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Abstract

Recent work on glass poling and de-poling using electron implantation is reviewed, including preliminary
results on the level of second order nonlinearity induced in glasses of different composition, experiments
to clarify the form of the induced second order tensor in thermally-poled silica, and proposals on the
underlying mechanisms both of electron implantation and thermal poling.

1. Introduction

Until fairly recently, second harmonic generation in specially treated glasses and glass fibres has been of
more scientific that practical interest, owing to the small levels of nonlinearity (several orders of magnitude
less than in lithium niobate) that could be induced [1-7]. During the past two years, however, a number of
glass poling techniques have emerged that produce second order nonlinearities approaching 1 pm/V; for
comparison, the coefficients in lithium niobate are 6 pm/V (using birefringent phase-matching) and 35 pm/V
(using quasi-phase-matching). Such levels of nonlinearity are large enough to be useful for parametric
frequency conversion (there is also evidence that the electro-optic coefficients in poled glass are of order
7 pm/V [8]). These new poling techniques are: thermal poling of fused silica at 250°C under an applied
electric field [9,10] (the second-order nonlinearity appears in a thin layer just under the anode),
corona-poling of glass waveguides [11], and the subject of this paper: charge implantation by exposure to
a focused electron-beam [12,13]. Electron implantation has the advantage of high spatial resolution -
necessary for creating both periodic quasi-phase-matching (QPM) structures for second harmonic generation
(SHG), and complex patterns for advanced electro-optic modulators. In this paper we review our results,
speculate a little on the underlying physical mechanisms, and assess the practical usefulness of the effect.
The paper is organised as follows. Sections 2 and 3 cover electron implantation, sections 4 and 5 describe
our work on thermal poling (including some ideas on the underlying mechanism), section 6 reports on the
use of electron implantation to erase a thermally poled nonlinearity, and section 7 deals with the practical
implications of the work and presents conclusions.

2. Electron implantation: experimental results

A number of different glasses were tested (Table I) by exposure in a scanning electron microscope (SEM),
followed by non-destructive optical characterisation (described below) which permitted the spatial
distribution of the induced x® to be mapped out. The most successful results were obtained in samples of
doped lead-silicate glass (Pb~40 wt%, plus several wt% of Ce and TiO,). Electron-beam currents were in
the range 0.3 nA to 10 nA at beam voltages between 5 kV and 40 kV. The spot size was less than about
0.1 ym. The TV mode (0.064 ms/line and 0.017 s/frame) as well as the SL-3 mode (20 ms/line and 20
s/frame) were used. The first samples were 3 mm X 20 mm X 25 mm, polished on both faces. Areas of
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Glass d33/(d3; of doped lead glass) |
F7 (lead glass) 0.4
Ge doped silica glass 0.25
Nb doped silica glass 0.1
Ti+Zr doped silica 0.1
glass
lead germanate glass 0.01
phosphate glass <0.01
Table I: Second order nonlinearities induced in various glasses by electron implantation, as a

fraction of that obtained in Ce-doped lead silicate glass

about 1 mm X 1 mm on the surface of the samples were irradiated in the SEM. The duration of the
irradiation ranged from 20 sec to 30 min.

After irradiation, the samples were tested for evidence of second harmonic generation. Q-switched (1 kHz
repetition rate, 200 ns envelope duration) mode-locked (76 MHz repetition rate, 3 ns pulse duration)
Nd:YAG laser pulses at 1064 nm were used as a pump source, at an average power of 1.2 W. The pump
beam, polarized in the plane of incidence, was focused (using a lens of focal length 10 cm) onto the
electron-beam irradiated areas (Figure 1). The angle of incidence (about 60°) was chosen to lie close to the
Brewster angle, and the diameter of pump beam in the focal spot was about 40 um. Relatively efficient SHG
(visible to the naked eye) was observed from regions which had been exposed for about 1 min to the
electron-beam. Longer exposure times did not significantly increase the second harmonic signal.

No visible second harmonic signal was observed in similarly treated samples of soda-lime glass. Exploring
the dependence of second harmonic power on electron-beam energy and current, we found that the second
harmonic signal increased as the electron energy to the power of 3.4 up to the limit of 40 keV imposed by
the scanning electron microscope. It also increased approximately linearly with the electron-beam current;
however, the second harmonic signal obtained from different irradiated regions varied significantly at high
currents (about 10 nA). This behaviour is perhaps caused by inhomogeneous distributions of charge near
the surface, due to electrical breakdown of the glass at high doses of implanted charge. The second
harmonic signal at the edges of the irradiated regions was about twice as high as in the middle, which may
be due to fringing fields.

