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Structural relaxation of E’ centers in amorphous silica
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We report experimental evidence of the existence of two variants dEheenters induced in silica by
rays at room temperature. The two variants are distinguishable by the fine features of their line shapes in
paramagnetic resonance spectra. These features suggest that tE(; tifter in their topology. We find a
thermally induced interconversion between the centers with an activation energy of about 34 meV. Hints are
also found for the existence of a structural configuration of minimum energy and of a metastable state.
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The importance of point defects in silicon dioxide ($)O evidenced various typologies & centers ina-SiO,, dis-
both in crystalline and amorphoua<SiO,) polymorphs has  tinguished by small variations of the EPR line shape that can
been shown in connection with the use of this material inhe ascribed to different atomic compositions of the neighbor-
various optical and electronic devick$Among these point  hood of the unpaired electrdrt® Moreover, just for theE’
defects one of the most diffusely characterized and discuss%mer, an evolution of the line shape following thermal :cyreat—
is the E; center ina-Si0,, which is an intrinsic paramag- ments at the temperature of- 500 K was found®°so re-
netic point defect, i.e., involves only Si and O atofns. vealing the existence of unexplained degrees of structural
Despite the huge number of theoretical and experimentgleedom of the defect.
works, the structure and the spectroscopic properties of this The above considerations indicate that E‘{pcenter de-
defect are still widely debatef:®Recently, a new model for - serves further experimental investigation and, to better evi-
the E% center has been suggested by Uchino, Takahashi, angence its degrees of freedom, a fine study of the EPR line
Yoko,"® in which the defect originates from an “edge shar- shape. We report here a detailed EPR study oftheenters
ing” oxygen vacancy(triangular oxygen-deficiency cenjer induced byy irradiation in a variety of commercia-SiO,
by trapping a holébridged hole-trapping oxygen-deficiency that can be grouped as follo®:Natural dry Infrasil 301
center, BHODQ: =Si'—O— "Si= (where= represents (1301), EQ 906 (EQ906, EQ 912 (EQ912, Puropsil A
bonds to two distinct O atoms,  is an unpaired electron, an@dQPA); Natural wet Herasil 1(H1), Herasil 3(H3), Homosil
+ is the trapped hoe This model succeeds to account for (HM); Synthetic dry Suprasil 300(S300 (EQ906, EQ912,
the experimental value, 42 mT, of the strofi§i hyperfine  and QPA supplied by Quartz & Silice, all the others by Her-
splitting®® and it is rather different from the “historical” one aeus. Each sample is slab shaped with siz&%x 1 mnt.
originally proposed by Feigl and co-worké&ts® (FFY) for  Different pieces of each material were exposedytays at
theE; centef in a-quartz, consisting in a hole trapped by a room temperature in #Co source, accumulating dosBsin
neutral oxygen monovacancy=Si—Se=+h"—-=Si the range from 10 to 10* kGy at the rate~7 kGy/hr. EPR
+ *Si== (where= represents the bonds with three distinct measurements were carried out at room temperature with a
O atomg. Also this model, refined up to the puckered con-Bruker EMX spectrometer working at frequency
figuration, gave good agreement both with the strong and the-9.8 GHz in the first derivative modé; centers spectra
weak hyperfine splittings measureddnquartz* In the lat-  were taken at a modulation magnetic-field frequency of 100
ter configuration, one assumes that 8= group relaxes kHz, modulation amplitude of 0.01 mT, and at microwave
backward away from the vacancy and thé &i also bonded power of 800 nW; the latter two conditions avoid line-shape
to a normal bridging O becoming again fourfold distortions. The main spectroscopit values were deter-
coordinated? (see Fig. 1 in Ref. B Even though the pres- mined by accurate frequency measurements allowing us to
ence of suitably positioned bridging O in the disordered mafind the differences between tigis with a maximum error of
trix is unknown, the FFY model has been extended also te-0.000 01. The spin concentrati@) of one sample of each
the E; center ina-SiO,, on the basis of the close analogies material was determined, with absolute accuracy of 20%,
of its electron paramagnetic resonand@PR features to using the instantaneous diffusion method in spin-echo decay
those of theE! .*® This FFY model has been supported by measurements carried out in a pulsed spectrorieEar the
various theoretical calculationi&;*” but Uchino, Takahashi, other samplesCg was evaluated, with an accuracy of 10%,
and Yoko did not find backward puckering for the positively by comparing the double integral of the EPR spectrum with
charged monovacancy and that the unpaired electron béhat of the reference sample. OuWs detection limit
comes almost equally distributed over the two adjaceft Si. (signal/noise=2) is estimated to be- 10'° spins/cni.

