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ELECTRO-OPTIC SAMPLING
Field of the Invention

This invention pertains to electro-optic sampling of fast electronic and
opto-electronic devices and circuits.
Background of the Invention

Two-dimensional circuits have an open electrode structure which gives
rise to fringing fields above the surface of the circuit. External electro-optic (e-0)
probing techniques exploit the fringing fields to electro-optically sample fast
electronic and opto-electronic devices and circuits. An e-o crystal probe placed into
the fringing fields changes the crystal birefringence of the probe, which can then be
measured optically by means of a pulsed light beam which is passed through the e-o
crystal and is reflected from the circuit. Such external probes can be applied to
almost any type of circuit, because the interaction is based on the field effect. Since
no charge is removed from the circuit, the probe does not need to make an electrical
contact to the circuit. Some of the electro-optic techniques and apparatus are
disclosed in articles by J. A. Valdmanis and G. Mourou, “Electro-Optic Sampling:
Testing Picosecond Electronics, Part 1, Principles and Embodiments”, Laser
Focus/Electro-Op%tics, February 1986, pages 84-96, and "Electro-Optic
Sampling: Testing Picosecond Electronics, Part 2, Applications*, Laser
Focus/Electro-Optics, March 1986, pages 96-106; J. F. Whitaker et al., External
Electro-Optic Integrated Circuit Probing, Elsevier Science Publisher, B.V. 1990,
pages 369-379, and in U.S. Patent 4,891,580 issued January 2, 1990 to Janis A.
Valdmanis.

In FIGS. 6 and 7 is shown a typical prior-art arrangement, 10, being
used for optical sampling of an exemplary circuit having a plurality of conductors,
12, on a surface of a semiconductor substrate,13. Illustratively, the substrate and
conductors are part of an integrated circuit. An electro-optic {e-0) crystalline
probe 15, is mounted on a transparent support, 16, forming a supported probe, 14.
An end face of probe 15 is positioned over or on the conductor whose voltage
waveform is to be sampled. Sampling is performed optically by short-duration
pulses of a polarized light beam 17 which is directed through support 16 into

~ probe 14. Beam 17 is typically reflected from the conductor itself, but it may also be

reflected by an optional reflector 18 (shown in dashed line in FIG. 6) disposed on the
end face of the probe. The latter may be desirable in cases where the circuit is
sensitive to light.
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The material itself need not have an inherent birefringence.

Sampling pulses are generated by a pulsed laser 19, such as the well-
known balanced colliding pulse mode-locked (CPM) dye laser or a passively mode-
locked titanium doped sapphire laser, and are directed into the sampling apparatus

10 via a microscope objective 21. Probe 14 is mounted optically (not physically)
between crossed polarizers 22 and 23 and below a dichroic beam splitter 24 in such a
way as to facilitate viewing of the end face of the probe from above via a microscope
system 25. Incoherent white light is injected from an illumination source 26 through

, beam splitter 24 to illuminate the conductor below the probe. In this way, both the

15 conductor and the sampling beam spot can be seen together. Quartz compensating
plates 27 are included between polarizers 22 and 23 to operate the e-o crystal at a
“zero-order” quarter wave point. Polarizer 23, which is a polarizing analyzer, is used
to separate orthogonal polarizations and direct the output to dual differential light
detectors 28 and 29. The detector output is then fed to a lock-in amplifier and signal

20 averager, 30. The probe is then brought down to any suitable point on or above
substrate 13 for sampling the voltage waveform of a selected conductor.

A voltage waveform may be generated on the conductor by coupling a
test signal thereto (or to the circuit of which it is a part) either electrically via a
suitable (e.g. high-speed) electrical connection 31 or optically via optical delay

25 line 32 coupled to a photodetector (not shown) on substrate 13. In either case, well-
known sampling techniques are utilized so that the optical pulses and the waveform
being measured are synchronized, and the optical pulses are scanned across the
waveform to be sampled.

In operation, polarized beam 17 is illustratively used to sense change in

30 the birefringence induced in the e-o crystal. When the conductor being measured has
zero voltage on it, then the reflected beam (immediately before polarizer 23) has
orthogonal polarization components which are 90 degrees out of phase with one
another. These components are separated by the polarizing analyzer (polarizer 23)
and generate equal signals (balanced outputs) from detectors 28 and 29. However,

35 when the voltage on the conductor is not zero, the birefringence induced in the
crystal is changed, and an additional phase shift is produced between the two
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material such as fused silica rod bonded to the probe. The probe and a portion of the

rod adjacent to the LiTaO 3 slice are polished as a four-sided pyramid having a half

angle of about 30 degrees with the end face of the probe being 200 um or less on a

side. Deviations from 30° result in reduced facet reflectivities. The optic axis of the

10 LiTaOj is essentially perpendicular to the end face of the probe. If needed, an

optional high reflecting (HR) coating 18 (FIG. 6) may be evaporated onto the end

face of the probe so that the sampling beam can be reflected directly back to the

optical system without reflecting of the side facets. Microscope objective 21 is used

both to focus the sampling beam onto the end face of the probe and to recollimate

15 the reflected beam.

Conductors 12 on substrate 13 (i.e., the circuit) are energized via either a
waveform synthesizer (not shown) coupled to high-speed connection 31 and
synchronized with the laser or vice-versa by frequency locking the laser to a master
REF source or via an electrical signal from a photodetector (not shown) illuminated by

20 the laser pulses from delay line 32. Electrical connections to the circuit may be
made by conventional probes, a probe card, or wire bonding. Relative delay between
trigger and sampling times is introduced by the motor driven optical delay line 32,
although purely electronic means, in some cases, can also be utilized. Utilizing
apparatus of this type with optical pulses of about 100fs duration, it is expected that

25 measurement bandwidths in excess of 1 THz (1000 GHz) can be attained.

The measured electrical rise times are often longer than the optical
pulses. This difference is due in part to the distance the electrical signal must travel
from the excitation site to the sampling site, and in part to the distance the optical
sampling pulse must travel through the LiTaO3 sampling crystal. As the electrical

30 pulse travels along the transmission line it is dispersed, resulting in preferential
attenuation and radiation of the high frequency components. As the optical pulse
travels in the LiTaO3 crystal it propagates with the electrical pulse, but at a different
velocity. This results in velocity walk-off, causing the detected signal to appear

longer. This walk-off effect becomes enhanced as the crystal thickness is increased.
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Summary of the Invention

This invention embodies a new electro-optic sampling probe with
femtosecond resolution suitable for ultra-fast electro-optic sampling. The new probe
is several times thinner and has a dielectric constant four times less than the best
reported conventional bulk LiTaO3 probes. In addition, the ultimate bandwidth is
50 percent greater than an equivalent LiTaO3 probe. The probe is a thin film of
Al;Ga;_, As used in both total internally reflecting and free-standing geometries.
Here x is chosen for sufficient transmission of the crystal to the wavelength of the
laser source being used for electro-optic sampling. The thickness of the film is a
small fraction of the thickness of prior art probes and is chosen, for speed and
sensitivity of electro-optic sampling, to be thin compared to the spatial extent of the
laser pulse. The thin film probe eliminates many of the problems associated with the
use of bulk crystals as electro-optic sensors.
Brief Description of the Drawings

FIG. 1 is a schematic representation of AlGaAs crystal probe and total
internal reflection geometry, with both sensing and excitation beams passing through
the probe;

FIG. 2 is an electro-optically sampled data for AIGaAs using total
internal reflection geometry; the linear fit to the rise time (10-90 percent) being
400 fs;

FIG. 3 is a schematic representation of AlGaAs crystal probe and total
internal reflection geometry, with probe provided with a highly reflective coating
facing the sample circuit and with only sensing beam passing through the probe;

FIG. 4 is a schematic representation of a free-standing crystal probe
according to the invention;

FIG. 5 is an electro-optically sampled data for AlGaAs using the
freestanding probe geometry;

FIG. 6 is a schematic representation of a prior-art apparatus for use in
making voltage measurements on ICs; and

FIG. 7 is a schematic representation of a typical prior-art e-o voltage
sampling probe for use with the apparatus of FIG. 6.

