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Summary of Completed Project

The goal of this program was the demonstration of the key components that would set the
stage for the development of a picosecond optoelectronic AND-gate. The AND-gate would have a
temporal resolution < 10 ps (10-11's). At the heart of the AND-gate is a new optoelectronic
picosecond autocorrelator, known as a Sampling Optical Temporal Analyzer, or SOTA. The
SOTA is a device comprised of a picosecond photodetector integrated to an equally fast photogate.
The device is capable of detecting and sampling optical pulses of single-picosecond duration. The
output is a quasi-dc electrical signal that has an amplitude representative of the correlation between
the optical pulses incident on the detector and gate. Only when the two optical pulses are both
present and synchronized will current flow through the SOTA. The SOTA is completely solid-
state and operates jitter-free.

As part of this program we began development of InGaAs photoconductors with
picosecond carrier lifetimes. Initially, we worked on Ing 25Gag 75As for operation out to 1100
nm. In addition to fast carrier lifetime, these new materials must exhibit low dark current and high
mobility. We will see later that achieving all three ingredients is difficult but not impossible.

The specifications set forth for the SOTA-based AND-gate are as follows:

. Wavelength range............cooccooviiiiiii. 350-1300 nm
. Contrast Tatlo. .. ..ottt < 100:1
. Temporal response ... < Tps

We have fabricated and tested this device to determine its ultimate speed, sensitivity, and
dynamic range. The SOTA's system response was found to be 1.4 ps with a sensitivity of 100
pW (noise equivalent power). This is now the world's fastest, most compact, ultrasensitive,
picosecond optical waveform analyzer. Itis completely solid-state, operates free of jitter and has a

measured dynamic range of 80 dB.
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375-GHz photodetector based on low-temperature-grown GaAs

(LT- GaAs). The material has a subpicosecond intrinsic response
time. An electron mobility > 100 cm2/V-S and 0.2-um interdigitated
electrodes combine to push the sensitivity of the detector to 0.1 A/W,
comparable with conventional photodiodes. The detector is shown
bridging 20-pum electrodes that form a coplanar stripline. The area of
the detector 1s 6x7 umz. A bias voltage of 8 V can be applied without
breakdown.

Set of four signals generated from the LT-GaAs photodetector. The
fastest response is 1.2 ps (full-width-at-half-maximum), with a
measured 3-dB bandwidth of 375 GHz. Peak amplitudes of 6, 3.5,
0.6. and 0.06 V are generated using 22, 8.3, 0.83, and 0.04 pJ/pulse,
respectively. A signal of 6 V corresponds to an on-state resistance of
30 Q. The off-state resistance is 10 MQ.

Schematic diagram of the picosecond optoelectronic autocorrelator.
Signals A and B must arrive simultaneous (accounting for propagation
delay on the transmission line) before current pass through to the
amplifier.

All-optical time-resolved reflectivity measurement taken of the surface
of a LT-GaAs epilayer. The 1.5-um thickness epilayer was grown at
200° C and post annealed at 600° C for 10 min. in an As overpressure.
Accurate measurement of the photogenerated carrier density can be
made without the need for electrical contacts.

Reflectivity measurement taken of another LT-GaAs grown at a
different facility, presumably under the same conditions as the sample
used for Fig. 4.

I-V curves for the four MSM detectors. The dark current density for
the 0.2 um detector is plotted using the left-side ordinate. The
remaining three detectors are plotted using the right-side ordinate.

Photocurrent for the four MSM detectors as a function of the applied
bias. The four detectors are plotted at two optical power levels. The
0.2 um detector biased to 6-V shows a responsivity of 0.1 A/W.

Peak amplitude and conductance of the signals shown in Fig. 2

plotted against the incident pulse energy. This plot highlites the dual
functionality essential for the SOTA.

i

F
1
¥

10




Fig. 9

Fig.

Fig.

Fig.
Fig.

Fig.

Fig.

Fig.

Fig.

10

11

12
13

14

15

16

17

Fabrication layout for the SOTA. The 200 um distance between the
detector and gate amounts to a propagation time of 2 ps. The first
reflection that returns from the end of the transmission line takes 60 ps
to arrive at the gate.

Photomicrograph of the actual SOTA layout. The matrix of patterns
in the center are the detectors used carlier for measuring the
responsivity (shown in Figs. 6 and 7).

Experimental apparatus for testing the SOTA. The bias, gate, and
ground probes make contact to their respective bond pads.

Temporal response of the SOTA.

Sheet resistance for post-annealed, lattice matched LT-GaAs, LT-
Ing 35Gag 65AS, LT-Ing 53Gag 47As. The sheet resistance for
polycrystalline LT-Ing 35Gag ¢5As is also shown. The minimum

acceptable values for sheet resistance for detector areas of 50x50 um?
and 8x8 um? are shown and correspond to a dark current of ~ InA.

