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Studies on the distribution of the electric field produced by a thermal poling process in a layer of
Ge-doped silica on silicon substrate, by using secondary electron emission (BEEY)
measurements’) are presented. Compariry between poled and unpoled areas, the SEEY at the
origin of electron injection, we pointed out an electric field @b below the surface for our poling
conditions and directed in the same direction as the external field applied during the poling process.
Then, the dependence éfon the injected dose of electrons allows us to deduce that the poling
process disturbs the glass structure strongly enough for leading to a weak conductivity. It is then
easy to display the poled areas. We have also pointed out an effect of the electric properties of the
glass on the measurements obtained with the Electron Probe for MicroAnalys200®American
Institute of Physics.[DOI: 10.1063/1.1758315

I. INTRODUCTION cess. Up to now, the various methods used for probing the
electric field distribution are optical for most of them. They
The poling is a process that allows a large internal elecmeasure, in fact, thg? distribution[maker fringe methdt
tric field to be induced in an insulator by building a spacegng noncollinear frequency doublifig Some of them use
charge to separate positive and negative charges. The usybctric measurements utilizing a controlled perturbation: la-
experimental way is to deposit or apply electrodes on eacler jnduced pulse pressifrénermal step methotiThe reso-
side of a plate of insulator and to apply an electric field of theytion of all these methods is of a few microns and thus the
order of a few Vum. Then, the insulator with electrodes is gjectric field close to the surface near the electrode cannot be
heated to about 300 °C during 0.5 h—1 h, cooled down, angyeasured. On the other hand, electron beam is the most
the external electric field is removed. The insulator containsadapted technique in surface studies and has been already
then, a space charge formed by a layer of positive chargegsed to probe the insulating properties of alurfithm the
and another one negativerhe charge distribution depends first micron beneath the surface by measuring the variation
on the type and the mobility of the charge carrier at theys the secondary electron emission yi¢8EEY). In this pa-

poling temperature. So doing, in an insulator such as silicger, we present new results obtained by SEEY technique
glass, the centrosymmetry is broken, and second-order nofpm poled silica waveguides.

linear optical(NLO) properties are obtained. Especialyf?’
is now not zero. It is of the order of 0.1 pm/V in pure silica
such as Infrasil that contains Na impurities. TH& is pro- || EXPERIMENTAL DETAILS
duced efficiently by the following formulg®=3x®Epc,
where x® is the third-order nonlinear coefficietalways
nonzerg andEp is the electric field associated to the space
charge. The glass exhibits also a second-order nonlinear re- The secondary electron microscoff8EM) Predictscan
fractive index by Pockel effect~x®Epc, Ref. 7. With  LEO 440 has been equipped with the optibeam optical sys-
such properties, the glass is now able to double the frequeriem which allows the beam to be focused at a fixed position
cies and exhibits an index that can be modulated. It is thugpoint A in Fig. 1) after the second condenser lens for any
possible to elaborate optical deviéédor optical informa- energy and current intensity required. The electron beam
tion processing and telecommunicatio®.g., switches, blanking unit(EBBU) is composed of two plates centered at
modulators, or routejs point A, in order to avoid the lateral displacement of the
The distribution of the electric field in the poled glass is beam during the blanking operation. The EBBU is activated
an important factor determining the NLO properties pro-by a function generator, which allows the delivering of
duced during the poling. The study of this will lead to a pulses varying from 10° s to 40 s with a dose adjustable
better explanation and an understanding of the poling profrom a few 102 pC/pulse to ca. f0pC/pulse.

A. Principle of secondary electron emission
measurements

0021-8979/2004/96(1)/885/10/$22.00 885 © 2004 American Institute of Physics
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FIG. 1. Scheme of the bottom part of the microscope and principle of the

induced current and secondary electron emission measurer@gats. the FIG. 2. Geometry of poling electrodes for UPS159 and UPS160-161.
induced chargeQ the trapped charge, arfdsg the secondary and back-

scattered electron charge.