It was necessary to measure the depth profile of the induced nonlinearity in order to estimate accurately its
magnitude. Samples with dimensions 1 mm X 7 mm X 25 mm (polished on three sides) were prepared for
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Figure 1:  Geometry for oblique probing of poled glass samples

this purpose. The pump beam was focused onto the thin edge of the irradiated surface and the near-field
pattern of the second harmonic was imaged using a microscope objective and a video camera (Figure 2).
The second harmonic field distribution (Figure 3) consisted of a central lobe of width 6 um together with
two weak side-lobes. The width of near-field spot did not depend perceptibly on the electron-beam energy.
By comparing the near and far-field patterns, the second harmonic field in the side-lobes was found to be
7 out-of-phase with the second harmonic field in the central lobe. In some regions, the second harmonic
intensity of the side-lobes increased while the main lobe intensity decreased (Figure 3).

3. Electron implantation: discussion

These results support a mechanism based on a space charge field concentrated near the electron-beam
irradiated surface. The minima in the observed second harmonic intensity distribution clearly coincide with
the locations of implanted charge. Negative charge is concentrated at the electron penetration depth R,
given by 0.01 ><E01'8 in microns where Ej is the electron energy in keV [14]. The positive charge is located
near the surface and arises through secondary electron emission [15]. These two oppositely charged layers
create an electrostatic field, localized in between. The main peak in the near-field second harmonic intensity
distribution coincides with this region. It is likely that the side-lobes in the second harmonic pattern arise
from inhomogeneities in the charge distribution, which themselves may be caused by the step-wise scanning
of the electron-beam. Indeed, the intensity of side-lobes was smaller after irradiation in the SL-3 microscope
mode, when the distance between the scan lines was smaller (1 um compared to ~4 pm in TV-mode).
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Figure 2:  Geometry for perpendicular probing of poled glass samples

It is worth mentioning that photo-induced second harmonic generation has already been observed in this
glass [6]. The appearance of a second-order nonlinearity in the same glass by different methods is significant
from the point of view of elucidating the underlying mechanism. Indeed, the existence of out-of-phase
regions in the second harmonic near-field patterns both in the photoinduced case [6] and in the present case
suggests that one and the same mechanism - macroscopic charge separation - is operating.

Taking into account the oblique transmission angle of the pump beam through the glass substrate, one
obtains a nonlinear interaction length of about 7 um (the pump-to-second harmonic coherence length of the
lead-silicate glass was about 30 um). This gives a value of second order susceptibility x® = 2 d;3 ~ 0.7
pm/V, which yields an electrostatic field of magnitude x@/x® ~ 1.5x107 V/cm, taking x® = 5x107%2
(m/V)z. This value of nonlinear susceptibility is about 40 times higher than the one reported in [6].

4. SHG in thermally-poled glasses: experimental results

It was of interest to investigate whether lead silicate glass (which has a high x3) responds to thermal poling
as well as electron implantation, and to compare the resulting second order nonlinearity (if any) with that
obtained in silica. Following Myers et al [9], fused silica discs (1.3 mm thick, 20 mm in diameter) were
heated to about 300°C in an oven while applying a voltage of 4 kV. After some 20 minutes of poling the
samples were cooled to room temperature. The anode and cathode dimensions were 2 mm X 20 mm and
35 mm X 75 mm respectively, and they were pressed against the sample. After cooling to room temperature
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Figure 3:  Second harmonic intensity profile measured using perpendicular probing technique (Figure 2)

they were removed. Q-switched and mode-locked Nd:YAG laser pulses at 1064 nm were once again used
to probe the second order nonlinearity (see section 2). No second harmonic signal was observed in the lead
silicate samples treated by the thermal poling technique, while a strong signal (comparable to the value
observed in the electron-beam irradiated lead silicate samples) was observed in samples of fused natural
quartz. While scanning the focused laser beam along the surface of the sample in the direction perpendicular
to the anode, we were surprised to observe a second harmonic signal outside the electrode region (Figure
4). The second order nonlinearity extended over an area some 1.8 times wider than the original anode.

The distribution of the nonlinearity perpendicular to the plane of the anode was characterized by the same
non-destructive optical technique illustrated in Figure 2. A 1 mm wide piece was cut from the poled
substrate. The two faces parallel to the direction of the applied electric field were polished, and a p-
polarized pump beam was focused on one these faces near the edge where the anode had been placed during
the poling process. The pump beam was perpendicular to the polished end, and the spot size of the focused
beam was of order 50 um. The near-field pattern of the second harmonic was imaged by use of a
microscope objective and a video camera. The second harmonic spot was localised at a depth of about 12
pm below the anodic surface and the width of the spot was about 7 um.