Time-resolved all-optical transient reflectivity for Ing 35Gag ¢5AS
pumped and probed with a 0.1-ps laser operating at 800 nm. The
unannealed sample has a carrier lifeume of 14 ps (1/e), compared to 7
ps for the three post-annealed samples. Three of the samples were
post annealed using a rapid thermal anneal (RTA) at 6(X)°. 700°, and
800°C, respectively. The RTA time was 30 s.

Band diagrams for GaAs and InGaAs. After post annealing, the
Fermi level for arsenic-rich GaAs returns to midgap. The presence of
excess arsenic in InGaAs causes the Fermi level to move away from
midgap and closer to the conduction band as the molar fraction of
indium is increased.

Spectraphotometer scan of LT-Ing 53Gag 47As/LT-Ing 52Alp 48As
superlattice (shown in insert). Absorption (ABS) is plotted in OD.
The relation between the measured absorption and the absorption

coefficient, o is: &[cm-1] = -(1/T[cm]) In (10 -ABS[OD]) where T is
the epilayer's thickness. The ripples on the curve are due to the
periodicity of the superlattice.

Transient reflectivity of the LT-Ing 53Gag 47As/LT-Ing 52Alp 48 As
superlattice. The measurement was made with both the pump and
probe light being above the bandgap for the LT-Ing 52Alp.48As.
Hence, carriers were photogenerated in both layers. Despite the
suboptimal laser wavelengths, we see that the superlattice has a
effective carrier lifetime of 8 picoseconds (1/¢). The carrer lifetime of
unintentionally-doped Ing 53Gag 47As is several hundred picoseconds.
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L. INTRODUCTION

In 1991. Williamson and coworkers reported on a picosecond-resolution. high-sensitivity
photodetector based on low-temperature grown GaAs (LT-GaAs).[1] LT-GaAs is the nume given
to GaAs grown at low temperature using molecular beam epitaxy (MBE). GaAs grown between
200°- 400°C is nonstoichiometric in its structure. Upon post annealing at 600° C. excess arsenic
within the GaAs coalesces into precipitates uniformly distributed throughout the bulk GaAs
epilayer. These precipitates serve to trap photogenerated carriers within as little time as 1 ps from
the moment they are generated. This trapping process arrests the flow of current in the
photoconductor. giving LT-GaAs photoconductors their ultrafast response time.

For a photodiode, when the spacing between the contacts forming the detector is reduced.
the speed of the detector increases with little change in sensitivity. In a photoconductive-type
detector, by contrast, a reduction in spacing increases the sensitivity with little change occurnng to
the speed. By reducing this spacing, we decrease the carrier transit time across the semiconductor
gap to a value comparable to the carrier lifetime and thereby increase the photocurrent gain to a
value approaching unity.[2] For a carrier lifetime of 1 ps, this condition is met when the clectrode
spacing, i.e., the actual gap between electrodes, is 0.1 pm. With unity gain, the responsivity of a
LT-GaAs photoconductive detector becomes comparable to that of a photodiode. while its speed 15
still dominated by its (sub)picosecond intrinsic carrier lifetime. Fig. 1 is an SEM photograph taken
of this type photodetector. The multi-hundred gigahertz bandwidth of the photogenerated signal
requires that the detector be located between coplanar electrodes to assure good coupling to the

propagating mode and to minimized parasitic effects.

Fig. 2 shows a family of traces taken using this photodetector for different input pulse
energies. The measurements were made using the technigue of electro-optic sampling.[3] At low
light, the response is 1.2 ps, corresponding to a 3-dB bandwidth of 375 GHz. The four signals
have peak amplitudes of 6, 3.5, 0.6, and 0.06 V generated using 22, 8.3, 0.83, and 0.04 pJ.
respectively. We see that a 500-fold increase in intensity expands the response only slightly from
1.2to 1.5 ps. Under similar experimental conditions, a high-speed photodiode would suffer
significant temporal broadening from space charge and low-frequency gain by photo-induced band
bending.[4] Thus. the LT-GaAs photoconductive detector avoids the usual restriction of
photodiodes to pulse energies below (0.1 pJ to achieve optimum bandwidth performance. A pulse
energy of 22 pJ produces a signal of 6 V. This corresponds to an on-state resistance of 30 €.




Fig. 1 375-GHz photodetector based on low-temperature-grown GaAs (LT-GaAs). The
material has a subpicosecond intrinsic response time. An electron mobility > 100 ¢cm2/V-
S and .2-pum interdigitated electrodes combine to push the sensitivity of the detector to
0.1 A/W, comparable with conventional photodiodes. The detector is shown bridging

20-pm electrodes that form a coplanar stripline. The area of the detector is 6x7 um2. A
bias voltage of 8 V can be applied without breakdown.

[P e

| Gap = 0.2 um
0.8}~ Bilas = 8V

Normatized Amplitude

Time [ps]

Fig. 2 Set of four signals generated from the LT-GaAs photodetector. The fastest response is
1.2 ps (full-width-at-half-maximum), with a measured 3-dB bandwidth of 375 GHz.
Peak amplitudes of 6, 3.5, 0.6. and .06 V are generated using 22. 8.3, 0.83. and (.04
pJ/pulse, respectively. A signal of 6 V corresponds to an on-state resistance of 30 Q.
The off-state resistance is 10 MQ.