It is worth noting that the main EPR featur&s values y irradiation induces th&, centers in all the investigated
and hyperfine constant®f the E' center are theoretically materials. They begin to be detectable at doses that strongly
explained in terms of the=Si* structure. However, Griscom depend on the material. A typical dose dependence is re-
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g value increasing the dose D. In Fig(d), we report the line shapes
as detected in the 1301 material aftedoses of 0.5, 50, and
———TT———T 5000 kGy. We note a gradual shift of the zero-crossing point
50 kGy towards smaller resonance fields and an overall broadening
of the line shape, on increasing the dose from 0.5 kGy up-
wards. A quantitative analysis can be carried out looking at

0 o the principalg values,g;, g,, andgs, approximately deter-
S} ! ] mined from the field values at which the first maximum
E T | (91), the zero-crossing poinigg), and the minimum of the
B10°F | 1 EPR spectrads) occur?® The difference g, ,=g; —g, var-
1015 b o ol e ies from 0.00124 aD=0.5kGy (low-dose limi) up to
- 107 10° 10! 10* 10® 10* (a) 0.001 15 aD =5000 kGy(high-dose limij. The variation of
Irradiation dose (kGy) Ag;3=0g;—0s is less pronounced on increasing the dose,

' ' Ag;3=0.00147 atD=0.5kGy andAg; 3=0.00142 atD
=5000 kGy. These gradual line-shape variations occur be-
tween 10 and 1000 kGy. The line shape reported for the
0.5 kGy irradiated sample is characteristic of the low-dose
region whereas that observed at 5000 kGy is peculiar of the
high dose. For convenience, hereafter we adopt the symbols
L1 andL2 for the low- and high-dose line shapes, respec-
3 3 4 tively. We note that\g, ,andAg; 3found forL 2 are in strict
10" AT OO OO (b) agreement with those reported by Griscom for Eh’(ye; as
250 350 450 550 650 750 850 950 suggested by the simulated spettia2 could be related to
Temper?ture K) } f t an orthorhombic symmetry whereh& to an axial one. The
phenomenology just reported for the 1301 is a feature com-
mon to all the other materials. Indeed, we observe the line
shapeL 1 after low y doses, with the uncertainty of 0.001
mT, and the same line shap@ after highy doses in all the
silica types considered here. It is worth noting that we have
verified that the variation frorh1 to L2 is not related to the
concentration of centers, i.e., to dipole-dipole interacfion.
As an example, the line shape is observed also in syn-
thetic wet materialnot reported hepeat a concentration of
4% 10" spins/cm, whereas at the same concentratiorE¢f
e centers the line shapel is observed in both natural and
3490 3491 3492 3493 3494 3495 gynthetic dry materials. We can infer that these variations of
Magnetic field (mT) the line shape are intrinsic to the process of defect generation
as they occur in all the materials.

FIG. 1. EPR spectra of thg/, centers normalized to the peak to  To further investigate the line-shape variation, we carried
peak amplitude and horizontally shifted to overlap at the first maxi-out a series of thermal treatments in the sample 1301 previ-
mum.(a) 1301 samples irradiated at doses (s6lid line), 50 (short-  ously irradiated at 4000 kGy in which we recorded the line
dashed] and 5000 kGy(long-dasheq in the inset theE) concen-  shapel.2 and C.=3.3x 10" spins/cni. Various isochronal
tration is reported as a function of the dd#iee solid line is a guide  treatments with time fixed to 25 min were carried out at
to the eye. (b) 1301 sample after irradiation at 4000 kGgashed normal atmosphere in the temperature range <350
and after isochronal thermal treatments ulte460 K (solid), the <910 K in an electric furnace witfi stabilized within=3 K.
squares refer to the reference sample 1301 irradiated at 0.5 kGy; iﬁfter each treatment the sample returned to room tempera-

the inset .theE; Foncentration is reported as a function of thg tem-,[ure before EPR measurements. ffer 370 K no significant
pgrature in the isochronal thermal treatmeft$.S300 sample irra- variation occurs in the line shape nor@, as shown in the
diated at 16 kGy (dashedl and after 9 hr of thermal treatment at . .
T=500K (solid), the squares refer to the reference sample I301|nset of Fig. 1b). A gradual change froni.2 tpwa_rd L1
irradiated at 0.5 kGy. occurs for 376 T<460 K. Actually, as shown in Flg.(b),

the line shape after the treatment at 460 K coincides with that
ported in the inset of Fig. (&) for 1301222 C, initially in the same material exposed to a dose of 0.5 kGy. A note-
grows and then reaches a constant value maintained up to tirthy aspect is that after these treatmers, is 2.9
highest doses. This feature is evidence of a generation pro< 10'” spins/cni indicating that only a very low quantity of
cess from precursofé.A direct activation of the matrix has centers has been destroyed and ruling out definitively that the
been observed at doses higher then those considerdide-shape changes are due to dipole-dipole interaction. At
here?324 Together with the variation o€, we observed a higher temperature we observe an additional reductio®.of

modification of the EPR line shape of tHg/, centers on down to 2.7 10'" spins/cnt and a very small variation of

<

)

