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We report the performance of a micromachined, photoconductive-sampling probe that is fabricated
on low-temperature-grown GaAs and mounted on a single-mode optical fiber. The epitaxial probe
has a temporal resolution of 3.5 ps, a spatial resolution @MY, and a sensitivity of 15 nV/
(Hz)Y? when integrated with a high impedance, junction field-effect transistor source follower. The
fiber, which couples short laser pulses to the interdigitated detector pattern on the probe, also
provides flexible support and mobility. The probe’s compact cross section makes it ideal for
applications as an internal-node, picosecond-response, photoconductive sampling probe or wave
form launcher for test and characterization of integrated circuits.1996 American Institute of
Physics[S0003-695096)04739-(

The use of photoconductivedPC) sampling technology the gate metallization with high efficiency. The probe itself
having picosecond temporal resolution for the investigatioralso has a very small parasitic capacitance, which should
of high-speed device and circuit performance is wellresult in a reduced invasiveness for applications to circuit
established™® Most recently, applications using PC sam- testing.
pling gates integrated with a device under t&3UT) have The probe was fabricated using a layer ofui-thick
been replaced by freely positionable probes based on silicon-T GaAs that was grown by molecular beam epitaxy at
on-sapphire(SO9 and low-temperature-grown GaA&T 220 °C and annealed at 600 °C for 10 min. It was necessary
GaAs.*"" However, these probes, some of which have beeiio remove the LT GaAs, measured via pump—probe transient
designed for integrated circuit internal-node testing, are supabsorption to have a 1.1. ps trapping time, from its semi-
ported on bulk substrates and are, therefore, rigid. A DUTINsulating substrate and a 0B Aly <Gay sAs layer!® The
would have to be flat within several micrometers over atear-drop shape of the LT GaAs layig. 1) was defined by
range of many millimeters in order to achieve parallel align-2 pPhosphoric acid mesa wet etch through the LT GaAs
ment and reliable probe tip contact. In addition, bulk LT layer. A chlorobenzene lift-off process was then used to
GaAs probes are not transparent to the gating laser, making@€fine 500 A/3000 A of Ti/Au for the interdigital metal—
difficult to both access the PC gate with laser illuminationSemiconductor—metdMSM) PC switch, electrode, and tip.
and contact the tip to the DUT. Probes fabricated from SOSThe finger width and spacing for the MSM switch are 1.5
which at least is transparent, exhibit responsivity and resiskm, and the total switch area is about>380 um’. The
tivity that are inferior when compared to probes using LT
GaAs.

The sensitivity limit for a PC sampling gate is a few/
(H2)*2, due mainly to the photovoltaic noise caused by the
amplitude fluctuations of the gating laser pulés.a previ-
ous study, we have found that by reducing the parasitic ca-
pacitance and leakage current of the sampling circuit,
through the use of a source follower produced from two
junction field-effect transistorgJFET), the frequency of
modulation used with phase-sensitive detection could be in-
creased and the fLbate noise reducet.

As a result of this work, a flexible, lsm-thick, micro-
machined PC probe that has an extremely low, 15 nV/
(H2)Y? sensitivity limit (due to the high impedance and low
capacitance of an integrated JFET source follovies now
been fabricated and tested. The micromachined probe is
mounted on a single-mode fiber that provides mechanical
support and eliminates the need for laser alignment when the
probe is repositioned. Furthermore, since the active layer of
the probe is so thin, the gating laser pulses coupled to the PC

gate by the fiber excite the LT GaAs from the side without

FIG. 1. Scanning electron microscope picture of the epitaxial lift-off probe.
The probe is 130 by 23pm (at its widest pointsby 1 um and consists of
3E|ectronic mail: whitaker@caen.engin.umich.edu a Ti/Au interdigital MSM switch with fingersize and spacing of .
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metal tip area is um wide and extends beyond the apex of