) ) _ ~of 6 towards unity. This variation is characteristic of the
Experiments are carried out in the spot mode with acharging properties of the insulator. This is why the SEEY
defocused beam in order to obtain a uniform charging of thg,yestigation is a valuable method of characterization of in-

The specimen chamber is equipped with two detectors,

which collect the net charg®+ created in the sample and the

charge Qgg of secondary and backscattered electrons re- .

leased from the surface into the vacuum, respectively. Th8: Sample preparation

net charge created in the sample is deduced from the mea- Glass sampledJPS159,—160, —161) were prepared by
surement of the charg®,c=—Qy induced on the metal plasma enhanced chemical vapor deposition and were inves-
sample holdet:? The SEEYS (D, J) is measured as a func- tigated in the secondary electron emission mode of a SEM.

tion of the injected dosB (=0.01 pQ or charge densityat  The thin glass layef1.1 um) deposited on a Si wafer sub-
a constant current densify(=10"2 pAcm™?). Itis defined  strate is Ge doped silica.

as Comb shaped aluminum electrodés1.2 um thick)
Qss Qe were deposited on glass layer through a photoresist mask for
6D, J)=—=1——, (1)  the poling process. The geometry of the Al electrode is de-
Qo Qo picted in Fig. 2.
where Qy=Qggt Q|c is the injected charge. The intrinsic During a thermal poling process, a negative voltage

SEEY §,, which is the yield of the uncharged insulator, is ranging from—30 to —100 V was applied across the samples
measured by injecting a very low do6€0.1 pQ on a large  when keeping the Si substrate grounded. Samples were poled
virgin area (2.5 10 3 cn), i.e., the deposited charge den- for 15 min at 375 °C and then the heating was stopped. The
sity is <40 pCl/cnf. Whend,>1 as it is in the case when the poling voltage was kept till the sample was cooled down to
electron beam energy is 1100 eV, the sample charges poshe room temperature.
tively andQ,:<0. Whengdy<1 for an electron beam energy In order to study the poled samples in the SEM, the Al
of 5 keV, the sample charges negatively a@g>0. electrodes were removed by a concentratg&®®} acid for
Then, charges accumulate in the insulator, producing a@0 min at 75 °C. After that, reflection microscopy in white
electric field beneath the surface, which induces a variatiotight and chemical analysis were performed to characterize
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Electron microprobe analysis on UPS160 - series 3
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FIG. 3. Optical reflection microscopy with natural light. Magnification

=10x for (a) and 5x for (b). Photos show the effect of electrodes spread- -5 4 pia : - )
. . - .4 gaia) Photograph of UPS 160 taken in white light by reflection
ing on sample UPS 161 phote) and defects induced by poling process on showing three poled lines and three chemical profiles including the one

sample UPS 160 phot). called series 3. The quotation NP means unpoled region whereas the quota-
tion P means poled region. UP/P means that the measurement was done at
the borderline(b) Corresponding chemical analysis by EPMA through two

the samples before SEEY measurements. The SEEY wamled lines of the series 3. The places of the poled lines that are less con-

measured on the samples not covered with a conductiviasted than the traces of the chemical analyses are marked with black lines
|ayer out of the photograph.

C. Reflection microscopy

A precise location of the removed electrodes can beD' Chemical composition characterization