This high efficiency switching. combined with the single-picosecond response time.
uniquely qualifics the LT-GaAs photoconductive detector for dual operation as cither an ultrafust

high-sensitivity detector or ultrafast high-efficiency gate.

We took advantage of the dual functionality of the detector to construct a simple picosecond
autocorrelator using two photoconductive-type detectors. This device is depicted in Fig 3. It is
functionally the same as a picosccond optoclectronic AND-gate. Current only tlows through the
device when both detectors are simultaneously activated. The semiconductor autocorrelator is not
new, although it has been limited to applications using high peak power optical pulses.[5.6] By
using LT-GaAs photodetectors, this technique becomes a powertul tool for detecting and analyzing
ultrafast. ultraweak optical signals. We call this modified autocorrelator the Sampling Optical
Temporal Analyzer - SOTA.

signal A
.—4 signal B

LT-GaAs

detector A

output amplifier dctector B

Fig. 3 Schematic diagram of the picosecond optoelectronic autocorrelator. Signals A and B
must arrive simultaneous (accounting for propagation delay on the transmission line)
before current pass through to the amplifier.




The peak output current from detector B is determined tfrom the expression,

IB = uZb2PAPBVAZ

where.  a=qgn/hv and bzunt(/Lz

with, g s the electronic charge
n is the detector quantum efficiency (includes all reflections)
hv is the photon energy
Unp is the electron mobility (holes play a less-important role)
t ts the intrinsic carrier lifetime of the semiconductor
L is the electrode gap dimension forming the detector
PA is the incident optical power (peak) on detector A
PB is the incident optical power (peak) on detector B
VA i1s the bias voltage on detector A
Z 1s the charactenistic load impedance of the SOTA

For a detector quantum efficiency, n=0.10, hv=1.5x10" 19 1 (1=1300 nm), Hn=100 cm/y._g.
4=5x10-12s, and L=1 um, PA=PB=4 W, V' A=10 volts. and Z=50 Q, we have IB = 20 mA.
corresponding to ().1 pC per 5-ps optical pulse.

2. QUESTIONS TO BE ANSWERED DURING THIS PROGRAM

The main objective of this project was to demonstrate the feasibility of integrating a
picosecond optical detector with a picosecond laser activated sampling gate. Questions to be

answered during this program were:

* What 1s the ultimate speed for the SOTA and what is the limiting factor?
* What sensitivity and dynamic range can be achieved?

* What is the relationship between speed and sensitivity?

Can LT-InGaAs replace LT-GaAs for long wavelength applications?
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RN DESCRIPTION OF WORK CARRIED OUT

To accomplish these goals. we needed to grow LT-GaAs epilayers. design an appropriate
electrode geometry to assure high speed. characterize the SOTA, and investigate the feasibility of
using indium-based [I-V compounds. We describe each of these areas and offer suggestions for

tuture improvements.
LT-GaAs material

The semiconductor material required for achieving the fast carrier lifetime is grown using
unconventional MBE techniques. Unlike traditional MBE, where the substrate temperature is kept
between 600° C and 850° C, the growth temperature for our application is considerably lower and
more stringent. We need to grow the epilayer at or just a few degrees above the critical temperature

for formation of a single-crystal epitaxial layer, that is 190° C to 210°C.

GaAs grown in this temperature range exhibits unusual properties resulting from excess
arsenic (~1%).[7] The arsenic is incorporated mainly in interstitials of the crystal, which coalesce
into micro-precipitates with a subsequent short-duration high-temperature (600°C) anneal. The
most imiportant feature exhibited by LT-GaAs is its ultrafast photocarrier lifetime. As we approach
the temperature at which polycrystalline GaAs forms the As concentration increases and the carrier

lifeume becomes shorter.

Subpicosecond measurements are made using an all-optical pump-probe technique thut
measures the change in reflectivity at the surface of a semiconductor.[8] For this experiment. two
().1 ps laser beams are positioned concentrically on the surface of the LT-GaAs epilayer. The
larger diameter beam (pump) photogencrates the carriers while the smaller beam (probe) senses the
slight difference in reflectivity that results from the plasma-induced change in dielectric constant.
The probe pulse is continuously delayed in time to map out the time evolution of carrier generation
and recombination/trapping that comprise the material's intrinsic response. rig. 4 shows the
lifetime of the fastest LT-GaAs material used for this program. The carrier lifetime is almost as fast
as the 0.1 ps duration pump/probe pulses. The epilayer was grown to a thickness of 1.5 um ata
temperature of 190° C on a (100)-oriented GaAs substrate with a Ga/As flux ratio of 20. After the

epitaxial layer was grown it war anncal at 600° C for 10 min. in an As overpressure.




