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It is found that the second-order nonlinearity induced in lead silica by electron-beam irradiation
increases linearly with the lead percentage of the glass and a value of 4 pm/V has been estimated
for ZF; lead silica. The electrostatic field created under the glass surface increases with the lead
percentage, which can be explained by the theory of stopping collisions of fast electrons. The layer
depth is found proportional to the inverse square root of the lead percentage. The accumulative
effect of electron irradiation for inducing the nonlinearity appears limited by the breakdown
threshold in the charged layer. An optimum total electron charge per unit of scanned area of 0.29
C/n? has been determined for SElass. Nonlinearity layer depths of 1.9—4um have been
estimated by chemical etching for different lead silica and electron voltages, and the coefficients of
the Bohr—Bethe penetration formula have been determined fgrg&iss. ©1998 American
Institute of Physicg.S0003-695(98)04047-9

Glass is a centrosymmetric material and has therefore nfsame with 1000 scanning lingsand PH mod&160 s/frame
second-order susceptibility?). However, a variety of cen- with 2000 scanning lingés The scanned area was 5
trosymmetry breaking procedures have been demonstrated 3.7 mnt in the center of the sample and the line spacing
the last years ang(® values as large as 1 pm/V have beenfor the three modes was 14.5, 3.7, and /8, respectively.
achieved in the surface of pure silica by thermal poling under  After irradiation the samples were tested for evidence of
an applied electric fiefdand in the surface of a lead silica SH generation. AQ-switched Nd:yttrium aluminum garnet
plate irradiated with an electron bed&m. (YAG) laser providing 0.4 mJ, 6 ns pulses of 1.06#n

Both the thermal poling® and electron irradiation radiation was focused onto the electron-beam scanned area
technique$ lead to x(?) values of the same order in a thin of the sample in similar conditions as in Ref. 1. The focus
layer beneath the glass surface. Nevertheless, Kazanslgpot was of 4Qum in diameter and it covered a certain num-
et al® have shown that the electron-beam irradiation doeder of scanning linegfrom two or three in the TV mode to
not work on pure silica but erases the second-order nonlinmore than ten in the other mode3he SH signal from the
earity in thermally poled silica. The same authors observedreated lead silica samples was calibrated by comparing with
the absence of second-harmori®H) signal in poled lead the signal obtained from a piece of crystalline quartz under
silica samples with unspecified Pb concentration. This motisimilar light irradiation conditions. A value of about 4
vated us to investigate the role of the lead component in bothm/V was estimated for a ZFsample scanned at 6 nA and
x®-inducing techniques and this letter presents results cor80 kV for 15 min in SL3 mode or, equivalently, with a total
cerning with second-harmonic generation by electron-bearalectron chargg TEC) per unit of scanned area of 0.291
irradiation on a variety of lead silica glasses. We have foundC/m?. The phase matching factor has not been considered by
that the SH signal by electron implantation increases linearlgssuming an effective layer depth ofu2n, much less than
with the lead concentration. On the other hand, SH generdhe coherence distance ofun.
tion has been also observed in thermally poled lead silica As shown in Fig. 1, the SH signal increases linearly with
with high Pb concentration and in this case the SH signal
increases exponentially with the Pb concentratfon. TABLE I. Composition in percentage of the lead silica glasses used in the

We used different kinds of commercial lead silica work.
glasses, |; SF,, Sk, and ZF, in which the weight con-

centration of PbO is 47%, 51%, 61%, and 71%, respectively, Lead silica glasses

and other components as listed in Table I. The 2-cm-diam F, Sk, Sk, ZF,

1-mm-thick samples, po_hshed on bpth sides, were irradiated 16.05 5118 6123 20.93

by an electron beam in a scanning electron microscope. g;q, 46 .44 41.32 31.19 27.27

Three scanning modes were alternatively used: TV mode Nao, 0.71 0.45 0.5

(0.017 s/frame with 255 scanning linesSL3 mode(20 s/ K:0 5.46 7.0 5.932 1.0
As,0; 0.05 0.05 1.0 0.3
Sb,0, 0.25 0.2
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FIG. 1. SH signal obtained from lead silica glasses of different lead cong g 2. SH signal in SFsamples as a function of the total electric charge by
centration. The ele_ctron beam_ irradiation was at 6_nA and 30 kV in SL3changing either the irradiation time with a fixed current of 6 nA, cuie
mode, and for 5 miria) or 15 min(b). The total electric charge per unit of ¢ the beam current with a fixed time of 15 min, curi®. The electron-
scanned area was 0.0 and 0.291 C/th(b). beam scanning was at 30 kV in SL3 mode.