achieved by means of reflection microscopy due to the varia- The chemical analysis was made by electron probe for
tions of the reflection coefficient between the poled and unmicroanalysis in a wavelength dispersive x-ray configuration
poled areas. As shown in Fig. 3, some irregularities at thet a voltage of 10 kV with an electron current of 50 nA. The
poled-unpoled borderling=ig. 3@)], as well as damagjgri- luminescence x-ray lines wer& «(Si)=1740 eV, Ka(O)
descent zones in Fig.(8)], can be easily seen. In order to =530eV, Ka(N)=409.9eV, La(Ge)=1188¢eV, and
separate the contribution from the chemical removal of the&K a(P)=2015 eV. Figure 4 shows the profile of the chemical
electrodes and from the poling process, we observed eomposition in the sample UPS160 coated with carbon. The
sample that has not been pol@dPS 202 just after remov- curves show the profile of Ge, Si, and O content. The aver-
ing the electrodes. From the surface of this sample, it is verpge composition through poled and unpoled areas is the fol-
difficult to distinguish any variation of the reflection coeffi- lowing: Ge=24.33wt%, S+29.48wt%, and O
cient. This indicates that the chemical process with concen=46.23 wt% (Gg24Sip.7¢02+0.09. Their sum in mass em-
trated PO, is a “soft” process that does not damage the phasizes a slight decrease in weight percentage of the Ge and
surface, and the contrast observed in Fig. 3 is most likely du&i components alongside the poled areas shown in the pho-
to the poling process. To reinforce this conclusion, measuretograph[Fig. 4(b) and Fig. §. Because the sum is depressed
ments of the surface topography were performed and havat the place of the electrodes, other elements were sought for.
been presented elsewhéfeThe relevant result for the Though, no Al diffusion from the electrode to the glass has
present study is that a surface level increase appears whéeen detected but a weak content of phosphorus inserted at
samples are poled but no change of level is detected aftéhe place of the electrodes and arising from the electrode
electrode removing when sample has not been poled. removing treatmenfsee Fig. % was detected.
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However, the decrease of Si and Ge counts in the poled & / \/
area in Fig. 6 is not compensated by an increase of oxygenor § s
phosphorus content so that the “sum” value is not exactly & \/
100 wt % in Fig. 7. This prevents a very quantitative estimate (b)
1 i i 98 . v T " T
of chemical changg induced b)_/ poling eventually. We can . S S A
only say that chemical change is smaller than 1 wt%. Nev- position (um)

ertheless, these measurements point out that the effective

volume analyzed is not exactly the same in the poled an5IG. 7. Phosphorous content on UPS 160 through the poled lines. Com-
. pared Figs. 6 and 7 this measurement has been performed afterwards. It
unpoled areas or in the references.

- ) o corresponds to 0.3 mol % of,Bs.
Lastly, it appears that the change in composition is too

small to give rise to the contrast observed in the photograph
of the Fig. 4. However, the poling process can change th%l/:'
. ; . E

glass structure, changing the optical properties of the glass

and thus the reflection coefficient. This point will be de-  SEM observations and SEEY measurements were per-

scribed in another paper. formed for electron acceleration energy of 1100 eV and 5000
eV in order to probe different depti22 nm and 530 nm,
respectively.

RESULTS: SEM OBSERVATIONS AND SEEY
ASUREMENTS OF UPS 159 SAMPLE

Ge content Series 3 A. Investigation at 1100 eV

Secondary electron images presented in Fig. 8 were ob-
2 tained by scanning a zone containing poled and unpoled re-

led Poled area gions of sample UPS 159. The energy and current of elec-
oled area 47/ trons impinging the sample are, respectively, 1100 eV and 6
- pA. At this energy, the intrinsic SEEY is larger than dirég.

“ \/ 9) so that the sample charges positively. In these conditions,
the minimum possible injected charge density in a single
(@) scan is about 700 pC cri. After injection of a charge den-
. o s s s 10 w0 w0 160 sity of 38000 pCcm? a strong contrast appearé#ig.
position (pm) 8(a)]: the poled regions are brighter than the unpoled ones
which means the SEEY is larger in the poled regions than in
the unpoled ones. On further scanning, the contrast increases
first and then decreases until it almost vanishes.