In addition to subpicosecond carrier lifetime, LT-GaAs is also highly resistive (2 107 Q-
¢m) and maintains perfect crystallinity as measured using high-resolution TEM and X-rav
diffraction. The electron mobility can be as high as 150 ¢cm?2/V-s and the dielectric breakdown can
exceed 500 kV/cm. The combination of ultrafast carrier lifetime. high mobility, and high resistivity
provide the key ingredients for development of ultrafast. high-sensitivity photodetectors. Despite
the virtues of LT-GaAs, much research is still required to assure quality control. The optimal
growth process is not yet known and inconsistencies in temperature calibration between different

foundries (and even different machines) exist.
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Fig. 4  All-optical time-resolved reflectivity measurement taken of the surface of a LT-GaAs
epilayer. The 1.5-um thickness epilayer was grown at 200° C and post annealed at 6(X)°
C for 10 min. in an As overpressure. Accurate measurement of the photogenerated
carrier density can be made without the need for electrical contacts.

For example, Fig. 5 shows the results of another LT-GaAs sample grown presumably
under identical conditions by another foundry. The carrier lifetime is 3 ps, over 10 times that
found for the previous sample. The problem stems from the need to extrapolate calorimeter data
from 500° C down to 200° C. We also must make the assumption that the top surface of the
substrate is at the same temperature as the surface contacting the calorimeter. These issues become
critical when tolerances of only a few degrees in substrate temperature amount to dramatic changes

in material properties.
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Fig. 5 Reflectivity measurement taken of another LT-GaAs grown at a different facility,
presumably under the same conditions as the sample used for Fig. 4.

Detector design

To take full advantage of the unique properties of LT-GaAs we need to design the electrode
geometry to attain high sensitivity. As previously mentioned, a detector based on LT-GaAs is akin
to a photoconductor rather than a photodiode. Sensitivity for a photoconductor is related to the so-
called photocurrent gain, G="/t;=p,E/L.. Where, 1 is the carrier lifetime, t; is the carrier transit
ume, Wy is the electron mobility, E is the electric field, and L is the electrode spacing. Decreasing
the carrier transit time across the semiconductor gap to a value comparable to the carrier lifetime
increases the photocurrent gain to a value of unity.




We achieve this performance by using a simple metal-semiconductor-metal (MSM)
interdigitated electrode structure with finger spacing and width adjustable down to 0.2 um. MSM
structures could, in principle, be designed for a photocurrent gain greater than unity, making for a
detector that exceeds the sensitivity of a photodiode. The need for low-barrier chmic contacts to
permit the injection of new carriers and electrode spacings below 0.1 um prevent the incremental

improvement from being cost effective.

Improvement in sensitivity as functions of electrode spacing and applied bias have been
measured. We have fabricated and tested four interdigitated MSM photoconductive detectors of
various finger width/spacing. The detectors were fabricated of 300A/200A Ti/Au using 1 JEOL
JBX 5DIIF direct-write electron beam lithography system. Each detector has an active arca of
50x50 um2 and a finger width/spacing of either 2.0 um, 1.0 pm, 0.5 um, or 0.2 um.

The I-V curves were measured and plotted in Fig. 6. The values found for the (0.5 pm, 1.0
pm, and 2.0 um are comparable to dark current densities (current/active area) found with state-of-
the-art p-i-n photodiodes. The 0.2 um detector shows considerably higher dark current. For
constant electric field, we find the current density for the 0.2 pim detector is, in fact, comparable to
the other three. A bias of 8 volts applied to the ().5-pum detector corresponds to an electric field of
160 kV/cm and produces a dark current density of 32 pA/um?. An electric field of 160 kV/cm
across the 0.2-um detector is obtained with a bias of 3.2 volts, corresponding to a dark current
density of 45 pA/um?2.

The photocurrent for the four detectors was measured as functions of applied bias and the
finger width/spacing. As expected, there is little change in the photocurrent generated as the laser
spot size is reduced from 50 pm down to 10 um. If the applied electric field and the total number
of photocarriers is kept constant, the photocurrent generated will also remain constant, independent
of the laser spot size. For these experiments we used a HeNe laser focused to 25 um diameter.
Fig. 7 shows the results for two incident power levels. We see that the photocurrent scales nearly
linearly with increased bias. We also note a linear increase in photocurrent with decreasing
electrode spacing and increasing optical power. With a bias of 6 volts the (0.2 um detector has a
responsivity of 0.1 A/W. These measurements have been made without using AR coatings on the
detector or accounting for losses due to metalization (which is avoidable via backside illumination).
We believe a responsivity exceeding (.5 A/W is attainable for practical picosecond detectors.
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Fig. 6 I-V curves for the four MSM detectors. The dark current density for the 0.2 um detector
is plotted using the left-side ordinate. The remaining three detectors are plotted using the
right-side ordinate.
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Fig. 7 Photocurrent for the four MSM detectors as a function of the applied bias. The four
detectors are plotted at two optical power levels. The 0.2 um detector biased to 6-V
shows a responsivity of 0.1 A/W.