the tear-drop-shaped epitaxial layer by aboutrb. Lapping 1.5x102 ' ' ' ' ]

and wet etching were used to release the probe from the @ \

GaAs bulk substrate. Ammonium hydroxide and hydrofluo- 1.0x102¢ /\

ric acid were used to etch the GaAs substrate and / \

Al sGay sAs etch-stop layer, respectively, while the front 5.0x103¢ / 3

side was protected by black wax. A5 mn? die area pro- 0ob———— \/\

duced 500 probes with a yield of 90%. ' ' T T ' ' '
The probe is mounted using optical uv cement onto a 1.5x105} (b) /’\\

single-mode fiber with a 45° polished bevel. This allows the & Sf \

guided laser pulses to internally reflect off the polished sur- 1.0x10 3

face to the backside of the probe and into the switch area. UE-; 5.0x106} \ 1

The need for realignment of the PC gate illumination when ook ; \/\
the probe is repositioned is eliminated. In general, the entire ’ ; ; : : . . :

probe is flexible, and the apex region of the probe bends

smoothly when contacting a device. As a result, the fiber- 1.0x108} (© ]

coupled probe can touch a DUT at an arbitrary angle with

reliable and repeatable electrical contact simply by observing 5.0x107 | /

the reflection from the bending probe tip. W,f “\,\/J.\“
We explored the capability of the probe by using it to 00L ~ . . s . b o

measure picosecond pulses generated photoconductively us- 5 %0 5 0 5 10 15

ing the gap separating the electrodes of a coplanar stripline Time (ps)
on a LT GaAs substrate. A mode-locked Ti-sapphire laser

; _ ; " IG. 2. Temporally resolved wave forms measured using the fiber-mounted
operating at 810-nm wavelength with a repedition rate of 82(:pitaxial lift-off LT GaAs photoconductive probe with an integrated JFET

MHz Pmduced 100'f§ QUration pulses th_at, for the _Samp”ngsource follower. The gating laser powers and modulation frequencies were
experiment, were split into two beams with one variably de-a 2 mw and 1 kHz(b) 200 uW and 10 kHz, andc) 2 mW and 50 kHz.

layed with respect to the other. The first beam, modulated by
an acousto-optic Bragg cell at frequencies that could be var-

ied between 50 Hz and 110 kHz, was focused onto the gal he b i ; ¢ .
between the coplanar transmission lines biased at 5 V. rom the base lines for<0 ps from Figs. &) and Zc). The