This evolution is exemplified by performing an enlarge-
Poled area oled area ment of the scanning area of Fig(aBin order to reveal a
\“> 4"/"" new region, virgin of charges. After a single scé&n700
29 </ pC cm ?) a very little contrast appears in the outer part of the

image[Fig. 8b)]. After the injection of 9000 pC citf [Fig.
(b) 8(c)], the contrast becomes stronger in this region and goes
‘ . ) . on to increase as the charge density is increadtimgy 8d)].
0 20 40 60 8 00 120 140 160 In the same time, the contrast in the inner scanned area de-
position (m) creasegFig. 8e)]. Finally, the brightness in the poled and

FIG. 6. EMPA chemical analysis of UPS 160: detail of the curve “O” and u_np0|ed areas tends to be the sdiFig. 8(f)] when th§ scan-
“sum.” ning charge density becomes very large. What it is seen,

percentage in weight
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100um |00 SR,

(a) after a scan of 38000 pC.cm'2 (b) after enlargement and onezadditional scan of 700
pC.cm’

=y =y
(c) Total charge density = 9000 pC.cm™ (d) Total charge density = 43600 pC.cm™

on the outer part. on the outer part.

(e) Total charge density = 80000 pC.cm‘2 (f) Total charge density = 217000 pC.cm‘2

on the outer part. on the outer part.

FIG. 8. Scans showing the variation of the contrast during irradiation. The poled strips are bright in(&igs. ). E=1100 eV; the injected charge
densities are indicated for each image. The scale at the bottom left side of each photographuis. 180After a scan of 38 000 pC cr?; (b) after

enlargement and one additional scan of 700 pCTm(c) Total charge density9000 pCcm? on the outer part;(d) Total charge density
=43 600 pC cm? on the outer part(e) Total charge density 80 000 pC cm? on the outer partif) Total charge density 217 000 pC cm? on the outer part.

here, is the change of SEEY with the electron irradiation. in the poled regior(Fig. 9). In the unpoled region, the self-
So, this behavior was quantitatively studied by measurregulated regime characterifécby 5=1 is reached fowr
ing the evolution of the SEEY versus the charge dension ~ ~5x10"* pCcm ? (Fig. 9 whereas in the poled regio,
poled and unpoled regions separatéijgs. 9 and 1D Sev-  reaches unity after the injection af~8x10"® pCcm 2
eral experiments were carried out on poled and unpoled aredbig. 10. Poled areas exhibit longer decay kinetics than un-

to determine, first, the average value&jf (value at the be- poled ones. The kinetics observed here corresponds to the
ginning of irradiation and second, the variation & with  evolution of the contrast observed in the images presented in

respect to the implanted dose. Results show a very smalflig. 8. In the last imaggFig. 8(f)], the charge densities in-

difference oféy,, (69 average valuein the two areas: theses jected in the outer and inner part are about the same: 2.17

values are &, (poledregion=1.75+0.13 and &y, X10"°pCcm? and 2.5510"° pCcmi 2, respectively.

(unpoled regiony 1.85+0.04. This is consistent with the The contrast is thus the same in these two regions. This

weak contrast observed in the external part of Fifp) 8or-  contrast is due to the difference in the SEEY between poled

responding to 700 pC cri. However, during electron bom- and unpoled areas represented in Fig. 9 for a charge density

bardmentgin the unpoled region decreases much faster thaof 2.55< 10"° pC cmi 2. To obtain a complete vanishing of
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S : : FIG. 11. Variation of the SEE yield of UPS 159 on unpoledUP) and
2 poled(P) areas with the injected charge densitypefore the scans presented
in Fig. 12b). E=5000 eV,J=1.45.10"% pAcm 2.

of 8y is 0.63+0.01, the dispersion being due to the measure-

ment precision. In the poled region, a dispersionsgfbe-

tween 0.40 and 0.54 far beyond the instrument precision is

X UP apP observed. Figure 11 shows also a difference in the charging

kinetics, which is faster in the unpoled region, like we have

- observed for electron energy of 1100 eV. At a high injected

0 200 000 400 000 600 000 charge density(Fig. 12, the SEEY reaches a very stable

o (pC.cm?) (b) steady value 5.=0.84 in the poled area foro>5

X 10" pClcnt, whereas in the unpoled ared, exhibits a

FIG. 9. Variation of the SEE yield of UPS 159 in poled and unpoled areas "ather large fluctuation around the value 0.95 for

with the injected charge density. E=1100 eV,J=8.5.10"% pAcm 2 (a) >10" pClent.

the photograph showing the place of measurem@ntthe graph. Two spots, on the unpoled and poled aresg®ts 1 and 2

in Fig. 13@)], respectively, received the same charge density

o=1.2x10° pC/cnf. Then, the image presented in Fig.