Detailed Description

This invention embodies an electro-optic crystal probe for use with the
e-0 sampling system of the type described above. The probe may be utilized as a
crystal film supported on a transparent rod (FIGS. 1 and 3) or as a free-standing
probe (FIG. 4). In each instance, the probe consists of a thin Al, Ga;_, As layer

ht .
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crystal which is needed for sufficient transmission of the crystal to the wavelength of
the laser source being used in the electro-optic sampling. The crystal probe is much
thinner than the spatial extent of the optical pulse of a laser being used. For

5 example, if a wavelength of a 100 fs optical pulse is 30 um long in air, the thickness
of the probe is selected to be thinner than this wavelength.

For illustration purposes, various dimensions in the drawings are drawn
not to scale. Also, the same numerals have been used to denote the same or similar
components of the drawings.

10 The probe is fabricated using molecular beam epitaxy (MBE) to achieve
an active layer which is thinner and more uniform than that achievable through
polishing of bulk (e.g., LiTaO3 ) crystals. The probe was grown as a thin layer or
film on a (110) GaAs substrate wafer by molecular beam epitaxy. Use of a (110)
GaAs substrate places the optical axis in the plane of the wafer. The layer is then

15 removed from the substrate using selective etches. The thickness of the probe layer
is chosen to be thinner than the spatial extent of the optical pulse of a laser being
used. For CPM laser, the probe layer is about 7 pm thick. Thicker crystals can be
fabricated by either MBE or other epitaxial growth techniques such as Liquid Phase
Epitaxy. Thinner crystals are limited only by the fragility of the crystal during

20 processing. The Al content, or required band gap energy of the active layer, is
determined by the wavelength of the particular laser source used. For the case of the
CPM laser, this laser requires the use of AlggGag o As. On the other hand, a
passively mode-locked titanium doped sapphire laser source would require less Al,
since it operates at a longer wavelength. The requirement for a particular application

25 is the relative absorption at the wavelength of the laser source being used. The same
technique of band gap engineering can be used for other III/V material systems, such
as InP, and also for II/TV materials systems, such as CdS, since all of these materials
have birefringent properties. The same crystalline layer may be fabricated into total
internal reflecting geometries (either critical angle type, or through the use of a high

30 reflective coating) or free-standing geometries.

The supported probe 14 shown in FIG. 1 was prepared by gluing a small
piece of GaAs wafer with a thin AlGaAs layer thereon to a glass rod or block 16 and
polishing the probe and the adjacent end portion of the rod to a pyramidal shape,
such that the glass/A1GaAs interface is of an appropriate size. By appropriate size is

35 meant a size of the probe constrained by the visual limitations of the microscope to

be used in the sampling measurement, i.e., the AlGaAs crystal and the adjacent
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Internal Reflection (TIR) probe geometry, which does not require the high reflection

10 coating.

The electrode geometry is a coplanar strip transmission line with 5 pm
lines and spacings. The TIR geometry consisted of a simple multi-line system with
no contact pads within the time window. Probe 15 was used on samples on LT-
GaAs substrates producing electrical pulses "1 ps FWHM. Sampling beam 17 is

15 directed so that it impinges upon a facet of the pyramid, is directed to a point in
crystal probe 15, and is reflected toward the microscope objective 21. In this
instance excitation beam 32’ is directed as is shown in dashed lines in FIG. 6 and
impinges at about the same point as the sampling beam. FIG. 2 shows the measured
response. A linear fit to the rise time (10-90 percent) in FIG. 2 is “400 fs.

20 In FIG. 3 is shown a variant of supported probe 14, In this instance the
free surface of crystal probe 15 is supported on rod 16 and is coated with an HR
coating, 18; however, the sides of the support rod and the crystal probe do not need
to be shaped. In this instance excitation beam 32 does not need to pass through the
crystals as was the case in FIG. 1, but may be directed at a-different portion of the

25 circuit.

In FIG. 4 is shown an arrangement with a free-standing probe, 31. The
probe is approximately 7 um thick and is provided with an Anti-Reflectivity (AR)
coating, 33, which is applied to the top of the probe and a High-Reflectivity (HR)
coating, 18, applied to the bottom of the probe. In this arrangement, the sampling

30 beam is reflected from the HR coating. The excitation beam 32 (not shown) is 2-3
optical beam diameters away from sampling beam 17, resulting in a propagation
distance of approximately 15um. The reflections are assumed to be caused by

. nearby contact pads.

This probe is produced by growing an AlGaAs film on a GaAs substrate

35 wafer, in the manner similar to the growth of the probe for the variant shown in
FIG. 1. However, here the top surface of the AlGaAs film is AR coated, and the
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um gap is located 100 um from a side sampling gate. The side sampling gate is the
third electrode shown in FIG. 4, grounded in this configuration. This makes the

10 coplanar transmission line look like a three-line system at the sampling site.

Table 1 of the Appendix shows a comparison of physical constants of
AlGaAs and of other probe materials typically used for fast electro-optic sampling
(LiTaO3 and GaAs). In addition to the half wave voltage sensitivity, the dielectric
constant of LiTaO3 is very large, resulting in large signal dispersion for any

15 significant propagation distance inside the crystal. While GaAs has a better voltage
sensitivity than LiTaO3, it cannot be used with most femtosecond laser systems (the
band edge of GaAs is >850 nm). The AlGaAs probe offers a reasonable electro-
optic coefficient, but has a lower dielectric constant than either LiTaO3 or GaAs.
The probe used in this work is AlGaAs (80 percent Al), to minimize oxidation which

20 takes place with pure AlAs. At this Al content, optical excitation is indirect. The
refractive index, n(A = 620 nm) for AlGaAs is about 3.4, The static dielectric
constant, €, for GaAs is equal to 13.18, for AlAs is equal to 10.06, and, for
Al,Ga;_, As, it is given by a linear interpolation between GaAs and AlAs

= 13.18 - 3.12x (1)

25 For(x=0.8),&; = 10.68. Compared with LiTaO3 probes, the new probe is 5 to
100 times thinner and the corresponding dielectric constant is four times smaller
(ep = 43 for LiTaO3). Note that for small line dimensions the electric field falls off
exponentially on the order of the line spacing, so that a thinner probe is not
necessarily much less sensitive than a thicker one. _

30 To estimate the ultimate bandwidth of this probe, one should compare
the relevant resonance frequencies shown in Table 1. LiTaO3 has a vibrational
resonance at 6.3 THz and Al, Ga;_y As, with x=0.8, has a transverse optical (TO)
phonon (AlAs Type) at

44.63 + 0.55x - 0.3x%(meV) 2)

35 where x is the fraction of Al. For 80 percent Al, the TO phonon is 45.26 meV or

10.86 THz. The corresponding TO phonon in GaAs is 8.032 THz. The half wave
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voltage, V““h", is the voltage per unit length that must be applied to a given
modulator to retard the signal by « radians and can be found from:

Yot 3)» 3)
n rij

where n is the index of refraction, r;; is the appropriate electro-optic tensor element,
and A is the free space optical wavelength. Equation (3) is calculated in Table 1 for
all three materials. Using a value for the electro-optic coefficient of GaAs at 0.9 um,
AlGaAs is expected to be ten times less sensitive than an equivalent LiTaO 4
modulator. However, because of the shorter operating wavelength (0.62 vs. 1.0 yum),
of the AlGaAs crystal with 80 percent Al, AlGaAs is almost twice as sensitive as an
equivalent GaAs modulator. The shorter propagation distance inside the crystal
makes the total sensitivity less for a thinner crystal, as the integrated polarization
change is a function of modulator length. High frequency detection techniques make
sensitivity a less important issue for sampling applications of these modulators.
Similar calculations and considerations may be applied to AlGaAs crystal probes
with other than 0.8.