We also used this simple arrangement to explore the ratio of nonlinear tensor components ds3/dy;. The

second harmonic signals generated by a pump beam polarized perpendicular (along the z axis) and parallel
(along the x axis) to the nonlinear layer were measured. The ratio of signals was about 4, which suggests
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Figure 4. Spreading of nonlinearity beyond positive electrode and erasure by electron implantation.

a ratio of nonlinear coefficients of about 2. To check this, we analyzed the second harmonic polarization
and were surprised to observe that it was elliptical for both pump polarizations. We also observed that the
near-field pattern of the second harmonic component with polarization parallel to nonlinear layer always
consisted two or more lobes (Figure 5), in contrast to the near-field pattern of the second harmonic
component with polarization perpendicular to the nonlinear layer, which was much more uniform. The ratios
of tensor components ds3/d;, measured with an output polarizer tuned for polarization perpendicular or
parallel to the nonlinear layer, were respectively 2.9 + 0.3 and 2.8 + 0.3. Each of these values is close
to 3 — the value predicted by a model based on a built-in space charge field.

J. SHG in thermally-poled glasses: discussion

Myers et al suggest [9,16] that fields E . of the order of 107 V/cm are generated in a depletion region near
the anodic surface, where cations such as Na™ are removed at the higher temperature, and then frozen in
by trapping as the temperature is lowered (a similar mechanism was reviewed in 1977 by Tomozawa,
although not in the context of second harmonic generation [17]). Via the third order susceptibility x@, this
field then creates a second order susceptibility x? proportional to x®)E,..

On the basis of our experimental results, it is possible to explain the localisation of the nonlinearity near the

anodic surface as follows. It is well-known that alkali metal ions (in particular Na* because of its high
mobility) are the main charge carriers in silica glass at temperatures of about 300°C. This is true in spite
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Figure 5: Second harmonic intensity patterns observed for pump beams polarised perpendicular (left) and parallel (right) to the
nonlinear layer; the second harmonic signal is monitored through a polariser oriented in the same direction as the
pump electric field

of the small concentration of these impurities (several ppm of Na* in fused natural quartz). Under the action
of the voltage applied to the heated glass, these ions will drift to the cathode where most of them are
neutralised by incoming electrons, leaving behind a negatively charged depletion region near the anodic
surface (assuming zero ionic conductivity at the anode). A high electrostatic field will then appear in the
depletion region just below the anode, peaking at the interface. Assuming that all the ions that reach the
cathode are neutralised, it is easy to show that in the steady-state the electric field &, at the anodic interface,
and the depletion region width w, are given by:
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where N, is the number density of ions before poling, g their electronic charge, e the dielectric permittivity
and V, p the applied voltage. After cooling of the sample and removal of the electrodes (and assuming no
extra charge build-up on the sample surface - such as positive ions attracted from the atmosphere), this field
should redistribute itself to yield a zero in the centre of the depletion region. Under these circumstances,
the space-charge field cannot be expected to peak consistently at 12 um below the anodic glass surface, as
experimentally observed. If, however, breakdown occurs in the high field at the anode surface, electrons
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could flow into the anode, creating a positively charged layer within the depletion region (see Figure 6).
A large frozen-in electrostatic field will then arise in the region between these two layers. This region is
depleted both of Na™ ions and electrons, and will therefore have very low thermal conductivity as well as
photoconductivity. The two-layered structure will be electrically neutral, which may permit the formation
of a second depletion region further inside the glass; this could explain the appearance of several side lobes
in the second harmonic pattern. This picture is confirmed by recent measurements we have made on the
sign of the field at different surfaces on the samples. After poling at 230°C (using the electrode
arrangement in Figure 4), a negative charge was left behind under the anode, whereas all other surfaces
were positively charged. After poling at 280°C, however, the sample was electrically neutral, suggesting
that once the depletion region is fully developed (owing to enhanced ionic mobility at the higher
temperature), breakdown occurs.

region of

direction of very high field
Na migration /

layer of atomic Na

0
electric field / electric field /\ 0

without breakdown with breakdown

Figure 6: The proposed mechanism of negatively-charged depletion region formation, followed by breakdown and
neutralisation. The figures represent the situation after the field is turned off and the electrodes removed (the
anode was on the right in each picture).