Fig. 8 summarizes the results for the 0.2-pum detector. Plotted are the photogenerated
electrical pulse amplitude and the corresponding on-state conductance of the detector as functions
of the pulse energy. For optical pulse energies of 20 pJ the resistance of the detector drops from
>10 MQ down to 30 Q in 1 ps. This suggest that one photoconductive detector can function cither
as a picosecond detector or a picosecond gate, according to the incident pulse energy. This dual-

function photoelement gives the SOTA its unprecedented performance.
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Fig. 8 Peak amplitude and conductance of the signals shown in Fig. 2 plotted against the
incident pulse energy. This plot highlites the dual functionality essential for the SOTA.

SOTA design

The best performance to date for the SOTA incorporates the same coplanar transmission
line structure shown in Fig. 1. This configuration integrates the interdigitated MSM photodetector
into the coplanar transmission line and assures good coupling of the electrical signal to the
propagating mode and also eliminates the possibility of parasitic losses from wire bonds and
bonding pads. A voltage is applied across the two electrodes and adjacent fingers of the detector.
Two SOTA designs were fabricated with the finger width/spacing of 0.2 um or 1.0 um. with the

10




detector and gate areas fixed at 10x10 um2. An optical signal on the detector initiates a current
transient that generates an electrical replica. The electrical signal propagates in both directions
away from the detector along the transmission line.

Fig. 9 graphically depicts the experimental layout for the SOTA. The sampling gate 1s
positioned 200 um from the detector, or approximately 2 ps in propagation time, and connected to
the ground electrode of the transmission line. The distance between the detector and gate is kept
short to reduce dispersion. The gate electrode is normal to the transmission lines for a distance of
3 mm to avoid any rf coupling. When the gate is activated its resistance drops below 100 € and
current from the ground electrode transfers across the gate. The sampled signal is effectively
mixed down to quasi-DC frequencies and can than be measured using conventional electronics. In
fact, a portable digital voltmeter can measure the signal directly. To map out the entire electrical
signal (ie. optical replica), we introduce a delay between the the gate pulse and optical signal to
sample each slice of time. Recently, we have shown that rapid scanning of the relative delay is
also possible and offers the user the ability to "see" the optical event in real ime.

200 pm 28mm ——f
! bias electrode

/ i
detector : ground electrode
weak optical signal
gate puise

gate electrode

Fig. 9  Fabrication layout for the SOTA. The 200 um distance between the detector and gate
amounts to a propagation time of 2 ps. The first reflection that returns from the end of
the transmission line takes 60 ps to arrive at the gate.
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Fig. 10 is a photomicrograph of the actual SOTA device. The matrix in the middle of the
pattern is a set of two rows of photodetectors used for the sensitivity measurements discussed
earlier. (We omitted the fifth detector, with finger width/spacing of 0.1 pm, from our results due
to inconsistencies in the data). From this photomicrograph we gain an appreciation for the size of
the 10x10 um2 detector and gate. These dimensions are required to hold the rc time constant to
less than 1 ps. A 0.2 pm detector of this size has a capacitance of 4 fF. When integrated into a 90
€ impedance transmission line the theoretical response is 0.35 ps.

Fig. 10 Photomicrograph of the actual SOTA layout. The matrix of patterns in the center are the
detectors used earlier for measuring the responsivity (shown in Figs. 6 and 7).
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Instead of wire bonding individual SOTAs for testing, we opted for leaving the SOTAs on
the wafer and making electrical contact using mechanical probes. Fig. 11 is a photograph of the
actual experimental apparatus. The mechanical probes and the stage holding the wafer are designed
to move independent of one another. This setup greatly speeds the testing process and enables
quick isolation to prevent electro-static discharge. The signal gated to the gate electrode is sent to
high gain current preamplifier and lock-in amplifier. The lock-in is tuned to a specific frequency,
which is also the frequency at which the optical signal under study is being modulated. Amplitude
modulation of this signal is accomplished using a mechanical chopper placed in the beam. The
lock-in amplifier filters all signals except those having the precise frequency and phase of the
mechanical chopper.

Fig. 11 Experimental apparatus for testing the SOTA. The bias, gate, and ground probes make
contact to their respective bond pads.
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4. RESULTS

Temporal response of LT-GaAs-based SOTA

Fig. 12 shows the system response for the SOTA. The measurement was made with the
optical signals incident on the detector and gate both being of 0.1 ps duration. The responsc of the
SOTA is 1.4 ps. This the fastest, high sensitivity detector/analyzer yet demonstrated. The
deconvoluted speed of either the detector or gate is 1.0 ps.

We see that the response is not symmetric, indicating the SOTA is in fact not behaving like
an ideal autocorrelator. The tail shown on the trailing side of the pulse persists for 30 ps. The tail
results from a combination of capacitive and inductive reactance that couples charge through the
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Fig. 12 Temporal response of the SOTA.
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interdigitated sampling gate and onto the gate electrode. The net charge is zero and is transferred
without the need of the optical gate pulse. When the optical pulse does arrive, say 10 ps after the
electrical pulse has past, the gate electrode is still residually charged with a rapidly decaying bipolar
pulse. The gate electrode is not of constant impedance and effectively reflects the coupled signal.

in a backward-propagating mode  onto the gate.