LiTaO, electro-optic sampling probe was used to establish?'gnal amplitude was also measured as a function of the gat-
that a 1.5 ps signal was being generated by the photocondut?d laser power from 10 mW down to 2@W, and for
tive switch. The second beam, consisting of the gating lasePCk-in modulation frequencies from 50 Hz to 110 kHz. Fig-
pulses, was coupled into the single-mode fiber to activate thkr® 28 is @ measured wave form with a signal amplitude of
PC switch. Both beams could be adjusted from 20 mw downt3-2 MV. In this case, the noise was dominated by pump
to 1 uW (240 pJ/pulse to 12 f/pulséor obtaining a range aser fluctuations rather than PC gate laser fluctuations. The
of gating efficiencies and signal amplitudes from 20 mV to 1Mmeasured wave form in Fig(@® has a signal amplitude of
uV. 1.1 xV and a 15 nV{Hz)*? noise level. Figure () shows
The output of the MSM sampling gate was coupled tothat @ high sensitivityf65 nVIHz)Y?] can still be attained
a source follower assembled using a pair of matchedWith a low probe intensity.
n-depletion JFETs(model 2N5912* The short-circuit, Figure 3 demonstrates the effect on the measured signals
common-source input capacitand8, of the JFET was Of varying the modulation frequency. The signal-under-test
3 pF, and the gate input impedance wad TQ. The Was fixed at 10 mV using a 1-mW pump power. The peak
equivalent input noise voltage of the JFET is about 10 nv/amplitudes of the sampled wave forms were then measured
(Hz)*2 at 100 Hz and less than 5 n¥z)*? beyond 1 kHz. using the source followdigs. 3a)—3(d)], and without the
The output of the fiber-mounted probe was connected to thisource follower[Figs. 3e) and 3f)]. The incorporation of
source follower by conductive silver paint, with a spacing ofthe JFET source follower has enabled a substantial increase
1 cm between the PC probe and the amplifier. Thus, thef the modulation frequency used with a PC probe.
MSM output must charge a capacitor 8 pF. In contrast, In general, the choices of gating laser power and modu-
without the source follower, the distributed capacitance enfation frequency do not influence the time resolution of the
countered by the fiber-mount probe is estimated te#220  probe at laser powers less than 20 mW. For instance, the full
pF for a 3-ft RG-58 coaxial cable and a lock-in amplifier. width at half-maximumFWHM) of the sampled wave form
Figure 2 shows three temporally resolved signals meais 3.8—4.0 ps for all measurements shown in Fig. 3; after
sured using the fiber-mounted probe with the integratedleconvolution, the speed of this fiber-mounted LT GaAs
source follower. The probe made contact to the transmissioprobe is estimated to be about 3.5 ps. However, the gating
line at a distance of 10@&m from the source. The signal laser power has been found to influence the noise of a PC
level was varied from 13 mV to .V by adding neutral gate® That is, the noise is proportional to the square root of
density filters into the pump—beam path. Figui@ds a the gating laser power and has d flequency dependence.
trace of a single scan, while Figsi@2 and Zc) are measured In addition, the modulation frequency affects the magnitude
wave forms averaged over 10 scans. The PC gate noise amf the measured wave form since the actual voltage of the

litude is taken as the root-mean-square value calculated
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their small dimensions, two probes can be placed close to a
] DUT to make measurements without incurring errors due to
dispersion in the transmission line. This launcher/sampling
probe configuration opens the possibility of high bandwidth

testing with on-wafer probes that eliminate the need for the
signal to travel long distances before being measured.

In conclusion, we have used GaAs micromachining tech-
nology to develop an epitaxial-layer PC sampling probe with
a 3.5 ps temporal response and a 15(k¢J*? noise limit.

This sensitivity is 100 times better than the previously be-
lieved 1.uV/(Hz)? noise limit? The compact features, fiber-
. -~ coupling capability, and straightforward alignment method
P T 405 make this sampling probe an excellent internal-node circuit
testing tool. Incorporation of a submicron tip for measure-
ments on very fine circuit or device structures will also in-
FIG. 3. Modulation bandwidth of the fiber-mounted probe with an inte- crease the utility of the Pmbe‘ )
grated JFET source followeés) using gating laser powers ¢ 10 mw, (b) The authors would like to thank Madeleine Naudeau for
2 mW, (c) 200 W, and(d) 20 uW. Also shown is the modulation band- the scanning electron microscope pictures and Douglas Craig
‘f’ig]tcv"f the probe aloné)) using gating laser powers &) 10 mW andf) o microfabrication assistance. This work was supported by
' Fujitsu Laboratories, Ltd., the National Science Foundation
through the Center for Ultrafast Optical Science, under Con-
signal can be achieved only at a low modulation frequencytract No. STCPHY8920108, and the Air Force Office of Sci-
Since all the distributed capacitance except the 35pEis  entific Research, Air Force Material Command, USAF, un-
eliminated in the new amplified probe, we can now use aler Grant No. DOD-G-F49620-95-1-0227. The authors also
50-kHz lock-in amplifier modulation frequency without sac- wish to recognize Picometrix, Inc., for helpful discussions
rificing significant signal amplitudéwith a 2-mW gating la- and for supplying photoconductive sampling gates used in
ser powe). At this modulation frequency, the photovoltaic preliminary experiments.
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