Additional advantages and modifications will readily occur to those
skilled in the art. i’I'hcnaforc, the invention in its broader aspects is not limited to the
specific details, representative devices, and illustrated examples shown and
described. Accordingly, various modifications may be made without departing from
the spirit or scope of the general inventive concept as defined by the appended claims
and their equivalents,
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of this type wi AFTBHelwFh iigtiopgidingl elegimo PRy i saiq crystal;ig a ghipdime g
t hat 5 comprising Al,Ga;_ As wherein x is chosen for sufficient transparency to a laser

source being used in the electro-optic sampling.

2. The probe of claim 1, in which the thickness of said film is chosen to
be thin compared to a spatial extent of the laser pulse of the laser source.

3. The probe of claim 1, in which the laser source is a CPM dye laser
10 with a spatial extent of the laser pulse =30ym, and said probe crystal is 5<7<27 um
thick.

4. The probe of claim 1, in which said probe is a supported probe which
is attached at an end portion of a support bar.

5. The probe of claim 4, in which the said end portion of the support bar
15 and the probe crystal are shaped in a form of a truncated pyramid.

6. The probe of claim 5, in which the truncated area of the pyramid is
200 pm or less on a side.

7. The probe of claim 5, in which the walls of the pyramid are inclined at
an angle of about 30° relative to the central axis of the supported probe.

20 8. The probe of claim 4, in which the free surface of the probe crystal is
coated with a high-reflecting coating.

9. The probe of claim 1, in which said probe crystal is a freestanding
probe.

10. The probe of claim 9, in which said probe crystal is provided with an -
25 anti-reflective coating and a high-reflective coating on the opposite plane surfaces of
the thin film, the high-reflective coating being on the surface intended to face the
circuit to be electro-optically sampled.
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the crystal thickness i $rdviff 8psie4l(110) GaAs substrate a layer of Al,Ga;_, As (AlGaAs),
wherein x is chosen for transparency to a laser source being used in the electro-optic
5 sampling of a thickness chosen to be thin compared to a spatial extent of a laser

pulse of the laser source, and
removing the crystal layer from the GaAs substrate.

12. The method of claim 11, in which the laser source is a CPM dye laser
with a spatial extent of the laser pulses being =30um, and growing said AlGaAs
10 layer in a thickness of 5<7<27um.

13. The method of claim 11, in which said electro-optic probe is a
supported probe, said method further comprising the steps of
attaching the layer to a support rod by transparent adhesive,
etching off the GaAs substrate, and
15 shaping an end portion of the support rod and the AlGaAs wafer thereon
to a pyramidal shape such that the walls of the pyramid are inclined at about 30°
relative to the central axis the supported probe.

14. The method of claim 11, in which said electro-optic probe is a
supported probe, said method further comprising
20 attaching the layer to a transparent support rod, etching off the GaAs
substrate, and
depositing on the free surface an HR coating enabling reflection of an
optical sensing beam from the coated surface at near normal incidence.

15. The method of claim 11, in which said electro-optic probe is a
25 freestanding probe which comprises:
depositing on a free surface of the crystalline AlGaAs layer an anti-
reflective layer (AR), said depositing being conducted prior to the removal of the
GaAs layer, and '
after the removal of the GaAs layer, coating the new free surface of
30 AlGaAs layer with a highly reflective layer (HR).



ultra-fast electro-optic sanpling. The new probe is several ti
dnd has a dielectric constant four times | ess than the best r
conventional bulk LiTagerr] probes. In a(iiiil tion, the ultihate bandwidth is

<4 - Summary of the Invention This invention erfoghe Sasch faced
el ectro-optic sanpling probe with fentosecond resol ution sui t m m\ “\

ELECTRO-OPTIC SAMPLING
Abstract
This invention embodies a new electro-optic sampling probe with
femtosecond resolution suitable for ultra-fast electro-optic sampling. The new probe
5 is several times thinner and has a dielectric constant four times less than the best
reported conventional bulk LiTaO3 probes. In addition, the ultimate bandwidth is
50 percent greater than an equivalent LiTaO4 probe. The probe is a thin film of
Al,Ga;_ As used in both total internally reflecting and free-standing geometries.
Here x is chosen for sufficient transmission of the crystal to the wavelength of the
10 laser source being used for electro-optic sampling. The thickness of the film is a
small fraction of the thickness of prior art probes and is chosen, for speed and
sensitivity of electro-optic sampling, to be thin compared to the spatial extent of the
laser pulse. The thin film probe eliminates many of the problems associated with the
use of bulk crystals as electro-optic sensors.



50 percent greater than an equivalent LiTadJerr] probe. ThJ p Pl et HasBeaniReplaced
filmof Al[err]Ga[err] As used in both total internally refll ec H 1 l
free-standing geonetries. Here x is chosen for sufficient tran$ HE !

the crystal to the wavel ength of the | aser gsource being used for

el ectro-optic sanpling. The thickness of t filmis a small fraction of

the thickness of prior art probes and is chosen, for speed and sensitivity

of electro-optic sanpling, to be thin conpared to the spatial extent of the

| aser pulse. The thin filmprobe elimnates many of the problens associ ated
with the use of bulk crystals as electro-optic sensors. Brief Description

of the Draw ngs FIG 1 is a schematic representation of A GaAs
crystal probe and total internal reflection geonetry, with both sensing and
excitation beans passing through the probe; FIG 2 is an

el ectro-optically sanpled data for Al GaAs using total

- FIG. 1
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internal reflection geonetry; the linear fit to the rise timery mn&whmﬁ
percent) being 400 fs; FIG 3 is a schematic repre

Al GaAs crystal probe and total internal reflection geonetry, WJE

provided with a highly reflective coating fgging the sanple ci

wi th only sensing beam passi ng through the probe; FIG 4is a
schematic representation of a free-standing crystal probe according to the
i nventi on; FIG 5 is an electro-optically sanpled data for

Al GaAs using the freestandi ng probe geonetry; FIG 6 is a
schematic representation of a prior-art apparatus for use in making voltage
.measurenents on I Cs; and FIG 7 .is a schematic representation

of a typical prior-art e-o voltage sanpling probe for use with the

apparatus of FIG 6.
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Det ai | ed Descri ption . This invention enbodi es an elfcShes HagfeprcReplaced
crystal probe for use with the e-o sanpling systemof the type [{3f

above. The probe may be utilized as a crystal filmsupported orEi{ERI N
transparent rod (FIGS. 1 and 3) or as a fregsstanding probe (FI'G" I'n

each instance, the probe consists of a thi®w/Al[err]Ga[err] As |ayer
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(hereinafter referred to as Al GaAs). Here, x is that fractiop ofis#dectitlasBeagReplaced
Al GaAs crystal which is needed for sufficient transm ssion o[ t I

to the wavel ength of the | aser source being used in the el ec.'roq “ '
sanpling. The crystal probe is nuch thi nneu/} han t he spatial ext

optical pulse of a |laser being used. For exanple, if a wavelength of a 100

fs optical pulse is 30 [errmlong in air, the thickness of the probe is
selected to be thinner than this wavel ength. For illustration

pur poses, various dinensions in the drawings are drawn not to scale. Al so,

t he same nuneral s have been used to denote the sane or simlar conponents
of the draw ngs.