Activating the gate then transfers charge off the gate electrode and onto the ground
electrode, appearing as though charge is being transferred onto the gate electrode. Our lock-in
amplifier cannot tell which direction charge is transferred. It only filters and amplifies signals that
are produced by the combined action of detection and gating, via the technique of difference-
frequency mixing. Charge that is reactively-coupled onto the gate electrode will not necessarily be
amplified by the lock-in. Orly coupled charge that is subsequently gated back to the transmission
line, due to the presence of the optical gate pulse, will be properly filtered and amplified by the
lock-in. After 30 ps this displacement current pulse decays away, with no net effect on the balance
of charge. Only through the process of mixing at our photogate is the signal revealed. The tail can
be greatly reduced by using a straight gap (not interdigitated) for the sampling gate to reduce the
reactance. The gate pulse is always coherent and thus can be focused to 1 pum or less. therefore
allowing small gaps to be used.

The fact that the leading edge of the response is flat and holds to the baseline indicates that
the LT-GaAs indeed has an extremely fast carrier lifetime with no residual tail.

Sensitiviry of the SOTA

We have pushed the sensitivity of the SOTA to 100 pW (NEP). The gate pulse energy for
this result was 10 pJ. The useful dynamic range now extends from an average power of 100 pW
to 10 mW, or 80 dB. A dynamic range of 80 dB surpasses by a factor of a 1000 the state-of-the-
art in streak camera technology. Although the sensitivity is now comparable to the streak camera,
it still remains 2 orders of magnitude away from the Johnson noise limit of 1 pW. We are now
limited by laser noise fluctuations. Instabilities in the amplitude and beam position are responsible
for the existing noise. Our colliding pulse mode-locked laser has 10% amplitude ripple and is
prone to slight beam movement, caused by the use of two intercavity dye jets. The problem
actually stems from the Schottky barriers that form the MSM contacts of the gate. The barrier at
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the junction has an internal electric tield that permanently biases the gate to a few hundred

millivolts. The intense gate pulse can generate an electrical signal us large as 100 mV in amplitude.

What makes the interdigitated gates unique 1s the alternating polarity of the electric tield
between adjacent fingers. Photovoltaic current generates opposing electrical signals that effectively
cancel one another. However, when the electrical signal being sampled is as weak as | pA.
residual current generated at the gate doe< become significant. Discrimination via the lock-in by
tuning away from the modulated (chopping) frequency of gate signal and to the sum frequency of
the gate + detector signal can eliminate a great deal of this background signal. Unfortunately. if the
gate signal fluctuates too much, the signal is no longer of narrow bandwidth centered at the
modulated frequency and can generate a sizable signal at the sum frequency. A similar noisc
contribution can also be generated by the micromotion of the gate beam across the gate.

We can address this problem either by reducing the laser noise or by designing a gate that is
impervious to laser fluctuations. The new picosecond sources now becoming available have
significantly lower noise levels. As for redesigning the gate, we will begin by replacing the
Schottky contact that forms the metal-semiconductor interface with an ohmic contact. This should
greatly reduce the photovoltaic contribution from the gate. Since both the amplitude fluctuations
and beam movement occur on the microsecond time scale, we can also introduce a feedback loop to
cancel the photovoltaic signal. This would be accomplished by adjusting a voltage applied to the
gate which is equal in amplitude but opposite in sign to its photovoltaic counterpart.

Another approach to improving sensitivity is to simply increase the gate pulse energy. To
test this idea we increased the gate energy from 10 pJ/pulse to 70 pJ/pulse. This is sufficient to
drive the gate below 10 Q. The lower the gate resistance the higher the signal-to-noise. But there
is a limit to how low the gate resistance can be made before the gate begins to saturate and the
response time degrades. AL 70 pJ/pulse, the response time increased by 40%. There are not many
trades available to us that will allow a reduction in the gate resistance to < 10  and also attain a
single-picosecond response. For picosecond response times we are restricted to a gate size no

greater than 10x10 um2.
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On-going work with LT-InGaAs

For optical communications applications, the SOTA must operate between 13(X)-1600 nm.
This means we will need to develop high speed InGaAs. During the latter part of this program we
began growing LT-InGaAs structures and characterizing them for sensitivity, speed, resistivity,
and optical absorption. The approach taken involves growing a InGaAs/InAlAs superlattice at
low-temperature using MBE, followed with a 600° C anneal for 1 hour. For these structures, the
LT-InGaAs serves as an absorbing layer while the LT-InAlAs serves as the carrier trapping layer.
We discuss our initial results in this report. The superlattices were grown for us by the III-V
Matenals Group at Martin Marietta.