13(a) was taken with a charge density of X30° pCl/cn?

just after the irradiation of the two spots for obtaining the

measurement shown in Fig. 11. The poled strip is darker than

the unpoled one consistently with the lowércoefficient

B. Investigation at 5000 eV appearing in Fig. 12the contrast is weaklt is noticed that
The same experiments as those reported in the sectidi® Wo spots are clearly visiblrighten in Fig. 13a) be-

above were carried out on UPS 159 at the eneFyy Cause they have received a higher charge density than the

—5000 eV. At this energyd,<1 so that the sample charges Packground and consequently theircoefficient is larger

negatively (Figs. 11 and 1R The current of the electron (Fig. _1])- ) )

beam impinging the sample was 12 pA. Figs. 11 and 12 Figure 13b) was taken with a charge density of 1.9

represent the variation @with the injected charge densisy < 10° pClent, so spots 1 and 2 received a total charge den-

in the poled and unpoled areas. From Fig. 12, it is clear for

these electron acceleration energy thavalues are different

0 T

the contrast, that is§=1 in both areas, a charge density of
about 8x10° pCcm ? is required. This implies about
11 000 scans under the experimental conditions.

in the two regions. In the unpoled region, the average value 1 XXy &nf(UP); 0.95
X
ga o o a
S &.{P)=0.84
8
i oP XUP
04 : :
0 : - : 0 100 000 000 200 000 000
0 3 000 000 6 000 0200 9 000 000 p (pC.cm'z)
c (pC.cm™)

FIG. 12. Variation of the SEE yield of UPS 159 on pole@P) and unpoled
FIG. 10. Variation of the SEE yield of UPS 159 on a poled area at large (UP) area for a large injected charge density E=5000eV, J
injected charge density. E=1100 eV,J=8.5.10"% pAcm™2. =1.45.10° pAcm2.
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FIG. 13. Secondary Electron Emission images of UPS 159 obtained for two different injected charge desitie®.3x 10° pC/cn? and (b) o=1.9
X 10° pC/en? showing the variation of the contrast after the irradiation presented in Fig. 10. Electron beam Ereé590 eV. Spots 1 and 2 have been
irradiated with 1. 10"® pC cmi 2 before being displayed by scanning.

sity of (1.2+1.9)x 10 pC/cn?. We note that the contrast B. Chemical origin of the contrast

between poled and unpoled regions is better. This is consis- A contribution from the chemical composition to the
tent with the difference in thé coefficient(the two s curves  gntrast also has to be excluded for a similar reason as pre-
separate Now, it is noticed that the spot 1 on the unpoled ioysly mentioned, i.e., the contrast will exist from the be-
area is brighter than in Fig. 1@, whereas the one on the ginning for any electron acceleration energy, in particular, for
poled area has completely vanished in the background. Corsiectrons with energy 1100 eV, i.e., in the outer part of Fig.
sistently with Figs. 11 and 12, in the unpoled region, theg() Especially, the smalP pollution or an effect of Al
SEEY goes on to increase with the injected charge whereagyping from the electrode would have been detected at the
for poled region it has leveled o_ff. This clearly d?'T‘O”Stratesoeginning if they exhibited an effect on SEEY. We can thus
that the poled and unpoled regions do not exhibit the samggncjude that there is no effect of chemical composition dif-
charging properties. ference if there is any.