Our experiment on the measurement of the x¥) tensor components provides evidence in support of an
electric-field induced x® model. The existence of "forbidden" field components in the second harmonic
signal (i.e., those with polarization parallel to the nonlinear layer for pump light polarised parallel to the
layer) can be explained by lateral non-uniformities in the charge distribution. Indeed, components of
electrostatic field in the plane of nonlinear layer, pointing in opposite directions at each end of the non-
uniform region, must arise and cause highly non-uniform distributions of second harmonic field components
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polarized in this plane - as observed in the our experiments (Figure 5).
6. SHG in thermally-poled glasses: Electron-beam erasure

Finally, we investigated the use of electron implantation to erase selectively the x@ in thermally poled
silica. An SEM was used, at a beam current of 3 nA and an electron energy between 5 keV and 40 keV.
The TV scanning mode (see section 2) was used. Areas of about 1 mm X 1 mm on the surface of the
samples were irradiated for about 1 min. First, we tried to induce a x® in fresh silica glass samples. No
signal was observed in irradiated samples of synthetic silica, and a weak signal was observed in irradiated
samples of fused natural silica (some two orders of magnitude smaller than in the irradiated lead-silicate
samples). On the other hand, we found that the x'? in thermally poled silica was effectively erased by
electron-beam exposure. An exponential decrease of the second-order nonlinearity was observed with
increasing electron-beam energy [13].

A possible explanation for this erasure runs as follows. Electrons of energy E,, implanted at the electron
penetration depth R, (see section 3), cause neutralisation of the layer of positive charge located just near the
surface. This may in some respects be similar to the etching process reported by Myers et al, in which the
charged layer is gradually removed from the surface. Conductivity induced by the implanted electrons might
also lead to neutralisation of the frozen-in field created by thermal poling. No matter what the explanation,
the erasure of the nonlinearity is limited to the total interaction volume or the region into which the electrons
spread out inside the substrate. The size of this interaction volume is determined by the radial spreading of
electrons owing to various scattering effects. This radial spread is of the same order as the penetration depth
of the electrons [18]. The resolution, however is limited by the variations in the radial spread about the
mean value. This standard deviation can be smaller than 1 um, which is sufficient to write QPM structures
of 40 um pitch. It should be mentioned also that the temperature rise in a region irradiated by a scanning
electron-beam at currents of a few nA is less than 10°C [19]. Such small increases in temperature over a
time scale of 1 min cannot erase the induced second order nonlinearity.

7. Practical implications and conclusions

State-of-the-art lithium niobate waveguide devices offer figures of merit for SHG of 700 %/Wem? [20].
These devices require tight control of a 4 um QPM pitch over 1 cm lengths; a device 1 cm long, for a pump
power of 1 Watt, would yield an SHG efficiency of tanh*v'7) = 98%. Assuming a nonlinearity of 1 pm/V,
an optical fibre with a core area of 12 um? and a QPM pitch of 30 xm at 800 nm has a figure of merit of
300%/Wdm?. The technological difficuity of controlling a 30 um QPM pitch over 10 cm is comparable to
writing a 1 cm long QPM structure of pitch 4 um in lithium niobate; and for 1 Watt of pump power an
efficiency of tanh?¢(/3) = 88% would be obtained. Considering that single transverse mode CW fibre lasers
delivering average powers of 1 W are available [21], and seem likely to achieve 10 W, one can even
envisage 1 cm long all-fibre second harmonic generators with efficiencies of 88%.

In summary, large second-order nonlinearities can be induced in lead silicate glass by electron-beam
irradiation. High electrostatic space-charge fields are created in the glass, leading to electric-field induced
SHG. A non-destructive optical pump-probe method, in which the second harmonic signal is directly
observed in a video camera, provides a convenient means of locating and characterising the nonlinearity
created both by thermal poling and electron implantation. The ratio of nonlinear tensor components,
measured optically, agrees with the value 3 predicted by a simple electric-field-induced x® model. In
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thermal poling, substantial spreading out of the second-order nonlinearity beyond the boundaries of the
positive electrode is observed; this may present an obstacle to the creation of QPM x® gratings using this
technique. One possible solution would be to decrease the distance between the electrodes to a value smailer
than the QPM grating period. This would, however, significantly complicate the practical realisation of the
method, and perhaps lead to breakdown problems while poling. Surface conductivity may anyway cause
spreading out of the x‘?) region even for small gap distances. The problem can, however, be circumvented
by using a focused electron-beam to selectively erase the nonlinearity. The electron-beam technique, used
to write a QPM structure either directly in a fresh lead glass sample, or by selective erasure of the
nonlinearity in thermally-poled silica, is attractive because of its ease and accuracy, because there is no need
to deposit a periodic electrode pattern, and because of the wide availability of high resolution electron-beam
direct-write machines.
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