Lattice-matched LT-Ing 53Gag 47As grown on InP has a resistivity of ~ 1 Q-cm. In
contrast, the resistivity for LT-GaAs is > 107 Q-cm. To help us understand the effect indium has
on resistivity we have grown a set of three lattice-matched samples and measured their sheet
resistance. Figure 13 shows a curve of sheet resistance vs. indium concentration for the three
samples. The three solid points represent sheet resistance values for lattice-matched LT-GaAs
grown on GaAs, LT-Ing 35Al0.65As grown on a GaAs-based buffer layer graded from
Ing oAl pAs to Ing 35Alg ¢5As, and LT-Ing 53Al) 47As grown on InP. For reference we also
show the sheet resistance for polycrystalline LT-Ing 35Al065As. We see that the sheet resistance
drops by 8 orders of magnitude from 3x10!1 Q/square to 5x103 Q/square as the indium
concentration is increased from 0-53%. We have taken one of these samples, LT-Ing 35Alp ¢5As
(sample M1331), and measured its transient optical reflectivity.

Figure 14 shows a family of four traces taken for as-grown GaAs as well as for increasing
post anneal temperatures. For all time-resolved experiments described in this report we use a
Ti:sapphire laser with pump-probe pulse durations of 0.1 ps and lasing at 800 nm. Despite the low
sheet resistance, we see that LT-Ing 35Al0,65As has a carrier lifetime that is < 10 picoseconds. It is
interesting to note that the annealing process has little effect on the carrier lifetime, with the as-
grown and annealed lifetimes differing by at most a factor of two. The sheet resistance, on the
other hand, was found to increase by 20-fold after annealing.
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Time-resolved all-optical transient reflectivity for Ing 35Gag ¢sAs pumped and probed
with a 0.1-ps laser operating at 800 nm. The unannealed sample has a carrier lifetime
of 14 ps (1/e), compared to 7 ps for the three post-annealed samples. Three of the
samples were post annealed using a rapid thermal anneal (RTA) at 600°, 700°, and
800°C, respectively. The RTA time was 30 s.
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A possible explanation for the low resistivity of InGaAs is offered in Fig. 15. Shown is a
set of four simplified band diagrams for GaAs and InGaAs. The first diagram depicts the energy
positions of the conduction and valence band edges, as well as the relative position of the Fermi
level for unintentionally doped GaAs. We note that the Fermi level is at the midgap. 0.7 eV above
the valence band.

Unintentially-Doped GaAa
T Conduction Band
14 eV T ..................................... F.fﬂl. Lovel
‘ 0.7 ov
Band
GaAx:As
- Conduction Band
T ..................................... Fermi Level (no post snneal)
'.‘.v -.r ------------------------------------- w L.v.' (.“" ”.. .nn..')
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’ ..................................... F.m‘ I.cvol ”
095 oV (after post anneal)
* Valence 8and
IM0.5)Ga(0.46)As:An
Conduction Band
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Fig. 15  Band diagrams for GaAs and InGaAs. After post annealing, the Fermi level for
arsenic-rich GaAs returns to midgap. The presence of excess arsenic in InGaAs causes
the Fermi level to move away from midgap and closer to the conduction band as the
molar fraction of indium is increased.
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Arsenic precipitates are deep-level trap that behave like dual deep donors and deep
acceptors to render the material semi-insulating. In the second diagram we show LT-GaAs with
upwards of 1019 cm-3 arsenic antisite defects being pinned 0.9 eV above the valence band. After
annealing the arsenic antisites aggregate into Schottky precipitates with a pinned barrier height of
0.7 eV. The difference in sheet resistance for these two states is significant, 103 Q/square vs. {1
€)/square for the unanneal and post annealed, respectively. The third diagram shows the bund
structure for LT-Ing 35Gag ¢sAs. The Fermi level is no longer at midgap but pinned closer to the
conduction band. The semiconductor in this case is n-type which yields considerably higher sheet
resistance. The last diagram shows the band structure for LT-Ing 53Gag 47As. The Fermi level is
pinned just below the conduction band, resulting in an extremely high concentration of thermally-

ionized carriers.

We now describe one approach we are taking to attempt to increase the resistivity for LT-
InGaAs. This approach separates the absorption and trapping processes by utilizing a superlattice
structure formed of LT-InGaAs and LT-InAlAs.

LT-Ing 53Gag 47As / LT-Ing 53Alp 48As Superlattice  This photoconductor utilizes high
resistivity, fast carrier lifetime LT-InAlAs combined in a superlattice with LT-InGaAs to achieve
fast response time with low dark current. Ing 52Alp48As is lattice matched to InP and
Ing 53Gag 47As. It has a bandgap close to that of GaAs, making it of little use for long-wavelength
detectors on its own. By growing alternate layers of absorbing InGaAs and InAlAs we will be
able to both absorb the long-wavelength optical signal and trap the carriers. We have grown LT-
Ing 53Gag.47As / LT-Ing 52 Alg 48As superlattices on InP with 200-A layer thicknesses to
demonstrate the concept. We chose the 200 A thickness to be close to the spacing of the
precipitates normally found in LT-GaAs.

