Computer simulations of ESR spectra were car-

relationship. ried out to obtain the populations of the observed paramag-
Photobleaching of pre-existing GE' centers in Ge- netic defects.
doped silica fibers was reported previouSlgnd bleaching Figure 1 shows the G&) and Gé&2) populations induced

of these centers due to reactions with injected electrons analy 25 and 15 mJ/cAKrF laser pulses in Ge-Siore fibers
holes in Ge-Si@ thin films was recently reportedThus, as a function of\. For the 25 mJ/cfhexposure, the induced
photobleaching of pre-existing G&’ centers by reactions populations of GEl) and Gé&2) for A=8 um are about half
with photoinduced electrons and holes can be used to studyiat of the uniform exposureA(=0 wm), as anticipated for
their diffusion into the dark regions using a spatially modu-509 duty cycle amplitude grating exposures. Far
lated UV light exposure. <5 pum, the populations of G&) and G&2) decrease to

In an ideal exposure through a 50% duty cycle amplitude_ 3004 of the uniform exposure, suggesting the loss of 20%
grating with period 2, the fraction of electrons or holes that ¢ 16 photoinduced carriers in the light regions. Thus, the
d!ffus_e into the dark regions 1S about 2/A, wherel 4 is the fraction of carriers that diffuse into dark regiond, ZA, is
diffusion length of carriergelectrons or holés For A com- _ .

L ! : ~0.2, and forA=5um, L4 is =~0.5um.

parable td_4, a significant fraction of the photoinduced car- For the 15 mJ/ch the d inth la-
riers can diffuse into the dark regions. This process reduces or the 15> mJicrexposure, the decrease in the popuia
the population of defects induced in the light regions byt|ons of the G€l) and G¢2) centers appears to occur

trapping of these carriers. And if the intensity of UV laser ~3 #M. as shown in Fig. 1, although it is only slightly
light is chosen such that the concentration of the photoingreater than the variations in observed defect populations

duced carriers is comparable to that of pre-existingEse due to pulse-to-pulse variations in laser power. However, the
centers, bleaching of these G& centers by the carriers Populations withA =3 um are less than the largest variation
diffused into the dark regions is dominafiln the case of from the average of the populations. Using this value, a dif-
uniform exposure withh =0 reported in this lettefsee Fig. fusion length~0.3um is obtained. The carrier diffusion
length is found to increase with laser powé¢t5 vs

3Also with the Fiber & Electro-Optics Research Center, Virginia Polytech- 25 mJ/crﬁ), _implying that their diffusion is_, phOt(_)aSSiSted'
nic Institute, Blacksburg, VA 24061. Note from Fig. 1 that the average population ratio of{ Ge
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FIG. 1. Ge€1) and G€2) defect center populations observed in 1 cm lengths FIG. 2. Fraction of remaining GE' centers after exposure to single pulse
of Ge-SiQ core fibers of total length 96 cm after exposure to a single pulseof KrF laser through amplitude gratings of various spachgpoints. The

of a KrF laser through amplitude gratings of various spacopen points solid lines are fits to Eq.3) for the 15mJ/crh exposure withLy
The solid lines are draw to aid the eyes. The solid points are for uniform=0.2 um, z,=0.49um, and f4=0.02, and for the 25 mJ/crexposure
exposure. with Ly4=0.3um, z,=0.81um, andfy=0.14.

and Gé¢2) centers induced by 25 and 15 mJfcpulses is

0.38+0.02, which is equal to (25/15) 0.36 within experi-

mental error. This result supports the hypothesis thailiGe

and G¢2) are induced by two-photon absorption proce$ses.
The similarity in A dependence of the induced popula-

tions of G&1) and Gé2) centers shown in Fig. 1 suggests Ne- &

that both are generated by trapping of carriers with compa- (GeE,)=

rable mobilities, i.e., either electrons or holes but not both VL

since the electron mobility in SiOs nine orders of magni- The fraction of remaining GeE’ centers, fge:

tude greater than that of the holes as reported by Hu%hes.z[GaE’]r/[ZA(GeEp)], is then

This is in disagreement with the propoSahat Gé1) is an

electron trapping center, while G is a hole trapping cen- deE,:E_ Z_ - ZL" .

ter. The diffusion length of~1 um calculated above sug- 2 A A[e™ (20/2La)” 4 gl(A=20)/2Lg]7)

gests that the trapped carriers are electrons trapped from the A

conduction band of Ge-SiQ in agreement with our . _ZO) _erf<i” A>2z,

proposat® that both Gél) and Gé&2) are trapped electron 2L4 2Lyg) |

centers. This is also consistent with the conclusion that these —0, A=2z, ?)

are induced by two-photon absorption processes since exci-

tation of electrons from the valence to the conduction bandvhere

in Ge-SiQ (band gaP ~7.2 eV) requires two KrF photons 5 .

(h,=5eV). erf(x)=— J’ e ¥dy. (4
To accurately estimate the electron diffusion length, the \/; 0

A-dependent photobleaching of pre-existing Bk centers

was analyzed using a one-dimensional diffusion model O];as

electrons along the fiber axia Among the photoinduced

electrons, only those located at the boundary of the light an

dar'k regions within a Iength§, of the order of electron dif- fraction of GeE’ centers bleached by UV light diffracted
fusion length can diffuse into dark regions. The total POPU-inio the dark regions(Since the amplitude gratings used in

Iatlpn of electrqns involved in diffusion is thenrgé, yvhere our experiments consist of 1000 A chrome with an optical
n. is the photoinduced electron concentration. With a 50%

dut | litud I ¢ ath density of 3.0 to 3.2 in the UV and they have an antireflec-
uty cycle amplitude gra,mg exposure of spac 9 €T tive coating, we assume no UV light transmission or scatter-
maining pre-existing G&' center populatiofGeE'], in a

iod 2\ b lculated ing into dark regions. However, a calculation using the ge-
perio can be calculated as ometry of our setup indicates that up to 6% of the UV

where (G&,) is the concentration of pre-existing G&'
centers andz, is the diffusion distance below which total
bleaching of pre-existing GE’ centers occursZ, satisfies
the following equation:

.[ef(zo/zLd)ZJref[(A*ZoVZLd]Z]_ (2

erf

Figure 2 shows the fraction of remaining Gé centers
a function of\ for laser powers of 15 and 25 mJ/&nThe

olid lines are fits using Eq2) with z, andL 4 as adjustable
éarameters and an additional paramefgr, which is the

A-zg Ng: & photons in the light region are diffracted into dark regions.
[GeE']r=f (GeEp)—ﬁ From the fit of the data in Fig. 2, the electron diffusion
4} T Ly

lengths are found to be 0.19 and 0.26n for the 15 and
25 mJ/cm exposures, respectively, consistent with the above
Te @2y e*[(A*Z)/2Ld]2ﬂdz, (1)  conclusion that the diffusion of electrons is photoassisted. To

] the best of our knowledge, this is the first report of the elec-
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tron diffusion length in Ge-Si© That the electron diffusion This work was partially supported by the Office of Naval
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electric-field-induced second-harmonic generatit®HG) partial support of National Science Foundation under Grant
mechanisr? in Ge-SiG core fibers, for which charge mi- No. ECS-9530329.
gration over macroscopic distance { um) is needed.
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