. FIG. 4

13




The probe is fabricated using nol ecul ar beam epitaxy (NBE) to acbleve an
&ctive layer which is thinner and nore uniformthan that !
polishing of bulk (e.g., LiTaOerr] ) crystals. The probe
thin layer or filmon a (110) GAs substrgz waf er by nDIbcu
epitaxy. Use of a (110) GaAs substrate plaCes the optical’ aX| |n the
pl ane of the wafer. The layer is then renopved fromthe substrate usi ng

sel ective etches. The thickness of the probe layer is chosen to be thinner
than the spatial extent of the optical pulse of a | aser being used. For
CPM | aser, the probe layer is about 7 [err]mthick. Thicker crystals can be
fabricated by eithpr MBE or other epitaxial growth techniques such as

Li quid Phase Epitaxy. Thinner crystals are |imted only by the fragility
of the crystal during processing. The Al content, or required band gap
energy of the active layer, is determned by the wavel ength of the
particul ar | aser source used. For the case of the CPM Il aser, this | aser
requires the use of Al[f'm@?\[eg] As. On the other hand, a

VOLTAGE (V)
3

LB AR




passi vel y node-1 ocked titani um doped sapphire | aser source would require o
| éss Al, since it operates at a |longer wavel ength. The requi rréwSiet HipBeenRepliced
particular application is the relative absorption at the wavel |glHiFREEHE] l-
| aser source being used. The sane techniqug/?f band gap engi neg . |
used for other I11/V material systens, such *as InP, and al so for |

materials systens, guch as CdS, since all of these nmaterials have

bi refri ngent propenjh}%?.'TQ? sanme crystalline layer nay be fabricated into
total internal reflecting geonetries (either critical angle type, or

t hrough the use of a high reflective coating) or free-standi ng geonetries.
The supported probe 14 shown in FIG 1 was Brepared by gluing a snmall piece

of GaAs wafer with a thin AIGage | ayer thed@on to a gl ass rod o&sblock 16

and polishing the probe and theladjacent end portion of the rodéfo a

pyram dal shape, such that th HasAl GaAs interface is of an ropriate
size. By appropriate size is WTE wze0f _the probe constral §iCRPY| t he
visual limtations.of the m qro#MPe o SCOPE
AVERAGER | 28 w1
23
7 Cowp 2
A \
ILLUM
21 SOURCE
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i.e., the Al GaAs crystalpjggs ﬁfﬁ@Been;Repmed

e used in the sanpling neasurenent, i.e.,
adj acent - 6-1 I HE Y _
4 he support rod nust all be vvithinthefieJ’}i of viewif the sanil i lﬁ |m
I S 1
FIG. 7
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to be routed as shown in Fh&x &o\F gr a 20x ﬂ@@&&g%%c&lﬂﬁggio UREIV@)I}EMERP SHEET

I nt.erface is of the order off"‘ZUO rrlmor
substrate is then etched away IeaV| ng the th ﬁﬂmwl,l r atjt ac rﬁg&ﬁ t he
gl ass support. This technique produces thinn ers, G 4996
interface planarity than conventional polishing. A flat botto =I enent

allows the probe to be interferonetrically.aligned on the sa

Paral l elismon the order of a single fringe is routinely achi - -5
(TR “probe geomstry. whi ch ERECRROPPEFICRARRIING " of [ecti on coat i ng.
The electr odeﬁ;kbofaﬂmlnvgltmmopl anar strip transmssion line with 5 [err]m
System ui th no. cont act I5Aeeriop et SRR GitcamBidy Ptk btdobic ol
sanpl es on LTopteglstronis devigeeandtivsdiisi ng el ectrical pulses [err]1 ps FWHM
Sanpl i ng beangddkgrdund of the Invention
Two-dimensional circuits have an open electrode structure which gives

rise to fringing fields above the surface of the circuit. External electro-optic (e-0)

probing techniques exploit the fringing fields to electro-optically sampie fast

electronic and opto-electronic devices and circuits. An e-o crystal probe placed into

the fringing fields changes the crystal birefringence of the probe, which can then be

measured optically by means of a pulsed light beam which is passed through the e-o0

crystal and is reflected from the circuit. Such external probes can be applied to

almost any type of circuit, because the interaction is based on the field effect. Since

no charge is removed from the circuit, the probe does not need to make an electrical

contact to the circuit. Some of the electro-optic techniques and apparatus are

disclosed in articles by J. A. Valdmanis and G. Mourou, “Electro-Optic Sampling:

Testing Picosecond Electronics, Part 1, Principles and Embodiments*, Laser

Focus/Electro-Op@s, February 1986, pages 84-96, and "Electro-Optic

Sampling: Testing Picosecond Electronics, Part 2, Applications”, Laser -

Focus/Electro-Optics, March 1986, pages 96-106; J. F. Whitaker et al., External

Electro-Optic Integrated Circuit Probing, Elsevier Science Publisher, B.V. 1990,

pages 369-379, and in U.S. Patent 4,891,580 issued January 2, 1990 to Janis A.

Valdmanis.

In FIGS. 6 and 7 is shown a typical prior-art arrangement, 10, being
used for optical sampling of an exemplary circuit having a plurality of conductors,
12, on a surface of a semiconductor substrate,13. Illustratively, the substrate and
conductors are part of an integrated circuit. An electro-optic (e-o0) crystalline
probe 15, is mounted on a transparent support, 16, forming a supported probe, 14.
An end face of probe 15 is positioned over or on the conductor whose voltage
waveform is to be sampled. Sampling is performed optically by short-duration
pulses of a polarized light beam 17 which is directed through support 16 into
probe 14. Beam 17 is typically reflected from the conductor itself, but it may also be
reflected by an optional reflector 18 (shown in dashed line in FIG. 6) disposed on the
end face of the probe. The latter may be desirable in cases where the circuit is
sensitive to light. '

B
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directed so that it inpinges upon a facet of the pyramd, is]|dRERACEMERD SHEET
point in crystal probe 15, and is reflected toward the m crogc ]
21. In this instance excitation beam 32' is directed as is sho
lines in FIG 6 and inpinges at about the sane point as the ga

FIG 2 shows
percent) in
of supported

15 is supported on rod 16 and is coated with an HR coati ng,

t he sides of

t he neasured response. Alinear fit to the risefti
FIG 2 is [err]400 fs.

In FIG 3 is ghown a vari ant

probe 14. In this instance'gﬁe free surface of crystar—probe

t he suppd8rordardelctieq velirgeansasergmepisdhe cwrTysal of psebet B pe

18; however,

shaped. Int bbﬁpﬁgb%tata:ﬁ&eﬁﬁmﬁ,&mgﬁmsth?@ 'ﬁﬁinaaie%geffég& mmgtﬁ%%@mggﬁr oug[l
as,. wWwas e case I n . ma e I r e at,. a | eren
B iefigenerin response anly to elecig-Aek CAmPQReBSFALEh CoihE SHEGHENAE wi b
a free- st andibegn 17 08ince Ihelbeahhis dixecrbd pérperaliqulalyi tonhesurface pethe]condittark and
I's provided any%e?@é&ﬂﬁéﬂe%fﬂe?ﬁ:eﬁlhi\éhfay to(tﬁ‘a%)surface induce the desired birefringence.

the crystals
portion of t

The material itself need not have an inherent birefringence.

Sampling pulses are generated by a pulsed laser 19, such as the well-
known balanced colliding pulse mode-locked (CPM) dye laser or a passively mode-
locked titanium doped sapphire laser, and are directed into the sampling apparatus
via a microscope objective 21. Probe 14 is mounted optically (not physically}
between crossed polarizers 22 and 23 and below a dichroic beam splitter 24 in such a
way as to facilitate viewing of the end face of the probe from above via a microscope
system 25. Incoherent white light is injected from an illumination source 26 through
beam splitter 24 to illuminate the conductor below the probe. In this way, both the
conductor and the sampling beam spot can be seen together. Quartz compensating
plates 27 are included between polarizers 22 and 23 to operate the e-o crystal at a
“zero-order" quarter wave point. Polarizer 23, which isa polarizing analyzer, is used
to separate orthogonal polarizations and direct the output to dual differential light
detectors 28 and 29. The detector output is then fed to a lock-in amplifier and signal
averager, 30. The probe is then brought down to any suitable point on or above
substrate 13 for sampling the voltage waveform of a selected conductor.

A voltage waveform may be generated on the conductor by coupling a
test signal thereto (or to the circuit of which it is a part) either electrically viaa
suitable (e.g. high-speed) electrical connection 31 or optically via optical delay
line 32 coupled to a photodetector (not shown) on substrate 13. In either case, well-
known sampling techniques are utilized so that the optical pulses and the waveform
being measured are synchronized, and the optical pulses are scanned across the
waveform to be sampled.