Figure 16 shows the absorption curve for the superlattice structure, along with its layer
profile. The structure was grown on semi-insulating InP starting with a 1000-A layer of
Ing 52Alg.4gAs grown at normal stoichiometric temperature (520° C) and followed by a second
1000-A layer of Ing 51Alp48As grown as the temperature dropped from 520° C to 245° C. The
superlattice was then grown with alternating layers of 200-A thickness Ing 53Gag 47As and
Ing 52Alg 48As, and capped with a 200-A layer of Ing 53Gag 47As. The sample was then post
annealed at 470° C for 10 minutes in an arsenic overpressure. The action of post annealing causes
excess arsenic in the InGaAs layer to be gettered into the adjacent InAlAs layers. where is
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aggregates into precipitates of similar size and spacing as found in bulk grown LT-InAlAs. The
200 A thickness assures that the InGaAs will be fully depleted. Going larger than 200 A for the
InGaAs thickness might reduce the effect of the Schottky precipitates. Going thinner of course
reduces the effective absorption. We also selected 200 A for the InAlAs layer, which simplified
the growth procedure and assured a sufficiently thick region to trap carriers.
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Fig. 16  Spectraphotometer scan of LT-Ing 53Gag 47As/LT-Ing s2Alp 48As superlattice (shown
in insert). Absorption (ABS) is plotted in OD. The relation between the measured
absorption and the absorption coefficient, & is: afcm-1] = -(1/T[cm]) In (10 -ABS[OD}),
where T is the epilayer's thickness. The ripples on the curve are due to the periodicity
of the superlattice.
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The ripples that appear on the absorption curve of Fig. 16 correspond to the periodicity for
multiple quantum wells of 200 A spacing. We expect to see an absorption edge approximately
midway between the absorption edge for Ing s2Alp48As (825 nm) and Ing 53Gag 47As (1550 nm).
or ~1188 nm. It is difficult to discern from the surrounding features whether the 1550-nm edge
exist. The sheet resistance for bulk LT-Ing s2Alg4g8As is 10% /square. The sheet resistance for
the low-temperature grown superlattice is 106 Q/square, 500-fold improvement over bulk LT-
Ing.53Gag.47As .

The dynamics for charge transport go as follows. Light is absorbed in the InGaAs layers
creating electrons and holes. In the presence of a moderate electric field (103 V/cm) applied in the
plane of the layers the photogenerated carriers are accelerated to sufficienty high energy to
overcome the barrier potential and transfer into the wide bandgap InAlAs layers. Given the
mobility for InGaAs and the 200-A layer thickness, real space transfer should take 2-5
picoseconds. Once in the arsenic-rich LT-InAlAs layers the carriers are trapped within a few
picoseconds. The presence of the electric field is important to accelerate the carriers and affect the
thermionic emission process. If the field is perpendicular to the layers the carriers will accumulate
at the interface and will be slow to tunnel through the interface. If sufficiently large light levels are
absorbed in both the InGaAs and InAlAs, the 0.25-eV barrier will taper off via band bending to
allow carriers to move more freely through the interface, even with no field applied.

This latter case was the set of conditions used to initially study charge transport in our
samples. Figure 17 shows the transient reflectivity for the superlattice with a laser operating at 800
nm was used to produce electron-hole pairs. In this experiment carriers are generated both in the
LT-Ing 53Gag.47As and LT-Ing 52Alp 48As. The reflectivity shows that the material is indeed as
fast as bulk LT-Ing s2Alg48As. Time-resolved photoconductive measurements, with the light
selectively absorbed by the InGaAs layers, are now needed to determine the true carrier lifetime for
this material. These initial results are nevertheless encouraging.
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Fig. 17  Transient reflectivity of the LT-Inn 53Gag 47As/LT-Ing 52Alg 48As superlattice. The
measurement was made with both the pump and probe light being above the bandgap
for the LT-Ing 52Alo 48As. Hence, carriers were photogenerated in both layers.
Despite the suboptimal laser wavelengths, we see that the superlattice has a effective
carrier lifetime of 8 picoseconds (1/e). The carrier lifetime of unintentionally-doped
Ing 53Gag 47As is several hundred picoseconds.

5. CONCLUSIONS

We have demonstrated the use of a novel all-solid-state optical detector integrated with a
picosecond analyzer that form the world's fastest, most compact, ultrasensitive, picosecond optical
waveform analyzer. The output from this device is a quasi-DC current that can be measured using
conventional electronics. The speed, sensitivity, and dynamic range of the SOTA, coupled with its
ability to be mass produced using conventional microfabrication, offers us a unique opportunity to
develop a new and greatly advanced generation of uitrafast optoelectronic technology.

The application of the SOTA as an high-speed AND-gate is one example. At this time, the
picosecond SOTA is limited to wavelengths at or below 900 nm. In the near future, as novel
nonstoichiometric InGaAs-based materials improve, the unique performance of the SOTA will play
an important role in ultrafast communications.
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