IV. DISCUSSION C. Poling electric field induced contrast

To understand the evolution of the contrast in Figs. 8 and  The objective of thermal poling as described in the In-
13, we will examine the various contributions to the contrastroduction is to store a strong electric field in building a
in SEM, i.e., topography, chemistry, poling electric field, andspace charge by separating negative and positive charges.
glass structure modification due to poling. Thus, there could be an electric field in the poled region and
not in the unpoled one before electron irradiation. As the
SEEY is sensitive to the internal electric field, a contrast is

It is well known that the SEEY is sensitive to the topog- expected due to the difference of the intringicvalues be-
raphy. In the present case, the topography of the sample suween the two regions. If the poling field is directed outward
face is slightly changed under poling and this is described ifisuch as in Fig. 14)], it prevents secondary electrons to
details in another papé?.Let us just mention here that the escape and consequendlyin the poled region is less than in
level of the surface in the poled region has moved up a fewhe absence of the poling field at both energies 1100 and
nm with respect to the unpoled one. If a contrast was due t6000 eV. If the poling field is directed inward, the extraction
that change in topography, it would have been observed jugf electrons is favored and consequenilyin the poled re-
after one scan of 700 pC/énfior any electron acceleration gion is larger than in the unpoled regipfig. 14a)].
energy, in particular, for electrons with energy 1100 eV, i.e.,  Despite the rather large dispersion of the SEEY values in
in the outer part of Fig. ®). In fact, there is no evidence of the poled regions, it is noticed that, in averadg,in the
such a topographic contrast in this figure. Therefore any conpoled regions is less than in the unpoled ones, at both ener-
trast between white and dark strips afterwards cannot be atiies: 1.75 against 1.85 at 1100 eV and 0.47 against 0.63 at
tributed to the topography. However, the dark lines that un5000 eV. However, thanks to the different electron penetra-
derline the border between poled and unpoled regions in Figion depths, we deduce that the difference is smaller at the
8(f) could be attributed to a shadow effect. This line is notsurface than half a micron below. The decrease’ afrises
observed in Fig. 1&) where the electron beam energy andfrom an attracting field for the secondary electrons and it is
the electron penetration depk (E=5000 eVR~530 nm) thus concluded that poling has left an internal electric field
are larger than in Fig.(® (E=1100 eVR~20 nm). directed outwards on a depth of the order of the electron

A. Topographic origin of the contrast
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screening, the induced electric field overcomes the external
| one by several orders of magnitudes. Here, it is too small and
FFFFF T FFIET in fact, another electric field is formed by charge injection

1.1um fcreening electric field during poling process. This one cannot overcome the exter-

Negative polarization

- nal electric field. It is thus necessary to increase the external
one for obtaining large internal one.

Si substrate D. Glass structure modification induced contrast

We are now interested in the dynamic evolutionsahat
(@) is conditioned by charge mobility property in the insulator.
Usually, if the sample is insulating like in the unpoled areas,
Negative polarization the charge deposited during electron irradiation leads at each
I shot to a trapping of a fraction of this charge. This trapped
It 20 nm charge accumulates, producing an electric field beneath the

530 nm surface which induces a change of the SEE vyield until a
steady state is reachedthe so-called self-regulated

+++++++Ft++++ regime.S'Q

~ Quantitatively, forE=1100 eV, the self-regulated re-

Si substrate gime in unpoled areasdE& 1) is reached when the deposited

charge isoc=5x10"* pCcm 2 (see Fig. 9. This corre-

sponds to the following net trapped charger=1.25

(b) X 10"* pC cmi 2 deduced from by the following integration:

1.1 pm Tlectric field

FIG. 14. Electric field distributioria) scheme for the expected electric field ©
and the space charge distribution deduced from bulk thermal poling experi- 07— Jr [o(t)—1]dt, i)
ment. (b) Actual distribution due to poling taking into account the SEEY 0

results for an electron acceleration of 1100 eV and for 5000 eV. whereJ; is the primary current density. Using simple elec-