In operation, polarized beam 17 is illustratively used to sense change in
the birefringence induced in the e-o crystal. When the conductor being measured has
zero voltage on it, then the reflected beam (immediately before polarizer 23) has
orthogonal polarization components which are 90 degrees out of phase with one
another. These components are separated by the polarizing analyzer (polarizer 23)
and generate equal signals (balanced outputs) from detectors 28 and 29. However,
when the voltage on the conductor is not zero, the birefringence induced in the
crystal is changed, and an additional phase shift is produced between the two

Wt
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coating, 33, which is applied to the top of the probe and a

H gh-Reflectivity (HR) coating, 18, applied to the bottom of
this arrangenent, the sanpling beamis reflected fromthe HR
excitation beam 32 (not shown) is 2-3 optical beam di aneters
sanpling beam 17, resulting in a propagation distance of app
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ajjay from

[ OXT TTat €1y
cont act pads.

15[err]m The reflections are assuned t%abe caused by near by

As filmon a GaAs substrate wafer,

This probe is produced by growi ng an Al

in the manner simlar to the growth of the probe for the variant shown in
FIG 1. Howewsthogonat compenentspl.eutht xfiscisfl bearm iv¢liptieallyipoarized.Apswdiang iad, and

t he

an imbalanced output from detectors 28 and 29 and a signal from lock-in
amplifier/averager 30 which is proportional to the voltage on the conductor.

Typically, the prior-art crystal probe 15 comprises a relatively thick
slice of LiTaO3, e.g., about 100 pm thick, and the support 16 is a transparent
material such as fused silica rod bonded to the probe. The probe and a portion of the
rod adjacent to the LiTaO5 slice are polished as a four-sided pyramid having a half
angle of about 30 degrees with the end face of the probe being 200 pmorlessona
side. Deviations from 30° result in reduced facet reflectivities. The optic axis of the
LiTaOj is essentially perpendicular to the end face of the probe. If needed, an
optional high reflecting (HR) coating 18 (FIG. 6) may be evaporated onto the end
face of the probe so that the sampling beam can be reflected directly back to the
optical system without reflecting of the side facets. Microscope objective 21 is used
both to focus the sampling beam onto the end face of the probe and to recollimate
the reflected beam.

Conductors 12 on substrate 13 (i.e., the circuit) are energized via either a
waveform synthesizer (not shown) coupled to high-speed connection 31 and
synchronized with the laser or vice-versa by frequency locking the laser to a master
RF source or via an electrical signal from a photodetector (not shown) illuminated by
the laser pulses from delay line 32. Electrical connections to the circuit may be
made by conventional probes, a probe card, or wire bonding. Relative delay between
trigger and sampling times is introduced by the motor driven optical delay line 32,
although purely electronic means, in some cases, can also be utilized. Utilizing
apparatus of this type with optical pulses of about 100fs duration, it is expected that
measurement bandwidths in excess of 1 THz (1000 GHz) can be attained.

The measured electrical rise times are often longer than the optical
pulses. This difference is due in part to the distance the electrical signal must travel
from the excitation site to the sampling site, and in part to the distance the optical
sampling pulse must travel through the LiTaO3 sampling crystal. As the electrical
pulse travels along the transmission line it is dispersed, resulting in preferential
attenuation and radiation of the high frequency components. As the optical pulse
travels in the LiTaO crystal it propagates with the electrical pulse, but at a different
velocity. This results in velocity walk-off, causing the detected signal to appear
longer. This walk-off effect becomes enhanced as the crystal thickness is increased.
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substrate is then chemcally renoved using a preferentﬁEg}“Aanth’f‘Ef‘wﬂ\.nﬁEvE

produces large area (= 1 cnferr]) free-standing filns. HR golating, 18, is
applied to the back of the Al GaAs film which is the Iaterhl| pO&hDESr1996he
filmopposite to the AR-coated side. If a particular HR coht|ng used does
not produce a high reflectivity, an Au el ectrode on the sapplle may be used
as an additional mrror. This may be aC'c‘E)erIished sinply by noving the
probe so that sanpling beam 17 is over the surface of electrode 12.

Summary of the Invention

This invention embodies a new electro-optic sampling probe with
femtosecond resolution suitable for ultra-fast electro-optic sampling. The new probe
is several times thinner and has a dielectric constant four times less than the best
reported conventional bulk LiTaO4 probes. In addition, the ultimate bandwidth is
50 percent greater than an equivalent LiTaO3 probe. The probe is a thin film of
Al, Gay_, As used in both total internally reflecting and free-standing geometries.
Here x is chosen for sufficient transmission of the crystal to the wavelength of the
laser source being used for electro-optic sampling. The thickness of the filmisa
small fraction of the thickness of prior art probes and is chosen, for speed and
sensitivity of electro-optic sampling, to be thin compared to the spatial extent of the
laser pulse. The thin film probe eliminates many of the problems associated with the
use of bulk crystals as electro-optic sensors.
Brief Description of the Drawings

FIG. 1 is a schematic representation of AlGaAs crystal probe and total
internal reflection geometry, with both sensing and excitation beams passing through
the probe;

FIG. 2 is an electro-optically sampled data for AlGaAs using total
internal reflection geometry; the linear fit to the rise time (10-90 percent) being
400 fs;

FIG. 3 is a schematic representation of AlGaAs crystal probe and total
internal reflection geometry, with probe provided with a highly reflective coating
facing the sample circuit and with only sensing beam passing through the probe;

FIG. 4 is a schematic representation of a free-standing crystal probe
according to the invention;

FIG. 5 is an electro-optically sampled data for AlGaAs using the
freestanding probe geometry;

FIG. 6 is a schematic representation of a prior-art apparatus for use in
making voltage measurements on ICs; and

FIG. 7 is a schematic representation of a typical prior-art e-o voltage
sampling probe for use with the apparatus of FIG. 6.

Detailed Description

This invention embodies an electro-optic crystal probe for use with the
e-o sampling system of the type described above. The probe may be utilized as a
crystal film supported on a transparent rod (FIGS. 1 and 3) or as a free-standing
probe (FIG. 4). In each instance, the probe consists of a thin Al Ga;_x As layer
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For the free-standing filmnmeasurenent, an in-line phot ocondUc%%GgWWEﬁ’HEET
with a5 [err]mgap is located 100 [err]mfroma side sanpli{ng gate. The

side sanpling gate is the third electrode shown in FIG 4, ¢r )ur@i@@ﬂgﬂ'@%
this configuration. This makes the coplanar transm ssion |lipe}look |ike a

three-line systemat the sanpling site. Tabl e 1jot—the
Appendi x shows a conparison of physical cnstants of Al GaAs @and of ot her

pr obe naterials typically used for fast el ectro optic sanpling (Li Tagerr]
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For illustration purposes, various dimensions in the drawings are drawn
not to scale. Also, the same numerals have been used to denote the same or similar
components of the drawings.

The probe is fabricated using molecular beam epitaxy (MBE) to achieve
an active layer which is thinner and more uniform than that achievable through
polishing of bulk (e.g., LiTaO3 ) crystals. The probe was grown as a thin layer or
film on a (110) GaAs substrate wafer by molecular beam epitaxy. Use of a (110)
GaAs substrate places the optical axis in the plane of the wafer. The layer is then
removed from the substrate using selective etches. The thickness of the probe layer
is chosen to be thinner than the spatial extent of the optical pulse of a laser being
used. For CPM laser, the probe layer is about 7 um thick. Thicker crystals can be
fabricated by either MBE or other epitaxial growth techniques such as Liquid Phase
Epitaxy. Thinner crystals are limited only by the fragility of the crystal during
processing. The Al content, or required band gap energy of the active layer, is
determined by the wavelength of the particular laser source used. For the case of the
CPM laser, this laser requires the use of Alg g Gag, As. On the other hand, a
passively mode-locked titanium doped sapphire laser source would require less Al,
since it operates at a longer wavelength. The requirement for a particular application
is the relative absorption at the wavelength of the laser source being used. The same
technique of band gap engineering can be used for other III/V material systems, such
as InP, and also for II/IV materials systems, such as CdS, since all of these materials
have birefringent properties. The same crystalline layer may be fabricated into total
internal reflecting geometries (either critical angle type, or through the use of a high
reflective coating) or free-standing geometries.