the lead percentage. The samples were irradiated with 6 nArea is proportional to the lead concentratilnbecause the
at 30 kV in SL3 mode, either during 5 min, lif@), or 15 effective nuclear charges of other elements are much less.
min, line (b). These two irradiations correspond to a TEC of Thus, x(?«3xExNoxr, wherex(® is the third-order sus-
0.097 and 0.291 C/mrespectively. The slope of lingp) is  ceptibility of lead silica,E the electrostatic field and the
larger than that of ling€a). The increase of three times of the lead percentage. Since the SH signal may be assumed pro-
TEC produces increases of about 30%—-40% in the SH signglortional to (?L)?, whereL is the depth of the nonlinear
only. The SH signal from ZFis about 60% larger than that layer, and the experimental results indicate a linear growing
from F,. Similar results were obtained for the different scan-with r, we than conclude thatecr ~%/2,
ning modes so that the density of scanning lines is not sig- Figure 2 shows the SH signal in sBamples as a func-
nificant. The SH signal depends on the lead percentage in th®n of the irradiated TEC values by changing either the ir-
lead silica glass and on the TEC of the electron irradiation.radiation time with a fixed current of 6 nA, curya), or the

The role of lead can be understood in a twofold way: thebeam current with a fixed time of 15 min, cur¢e). The
permanence of charges and the enhancement of the ionizaxaximum of curvea) at 0.29 C/m corresponds to 15 min so
tion rate by electron collisions. According to the results ofthat both curves would be coincident in that point but differ-
Ref. 2, there exists a pair of positive and negative chargeént samples were used for the measurements. The curves
layers below the glass surface and the negative layer locat@yerlap closely for low TEC values, but cure) drops
deeper than the positive one. A strong space-charge electrguicker than curve@ at the other side of the maximum.
static field is created and, acting on the third-order susceptiElectric breakdown occurs in the space-charged layer for
bility induces they(?) nonlinearity in the layered structure. TEC values larger than the optimum and the inner field be-
The presence of lead may aid in establishing the positiveomes weakened. The inhomogeneous distribution of
layer by the ionization collisions of electrons with lead oxide charges when scanning at high electron currents probably
radicals, while the electrons stop deeper and build the negaxplains the stronger breakdown effects in cuitwe Similar
tive layer there. On the other hand, during the stopping colbehavior was observed in other lead silica glasses.
lision of fast electrons on glass, most of the energy of the = We analyzed the depth profile of the nonlinearity by ap-
electrons is exhausted in exciting substrate molecules anplying differential chemical etching with a very dilute HF
only a small part of it contributes to the ionization solution (0.5 wt.%9 and measuring the residual SH signal.

collision!! The ionization rate per cm is The etched depths were determined with a Michelson inter-

Sy 27TN€42 CniZn o 2mo? 1 TABLE Il. Etching results in Sk samples irradiated in the SL3 scanning
“Tm? 4 g, %c, (D fode at 6 nA for 5 mInTEC) of 0.097 C/rA).

where N is the atomic density on the targetw?/2 is the 30 kV Etched depttium)

kinetic energy of electrong is the electron chargey and| 0 25 45 5.5

are the shell quantum numbeg, is the electron number in SH signal(arb. unit$ 760 680 280 120

the shell,— E,, is the electric strength in the shel,, is the  25kv Etched depttium)

guantity characterizing the energy of the shell, @pds an 0 53 43 50

integral matrix element proportional to the square of effec- SH signal(arb. units 725 610 90

tive nuclear charges acting on the nl shell electrons. Hencep kv Etched depttium)

the ionization rate is proportional to the square of effective 0 14 27 4.0

nuclear charges and so the ionization cross section of lead is SH signal(arb, unita 550 400 50

much larger than that of silicon. The ionized charge per unit
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depths in scanned ZKglass are Zum for 15 min and 3.5um
for 5 min, at 6 nA and 30 kV in SL3 mode. The layer depth
basically satisfies the inverse square root relation; ~ /2.

Figure 3a) shows a microscopic view of the scanning
pattern after etching. The horizontal straight line denotes an
etching step and the black dots denote deep holes formed on
the edge of the scanned area. Such holes appear quickly dur-
ing the first etching step and may be associated with accu-
mulation of charges induced by the electron-beam scanning
dynamics.

In conclusion, we found that the second-order nonlinear-
ity induced in lead silica by electron beam irradiation in-
creases linearly with the lead percentage of the glass. This
can be explained from the theory of stopping collision of fast
electrons, showing that the ionization rate is proportional to
the lead percentage, and the depth of the induced charge
distribution is proportional tor ~*2. The x(?) value of 4
pm/V obtained in ZF glass irradiated with 0.29 C/mis
about four times that found in poled pure silica. The depth of
the charged layer has been estimated by chemical etching
and the values of 1.9—-4m have been obtained for differ-

FIG. 3. (@ Microscopic view covering 2.7 mm1.8 mm of the etched gon¢ glectron voltages in different lead silica glasses.
surface of a Sfsample. The electron-beam irradiation was at 6 nA and 30
kV, for 5 min in the SL3 mode. The horizontal line near the bottom denotes
the space-selective etching in-between 2 and 7 min etching times. The black
spots are deep holes due to fast etching and appear distributed along the
edges of the scanned ared) Enlarged view of the scanned area edge 'R. A. Myers, N. Mukherjee, and S. R. J. Brueck, Opt. L&, 1732
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