trostatic law, we calculate the additional surface potential at
the center of the spot assuming an equivalence with a uni-
implantation dept{530 nm for 5000 eV. Furthermore, the formly charge disk by the following formula:
large fluctuations of5,, that we have detected in the poled 2a
regions, indicate that the field is not uniform. V5:1+—UT’ ©)
The issue now is about this electric field orientation. (1+eneo
This is surprising if we note that the poling was negative inwheree, ande are, respectively, the relative permittivity of
this sampleg(i.e., the surface electrode was negative and thehe material £,~4 for SiO,) and the vacuum permittivity.
substrate positive Let us recall that during the poling pro- With *“a’’ ~16.3um, the radius of the irradiated area, we
cess(30—100 Vum, 300 °C, 0.5 h some species are mobile find Vg~57.4V in the unpoled area.
and move to the electrodes of polarity opposite to their sign.  If we perform the same calculation in the poled area for
For instance, Na migrates to the negative electrode ando=8x10° pClcnt (Fig. 10, we find Vs~2730 V which is
leaves behind negative ions trapped in the netwdrksuch  beyond the incident electron beam energy. Of course, this is
a way that a screening electric field built on mobile spéties not possible at the sight of the images presented in Fig. 8
would lead to the case depicted in Fig.(@4(case met in  because such a surface potential would lead to a strong dis-
bulk thermal poling with the electric field directed inwards. tortion of these images. The potential is therefore much
The above results are thus not consistent with this delower, probably of the same magnitude as in the unpoled
scription. Recently, it has been shown that charge injection isegion. The other possibility leading to a staldle 1 is the
possible from the electrodéslike electrons from the nega- existence of a spreading of the charge in the bulk. It is thus
tive electrode or electron pumping from the positive one thatoncluded that charges do not stay confined within the spot
is equivalent to positive charge injectipsee Fig. 14)]. Of  area. This means that in the poled region, the conductivity
course, in this condition, the appligdxterna) electric field  allows the net positive charges to be eliminated from the spot
is not screened but is stored with the same orientation. Thiarea, which is not the case in the unpoled region where they
process is just limited by electric resistivity of the insulator are firmly trapped. We thus have to consider that poling pro-
and the thermal electron mean free path. As a matter of factess breaks the insulating properties of the glass. As a matter
Quiquempoiset al!! have shown that efficient electric field of fact, the surface potential can decrease a lot if the charge
screening is not possible in a thin layer as it required a larger is decreased due to migration to the bu#ven if the
charge separation. Thus, we confirm this theoretical resulsample is electrically isolatedit is even more efficient if the
However, these authors showed that charge injection desample is electrically grounded. This conclusion is reinforced
stroys the screening charge but in our case, the charge injeby the study at 5000 eV.
tion is the most efficient process of space charge formation At 5000 eV, the SEEY reaches steady state values less
leading to storage of external dc electric field. In the case ofhan unity, equal ta5,,=0.95 andés..=0.84, respectively, in
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the unpoled and poled areas. This means that the sample @& Difference between poled and unpoled area in
continuously charging with electrons in proportion to the in-EPMA measurement

jected dose. If all these electrons were trapped in the spot
areas under the electron penetration deg@#2 um), giant
negative surface potentials would be obtained from E2js

The processes, involved in the EPMA measurements de-
scribed in Sec IIC, are correlated with the processes de-
X k scribed above. The x rays used in this method are emitted on
and (3). It would be much higher than the acceleration po-ghg jncident electron pathway like another relaxation process
tential of the electron beam. Clearly, here also, the chargg,an secondary electron emission. The escape depth is some-
spreads out of the irradiated area using charge relaxatiognat larger ca. lum. But the depth of origin depends on
processes in order to limit the surface potential. Looking atpeir energy, in fact. For oxygen dosage, we ukedline at

Fig. 13, the difference in the contrast evolution of the twogg eV, whereas for Si or Ge ones, the lines wire at
spots 1 and 2 suggests that two different relaxation process§$40 and_« at 1188 eV and thus photons from oxygen arise
regulate the surface potential in unpoled and poled regionsgm 4 layer whose depth is different from the photons from

SiKea. As incident electron penetration depth varies with the
_ _ N electric field in the sample produced by the electron implan-
E. Charge relaxation processes in unpoled silica tation, this induced electric field depends on the conductivity