The supported probe 14 shown in FIG. 1 was prepared by gluing a small
piece of GaAs wafer with a thin AlGaAs layer thereon to a glass rod or block 16 and
polishing the probe and the adjacent end portion of the rod to a pyramidal shape,
such that the glass/A1GaAs interface is of an appropriate size. By appropriate size is
meant a size of the probe constrained by the visual limitations of the microscope to
be used in the sampling measurement, i.e., the AlGaAs crystal and the adjacent
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takes place with pure AlIAs. At this Al content, optical exqi tRE1 P}J(EF&.EﬂT SHtET
I ndirect. The refractive index, n([err] = 620 nm for A GAAs bB 4.
The static dielectric constant, [err], for GaAs is equal td g #éﬂg%
is equal to 10.06, and, for Al[err]Ga[err]As, it is given Ry a |_inear

I nt er pol ati on bet ween GaAs and Al As [err] 4 13.18 - 3.12x
(1) For (x =0.8), [err] = 10.68. Corrparéd with Li TaJ err] ‘'prebes—the—hew

probe is 5 to 100 tines thinner and the corresponding dielectric constant
is four tinmeg 8RR supb6rt tdd muﬁ%llfb@r\mﬂixﬂ'ﬂﬂﬁélddat)vxcwmctsitﬁf)hrig)lseaﬂﬂial | line

di mensi ons the electrlc fiel ent der of the
line spaci ng! to heyropjedias showg % hvé’ b&f&?@@iﬁtﬁ ess
Eenzl t Idvﬁ t Paﬂcraacbhs ofkhe oﬁibeof~200um or less oﬂ'. side! The GaAtsisebartatd isghea
andwi dth of ¢ 0 OoRaRCe
frequenci es 55‘\"39&2”9?70}%3”%%& éﬁ%‘i?{é e é&/l E c{:ﬁLng@«PE éé aggﬁe§ at 6.3 THz
and Al [ er r | Giecbrighe\produgestthinner @ysta aeafers. wishh betier inserfgreipbanarifyrihy
conventional polishing. A flat bottom element allows the probe to be
interferometrically aligned on the sample. Parallelism on the order of a single fringe
is routinely achieved. This fabrication technique enables the production of a Total
Internal Reflection (TIR) probe geometry, which does not require the high reflection
coating.

The electrode geometry is a coplanar strip transmission line with 5 um
lines and spacings. The TIR geometry consisted of a simple multi-line system with
no contact pads within the time window. Probe 15 was used on samples on LT-
GaAs substrates producing electrical pulses 1 ps FWHM. Sampling beam 17 is
directed so that it impinges upon a facet of the pyramid, is directed to a point in
crystal probe 15, and is reflected toward the microscope objective 21. In this
instance excitation beam 32’ is directed as is shown in dashed lines in FIG. 6 and
impinges at about the same point as the sampling beam. FIG. 2 shows the measured
response. A linear fit to the rise time (10-90 percent) in FIG. 2 is “400 fs.

In FIG. 3 is shown a variant of supported probe 14. In this instance the
free surface of crystal probe 15 is supported on rod 16 and is coated with an HR
coating, 18; however, the sides of the support rod and the crystal probe do not need
to be shaped. In this instance excitation beam 32’ does not need to pass through the
crystals as was the case in FIG. 1, but may be directed at a-different portion of the
circuit.

In FIG. 4 is shown an arrangement with a free-standing probe, 31. The
probe is approximately 7 pm thick and is provided with an Anti-Reflectivity (AR)
coating, 33, which is applied to the top of the probe and a High-Reflectivity (HR)
coating, 18, applied to the bottom of the probe. In this arrangement, the sampling
beam is reflected from the HR coating. The excitation beam 32 (not shown) is 2-3
optical beam diameters away from sampling beam 17, resulting in a propagation
distance of approximately 15um. The reflections are assumed to be caused by
nearby contact pads.

This probe is produced by growing an AlGaAs film on a GaAs substrate
wafer, in the manner similar to the growth of the probe for the variant shown in
FIG. 1. However, here the top surface of the AlGaAs film is AR coated, and the
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substrate is then chemically removed using a preferential étch which produces large
area (= 1cm?) free-standing films. HR coating, 18, is applied to the back of the
AlGaAs film, which is the lateral plane of the film opposite to the AR-coated side. If
a particular HR coating used does not produce a high reflectivity, an Au electrode on
the sample may be used as an additional mirror. This may be accomplished simply
by moving the probe so that sampling beam 17 is over the surface of electrode 12,
For the free-standing film measurement, an in-line photoconductive switch with a 5
pm gap is located 100 um from a side sampling gate. The side sampling gate is the
third electrode shown in FIG. 4, grounded in this configuration. This makes the
coplanar transmission line look like a three-line system at the sampling site.

Table 1 of the Appendix shows a comparison of physical constants of
AlGaAs and of other probe materials typically used for fast electro-optic sampling
(LiTaO3 and GaAs). In addition to the half wave voltage sensitivity, the dielectric
constant of LiTaO3 is very large, resulting in large signal dispersion for any
significant propagation distance inside the crystal. While GaAs has a better voltage
sensitivity than LiTaO s, it cannot be used with most femtosecond laser systems (the
band edge of GaAs is >850 nm). The AlGaAs probe offers a reasonable electro-
optic coefficient, but has a lower dielectric constant than either LiTaO3 or GaAs.
The probe used in this work is AIGaAs (80 percent Al), to minimize oxidation which
takes place with pure AlAs. At this Al content, optical excitation is indirect. The
refractive index, n(A =620 nm) for AlGaAs is about 3.4. The static dielectric
constant, €, for GaAs is equal to 13.18, for AlAs is equal to 10.06, and, for
Aly Gaj_y As, it is given by a linear interpolation between GaAs and AlAs

€s = 13.18 - 3.12x (1)
For (x = 0.8), €, = 10.68. Compared with LiTaO3 probes, the new probe is 5 to
100 times thinner and the corresponding dielectric constant is four times smaller
(g = 43 for LiTaO3). Note that for small line dimensions the electric field falls off
exponentially on the order of the line spacing, so that a thinner probe is not
necessarily much less sensitive than a thicker one.

To estimate the ultimate bandwidth of this probe, one should compare
the relevant resonance frequencies shown in Table 1. LiTaO3 has a vibrational
resonance at 6.3 THz and Al, Ga; ., As, with x=0.8, has a transverse optical (TO)
phonon (AlAs Type) at

44.63 + 0.55x — 0.3x*(meV) (2)
where x is the fraction of Al. For 80 percent Al, the TO phonon is 45.26 meV or
10.86 THz. The corresponding TO phonon in GaAs is 8.032 THz. The half wave
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to a given nodulator to retard the signal by [err] radians gnd can be

found from [err] _ _ O?DECF%??
where n is the index of refraction, r[err] is the appropriate ¢l ectro-optic
tensor elenent, and [err] is the free space optical wavel ength —Eguation
(3) is calculated in Table 1 for all three materials. Using a val ue forlthe
el ectro-optic coefficient of GaAs at 0.9 [err]m Al GaAs is exXpectred—tobe
ten tines | ess sensitive than an equi vat &t Li TaO3 nodul at or . However,
because of the shorter operating wavel ength (0.62 vs. 1.0 [err]m,

voltage, v s the voltage per unit length that must be applied to a given

modulator to retard the signal by x radians and can be found from:

yite _ 32. 3)
n rij

where n is the index of refraction, ry; is the appropriate electro-optic tensor element,
and A is the free space optical wavelength. Equation (3) is calculated in Table 1 for
all three materials. Using a value for the electro-optic coefficient of GaAs at 0.9 pm,
AlGaAs is expected to be ten times less sensitive than an equivalent LiTaO4
modulator. However, because of the shorter operating wavelength (0.62 vs. 1.0 pum),
of the AlGaAs crystal with 80 percent Al, AlGaAs is almost twice as sensitive as an
equivalent GaAs modulator. The shorter propagation distance inside the crystal
makes the total sensitivity less for a thinner crystal, as the integrated polarization
change is a function of modulator length. High frequency detection techniques make
sensitivity a less important issue for sampling applications of these modulators.
Similar calculations and considerations may be applied to AlGaAs crystal probes
with other than 0.8.