—_ —
< <
ES 3

[E'] (spins/cm'3

Normalized EPR signal

113201-2



BRIEF REPORTS PHYSICAL REVIEW B56, 113201 (2002

the unpaired electron points toward the vacancy so that the
observed variation of the line shape should be attributed to
the perturbative role of $i'®%8n particular, theL1 center
should result from the backward puckering of" Siwhich
bonds to a normal bridging O, being stabilized and energeti-
cally favored.L2 would be the unpuckerel, center, St
being the origin of the orthorhombic character. The above
scheme seems suitable to explain our results, however it pre-
sents some faults. Indeed, theoretical calculations for the
L1 positively charged oxygen vacancy predict only one energy
minimum for the puckered state and an unpuckered state
with the unpaired electron shared between the twt $he
latter structure is expected to give rise to a consistent line-
FIG. 2. Total energy for the structural configurations of Ble ~ Shape variation and also a significant variation in the hyper-
centers related to the experimental line shapgsandL 2. fine structures at 42 mT, not experimentally observed. More-
over, the conversion from the oxygen vacancy to EE(;a
the line shape; aT=520 K we foundAg; ,=0.00125 and center has not been clearly proven experimerftaiyd, in
Ag; ;=0.001 47, very close th1. Finally, on increasing the particular, our previously reported resdftshow that this
temperature further, only a reduction Gf occurs and tem- conversion mechanism, if present, could be responsible for
peratures as high as 800 K are required to obtain its largthe generation of just a negligible part of the induded
decrease, consistently with recent literature d&tdimilar  center in our samples.
results were obtained as well in all the investigated materials. |n view of this partial failure, we wish to put forward an
Here we limit ourselves to report on a somewhat differentyjternative explanation for our results relying on a model of
thermal treatment.ce.\rried out in the synthetic dry materiaklhe E’ center as the only=Si" moiety without a vacancy
S300. After y |rrad|3t|0n at the dose of 1&kGy, we mea-  ;onstruct and the faced Si We tentatively assign the con-
sured Cy~1.1x10" spins/cni and a line shapel2, as figuration L1 of the=Si" moiety to anE-like center;® in

gggvﬁ]i:‘;'géﬁ?ﬂéghcfejvzrppsl%%f h:?]f;t E?;gtﬁé%?:ggsaetwhich the bonds of the three basal O with the near neighbors
' g %i are on the same side of the unpaired electron orbital

. 6 -
only a slight decrease d, down to 7 10°° spinsfcr but (backward projection A similar atomic arrangement was

an evident variation of the line shape frdn2 to L1. This ;s 28 )
result is relevant as the very high purity of synthetic materiaPoP0sed forg; in quartz” and E, (generated at low

with respect to the natural one rules out the possibility thafemperaturg™® to justify a more symmetric line shape. Con-
the line-shape modification can be ascribed to impurity-Sequently, we assume that in the configuratioh these
related effects. bonds are in the opposite side of the unpaired eledtfimmn
Results reported above suggest that Eﬁ;acenter pos- Wward projection. The interconversion frorh2 toL1 corre-
sesses a structural configuration of minimum energy and &ponds to Sicrossing through the plane of the basal O at-
metastable state. An axial line shapé is observed after Oms. We note that this movement does not affect the
low-dose irradiation and can be associated to those centepéructure of the moiety and is expected to manifest as small
whose formation is energetically favored. On increasing thévariations in the line shape without changing the strong hy-
dose, other centers are formed in a metastable configuratiderfine structure, as experimentally observed. In this scheme
state associated with an orthorhombic line shapeA con-  the Eb—like structure is energetically favored with respect to
version fromL2 to L1 is induced by warming and can be the other; in this sense our interpretation deviates from the
explained considering that some thermal vibration energy iprediction of the vacancy model where the energy minimum
employed in a structural conversion, where the metastabli expected when Sis forward projected attracted by 'Si
centers switch to the more stable ones. A qualitative repreOn the other hand, our interpretation seems to be consistent
sentation of these features is outlined in Fig. 2 where thavith the Uchino, Takahashi, and Yoko’s model where the
energy related to a given configuration is reported as a func=Si’ moiety could have two energy configurations, corre-
tion of a generic configuration coordinate. The energy wellsponding to two different distances from*Sin BHODC,
associated with the line shapé is expected to be lower and with a minimum in the backward projection. We note, how-
narrower with respect to that af2, explaining both the ma- ever, that in this model thg-value perturbation induced by
jor energy stability and the minor broadening of tpgalue  Si* was not estimated.
distribution experimentally detected. An energy barrier be- To summarize, we have shown tHﬁ; centers in silica
tween the two wells, corresponding to a thermal energy ohave a configuration of minimum energy characterized by an
~34 meV (T~400 K), separates the two configurations thusaxial line shape and a metastable state with an orthorhombic
explaining the thermally activated conversion. line shape separated by an energy barrier8ft meV. These
Now we try to interpret our results in terms of the existing results are interpreted assuming thatEjecenter is confined
models of theE; centers. We consider the asymmetrically to be an electron in a dangling orbital of a single silicon atom
relaxed positively charged oxygen vacaftyn this model  (=Si’) coherently with the majority of reported spectro-
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scopic feature$>°®The line-shape variations observed are  We thank D. L. Griscom and M. Leone for very useful
attributed to a migration of Si through the plane of the bond-discussions, and E. Calderaro for taking care of thiera-
ing O atoms. This model is suitable to explain the generatiomliation. This work was a part of a national project
of the defect also from precursors different from the oxygen(PRIN2000 supported by the Italian Ministry of University
vacancy- %272 Research and Technology.
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