It is observed in Fig. 12 that reaches a steady state at ProPerty of the glass at the place of measurement. As we
around 2< 107 pC/cn? and exhibits chaotic fluctuations. The N@ve shown that conductivity is larger in the poled region,
large rate fors to reach the steady state reveals that the nethe electric field is smaller than in the unpoled regions. The
electron charge injected at 5000 eV in unpoled silica is stabl&8PUISive electric field is smaller and thus the probed depth is
in time, which means that electrons are firmly trapped. Howherefore larger. This leads, therefore, to a smaller counting
ever, assis smaller than 1, charges accumuléfhis regime in the poled regions. This effect is not identical for different
requires a large amount of charges trapped in depth to K§TaY energy and the resulting total wt% departs from 100.
reached because the penetration depth at 5 keV is large fadiS effect is currently more deeply studied because it leads
to the secondary electron escape dépiut, the accumula- to variation of chemical content determination depending on
tion of charges also produces a strong electric field betweelfi€ €laboration method for glasses of the same chemical
the sample surface and the silicon substrate. If this fiel@@MPOsition.
reaches the characteristic detrapping field of sil@bout 5
MeV/cm), before the self-regulated regime is reached, a dey. CONCLUSIONS
trapping process takes place leading to a large expansion of ) )
the trapped charge distribution and a reduction of the surface W& have measured SEEY in poled and unpoled regions
potential. In other words, the surface potential in unpolec®f the same sample for detecting the electric field induced by
silica is regulated by a succession of trapping/detrappinéhermal poling. We have _detected an electric field in the up-
events leading to a steady state value=0.95 of the SEEY. P€T half of the sample thickness and we have found a larger
The chaotic character of the process gives rise to large flu€onductivity resulting from a perturbation of the glass struc-

tuations of the surface potential and consequently tosthe ture by the poling process. We have detected an electric field
value as observed in Fig. 12. in the same direction as the poling field. This confirms the-

oretical models and explains experimental features of the
poling in layer configuration.
In thermal poling of bulk sample, the charges in the ther-
mal poling process are recognized to be carried by Na and/or
It is observed in Fig. 12 thaé reaches a steady state at H traces. Those charges migrate towards negative electrode,
5x 10’ pC/cnt and then remains stable at a value departingnegative charges being trapped in the glass netwdrke
from 1 clearly(0.84). This large departure shows that the netscreening of the external electric field progresses with the
electron charge injected at 5000 kV in poled silica is notcharge separation. In silica, the positive charge was previ-
stable in time, which means that electrons are mobile andusly close to negative centers like negative nonbonding
leave the spot area. The test of stability will be described iroxygen. Because positive charges are in a low concentration
details elsewhere. Here, the nonstability of the injectecand not very mobile, it is difficult to reach large vallesf
charge is attested by the fact that spot 2 vanishes as irradighe distribution of the electric field inducedhe screening
tion dose increases, contrary to spot 1. Thus, the surfadield) in a 1.1 um sample.
charge which regulates the surface potential results from a At the same time, another process occurs: charge injec-
balance between the flux of incoming electrons and the flution. The electric field used for the sample UPS 159-R0
of mobile electrons leaving the spot area. This competitiorV/1.1 um. This large value allows the injection of electrons
which depends on the current density leads to an equilibriunfrom the metal to the glass and pumps some other electrons
with a steady state valué=0.84 which remains less than from the glass to the silicon substrate. This process makes a
unity. In other words, in poled silica, the surface potential ischarge separation on a small distance. SEEY is, therefore, a
regulated by the mobility of electrons. As this process is softsuitable method for detecting this electric field.
compared to the abrupt detrapping events, the steady state We point out also by SEEY measurements that the insu-
value 6., is weakly noisy. A calculation is underway to give lating layer poled is perturbed enough to lose a part of its
an estimate of the surface potential as a functiod,of insulating character. There is probably creation of defects

F. Charge relaxation processes in poled silica
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