Additional advantages and modifications will readily occur to those
skilled in the art. '.Thereforc, the invention in its broader aspects is not limited to the
specific details, representative devices, and illustrated examples shown and
described. Accordingly, various modifications may be made without departing from
the spirit or scope of the general inventive concept as defined by the appended claims

and their equivalents.
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inside the crystal makes the total sensitivity less for a ghiinreg BE{ 958 ,
as the integrated pol arization change is a function of nodul ator | ength.
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_ Electro-optic A Resonance Static
Material Indexn Coefficient, Tj; V;’,”“ =5 Frequency Dielectric
n r--
- y
1072 v) &V (THz) Constant, €
no=2.175 6.3
LiTaO4 r33 = 30.3 18 43
(at0.55 um) (vibrational)
ng=3.6 i 8.032
GaAs r54s=12 25.7 13.18
(at 1.0 L) (TO Phonon)
ng~3.4 10.86
80%AIGaAs r$iAsa12 13.1 10.68

(at 0.62 Lm) (TO Phonon)
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Claims:

1. An electro-optic probe (14) for use in electro-optic sampling of
electronic and opto-electronic circuits, characterised in that the probe (14) comprises
a crystal which exhibits longitudinal electro-optic effect, said crystal is a thin film
comprising Al, Ga;_, As wherein x is chosen for sufficient transparency to a laser
source being used in the electro-optic sampling.

2. The probe of claim 1, in which the thickness of said film is chosen to
be thin compared to a spatial extent of the laser pulse of the laser source.

3. The probe of claim 1, in which the laser source is a CPM dye laser
with a spatial extent of the laser pulse =30um, and said probe crystal is 5<7<27 um
thick.

4. The probe of claim 1, in which said probe is a supported probe which
is attached at an end portion of a support bar.

5. The probe of claim 4, in which the said end portion of the support bar
and the probe crystal are shaped in a form of a truncated pyramid.

6. The probe of claim 5, in which the truncated area of the pyramid is
200 pm or less on a side.

7. The probe of claim 5, in which the walls of the pyramid are inclined at
an angle of about 30° relative to the central axis of the supported probe.

8. The probe of claim 4, in which the free surface of the probe crystal is
coated with a high-reflecting coating.

9. The probe of claim 1, in which said probe crystal is a freestanding
probe.

10. The probe of claim 9, in which said probe crystal is provided with an
anti-reflective coating and a high-reflective coating on the opposite plane surfaces of
the thin film, the high-reflective coating being on the surface intended to face the
circuit to be electro-optically sampled.
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11. The method of preparing an electro-optic probe for use in electro-
optic sampling of electronic and opto-electronic circuits, which comprises:
growing upon a (110) GaAs substrate a layer of Al, Ga;_, As (AlGaAs),
wherein x is chosen for transparency to a laser source being used in the electro-optic
sampling of a thickness chosen to be thin compared to a spatial extent of a laser
pulse of the laser source, and
removing the crystal layer from the GaAs substrate.

12. The method of claim 11, in which the laser source is a CPM dye laser
with a spatial extent of the laser pulses being =30um, and growing said AlGaAs
layer in a thickness of 5<7<27um.

13. The method of claim 11, in which said electro-optic probe is a
supported probe, said method further comprising the steps of
attaching the layer to a support rod by transparent adhesive,
etching off the GaAs substrate, and
shaping an end portion of the support rod and the AlGaAs wafer thereon
to a pyramidal shape such that the walls of the pyramid are inclined at about 30°
relative to the central axis the supported probe.

14. The method of claim 11, in which said electro-optic probe is a
supported probe, said method further comprising
attaching the layer to a transparent support rod, etching off the GaAs
substrate, and
depositing on the free surface an HR coating enabling reflection of an
optical sensing beam from the coated surface at near normal incidence.

15. The method of claim 11, in which said electro-optic probe is a
freestanding probe which comprises:
depositing on a free surface of the crystalline AlGaAs layer an anti-
reflective layer (AR), said depositing being conducted prior to the removal of the
GaAs layer, and
after the removal of the GaAs layer, coating the new free surface of
AlGaAs layer with a highly reflective layer (HR).
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10. 68 (at O. @F@T&OFQH‘IC SAMPLING

(TO Phonon) Abstract

This invention embodies a new electro-optic sampling probe with
femtosecond resolution suitable for ultra-fast electro-optic sampling. The new probe
is several times thinner and has a dielectric constant four times less than the best
reported conventional bulk LiTaO3 probes. In addition, the uitimate bandwidth is
50 percent greater than an equivalent LiTaO3 probe. The probe is a thin film of
Al,Ga;_, As used in both total internally reflecting and free-standing geometries.
Here x is chosen for sufficient transmission of the crystal to the wavelength of the
laser source being used for electro-optic sampling. The thickness of the film is a
small fraction of the thickness of prior art probes and is chosen, for speed and
sensitivity of electro-optic sampling, to be thin compared to the spatial extent of the
laser pulse. The thin film probe eliminates many of the probletmns associated with the
use of bulk crystals as electro-optic sensors.

FIGURE 1.
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W claim 1. An electro-optic probe for use irn @EPCAFEQPISHEET
sanpling of electronic and opto-electronic circuits, 2 G
conpri ses a crystal which exhibits |ongitudinal elfectro-optjca
effect, said crystal is a thin filmconpris- i ng 09 DEC 196
Alferr]Ga[err]As wherein x is chosen for sufficient

transparency to a | aser source being used in the el ectro- optic
sanpling, and the thickness of said films chosen to-—be-thin

conpared to a spatial extent of the | aser pulse of said | aser

sour ce. 2. The probe of claim1, in which the
a CPM dye laser with a spatial extent of the |aser pulse

aser source is

[err]30 [err]m said x is 0.8, and said probe crystal is 5 <t<27
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[err]mthick, whereint is the thickness of the probe crystal ;
3. The probe of claim1, in which said probe is a S%ﬁ{—ﬁ?ﬂﬁfﬂ SHEET
priobe, one plane surface of which is attached at anf{end portion
of a support bar. 4. The probe of claim3, in whi chQth&EEaI986
end portion of the support bar and the probe crystal are shaped
in a formof a truncated pyrar?' d. 5. The probé of
claim4, in which an interface of the support bari.and_of fhe
probe crystal is of the order of 200 [err]mor |less on a side.
6. The probe of claim3, in which an unattached pl ane surface
of the probe crystal is coated with a high-reflec- tive

coat i ng.

FIG. 3
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7. The probe of claim1, in which said probe crystal is REPLACEMENT SHEET
freestandi ng probe. 8. The probe of claim?7, in}wilrch said
probe crystal is provided with an anti-reflective} cpa @pg %nﬁ@@
hi gh- _ reflective coating on the opposite plane suffpces og t he
thin film the high-reflective coating being on the sur- f-aee
intended to face the circuit to be electrgroptically sanpl ed.

9. An electro-optic probe for use in electro-optic Samprtngof

el ectronic and opto-electronic circuits, whi ch conprises a
crystal which exhibits |ongitudinal el ectro-optic effect, said
crystal is a thin film conprising Al[err]Gferr] As wherein x is

chosen for sufficient transpar-

FIG. 4

13




o

ency to a | aser source being used in the electro-optic

sanpling, the thickness of said filmis chosen to be thin REPLACEMENT SHEET
conpared to a spatial extent of the |aser pulse of said ["aser
source, said probe is a supported probe one pl ane qurd aceetoos
which is attached at an end portion of a sup- A ] _
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crystal is coated vm'th a high-reflective coating. 10. T
claim9, in which said | aser source is a CPM dye | aser w thra—spatiat
tent of the | I 30 d 0.8, i
g)r(ygtnal Oi S 5it <g$er pFeer] m t I[ﬂELL] vaarerair]nrr{ ?SI t h)é It?n cknes ?n b f ﬁ%% %g
crystal . 11. The probe of claim9, in which said end potttLan.of the
support bar and the probe crystal are sh&ped in a formof{a truncated
pyr am d.
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12. The probe of claim11l, in which an interface of the
of the probe crystal is of the order of 200 [errlmor le
+3. An electro-optic probe for use in electro-optic sanpl i
el ectronic and opto-electronic circuits whi ch conpri ses
exhi bits | ongitudinal el ectro-optic effect, said crystal |
conpri si ng Al[err]Gferr] As wherein x is chosen for sufffcient transpar-

ency to a | aser source being used in thelel ectro-optic samptimg;—tie

t hi ckness of said filmis chosen to be thin conpared to a spatial extent
of the laser pulse of said | aser source, said probe crystal is a
freestandi ng probe, and said probe crystal is provided with an
anti-refl ec-

FIG. 7
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tive coating and a hi gt{\-é{;gtﬁ%cét%v ‘{coati ng on the oppo- site plane
I : S

surfaces of the thin fi{ M -reflective coating be _ @‘HSHEET
surface intended to face the circuit to be el ectro-opticdl RgP : '
14% The probe of claim 13, in which the | aser source IS 3 dye | aser

with a spatiat extent of the |aser pul se [err]30 [err]m lsdi dip $5P W

?ﬂ?ci?'egspéﬂmmﬂmﬂjwﬂjlﬂlll/?ftaf” Igprlmthick, wherein t isl_t e

We clatm: )

1. An electro-optic probe for use in electro-oppc
sampling of electronic and opto-electronic circuits,
which comprises a crystal which exhibits longitudinal
electro-optical effect, said crystal is 2 thin film compris-
ing Al;Ga;—xAs wherein x'is chosen for sufficient
transparency to z laser source being used in the electro-
optic sampling, and the thickness of said film is chosen
to be thin compared to a spatial extent of the laser pulse
of said laser source. ]

2. The probe of claim 1, in which the laser source is
a CPM dye laser with a spatial extent of the laser pulse
=30 pm, said x is 0.8, and said probe crystal is 5 <t<27
pm thick, wherein t is the thickness of the probe crystal.

3. The probe of claim 1, in which said probe is a.
supported probe, one plane surface of which is attached
at an end portion of a support bar.

4. The probe of claim 3, in which the said end portion
of the support bar and the probe crystal are shaped in 2

form of a truncated pyramid.
5. The probe of claim 4, in which an interface of the

support bar and of the probe crystal is of the order of
200 um or less on a side.

6. The probe of claim 3, in which an unattached plane
surface of the probe crystal is coated with a high-reflec-
tive coating.

7. The probe of claim 1, in which said probe crystal is
a freestanding probe.

8. The probe of claim 7, in which said probe crystal is
provided with an anti-reflective coating and a high-
reflective coating on the opposite plane surfaces of the
thin film, the high-reflective coating being on the sur-
face intended to face the circuit to be electro-optically
sampled.

9. An electro-optic probe for use in electro-optic
sampling of electronic and opto-electronic circuits,
which comprises a crystal which exhibits longitudinal
electro-optic effect, said crystal is a thin film comprising
AlxGaj_xAs wherein x is chosen for sufficient transpar-
ency to a laser source being used in the electro-optic
sampling, the thickness of said film is chosen to be thin
compared to. 2 spatial extent of the laser pulse of said
laser source, said probe is a supported probe one plane
surface of which is attached at an end portion of a sup-
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port bar, and an unattached plane surface of the probe
crystal is coated with a high-reflective coating.

10. The probe of claim 9, in which said laser source is
a CPM dye laser with a spatial extent of the laser pulse
~30 pm, said x is 0.8, and said probe crystal is <t <27
pm thick, wherein t is the thickness of the probe crystal.

11. The probe of claim 9, in which said end portion of
the support bar and the probe crystal are shaped in a
form of a truncated pyramid.

12. The probe of claim 11, in which an interface of the
support bar and of the probe crystal is of the order of
200 um or less on a side.

13. An electro-optic probe for use in electro-optic
sampling of electromic and opto-electronic circuits
which comprises a crystal which exhibits longitudinal
electro-optic effect, said crystal is a thin film comprising
AlGa;__xAs wherein x is chosen for sufficient transpar-
ency to a laser source being used in the electro-optic
sampling, the thickness of said film is chosen to be thin
compared to a spatial extent of the laser pulse of said
laser source, said probe crystal is a freestanding probe,
and said probe crystal is provided with an anti-reflec-
tive coating and a high-reflective coating on the oppo-
site plane surfaces of the thin film; the high-reflective
coating being on the surface intended to face the circuit
to be electro-optically sampled.

14. The probe of claim 13, in which the laser source
is a CPM dye laser with a spatial extent of the laser
pulse =30 ym, said x is 0.8 and said probe crystal is

. 5<t<27 pm thick, wherein t is the thickness of the
probe crystal. '
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AL,GA, ; AS PROBE FOR USE IN ELECTRO-OPTIC SAMPLING

Field of the'In:vention

This invention peruains to elecro-optic sampling of fast elecrronic and
opto-elecronic devices and circuits.
Background of the Invention

Two-dimensional circuits have an open elecrode sucture which gives
rise o fringing fields above the surfacs of the circuit. External electro-opdc (e-o0)
probing echniques exploit the fringing fields to elecro-opdcally sample fast
electronic and opto-¢lectronic devices and circuits. An e-o0 crystal probe placed into
the fringing fields changes the crystal birefringence of the probe, which can then be
measured optically by means of a pulsed light beam which is passed through the e-o
crystal and is reflected from the circuit. Such external probes can be applied to
almost any type of circuit, because the interacdon is based on the field effect. Sincs
no charge is removed from the circuit, the probe does not need to make an elecrical
contact to the circuit. Some of the electro-opdc techniques and apparatus are
disclosed in articles by J. A. Valdmanis and G. Mourou, "Electro-Optic Sampling:
Testing Picosecond Elecronics, Part 1, Principles and Embodiments”, Laser
Focus/Elecoro-Optics, February 1986, pages 84-96, and “Electro-Optic
Sampling: Testng Picosecond Electronics, Part 2, Applicadons®, Laser
Focus/Electro-Optics, March 1986, pages 96-106; I. F. Whitaker et al., External
Electro-Optic Integrated Circuit Probing, Elsevier Science Publisher, B.V. 1990,
pages 369-379, and in U.S. Patent 4,891,580 issued January 2, 1990 to Janis A.
Valdmanis.. -

In FIGS. 6 and 7 is shown a typical prior-art arrangement, 10, being
used for optical sampling of an exemplary circuit having a plurality of conductors,
12, on a surface of a semiconductor substrate,13. Mustratively, the substrate and
conductors are part of an integrated circuit. An electro-optc (¢-0) crystalline
probe 15, is mounted on a transparent support, 16, forming a supported probe, 14.
An end face of probe 15 is positioned over or on the conductor whose voltage
waveform is to be sampled. Sampling is performed optically by short-duration
pulses of a polarized light beam 17 which is directed through support 16 into
probe 14. Beam 17 is typically reflected from the conductor itself, but it may also be
reflected by an optional refiector 18 (shown in dashed line in FIG. 6) disposed on the
end face of the probe. The latter may be desirable in cases where the circuit is
sensidve to light,
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AL,GA, , AS PROBE FOR USE IN ELECTRO-OPTIC SAMPLING

Abstract

This invendon embodies 2 new elecoo-optc sampling probe with
femtosecond resolution suitable for ultra-fast elecro-optic sampling. The new probe
is several dmes thinner and has a dielectric constant four times less than the best
reported convendonal butk LiT20; probes. In addidon, the ultimate bandwidth is
50 percent greater than an equivalent LiTaO4 probe. The probe is 2 thin film of
Al;Ga;_; As used in botch tomal internally reflecting and free-standing geometries.
Here x is chosen for sufficient ansmission of the crystal to the wavelength of the
laser source being used for elecoro-optc sampling. The thickness of the filmisa
small fraction of the thickness of prior art probes and is chosen, for speed and
sensitivity of electro-opdc sampling, to be thin compared to the spatial extent of the
laser pulse. The thin film probe eliminates many of the problems associated with the
use of bulk crystals as elecao-opdc sensors.

FIGURE 1.



