the APD as a function of time at room ambient condition with an
APD reverse bias of 123V. The I-V characteristics before and
after the reliability test are shown in Fig. 3. The initial current
density is 118 A/em?. After the 25-hour test, the current density is
~119 A/em? and the power density is 1.4 X 10*W/cm?. The maxi-
mum and minimum current density during the 25-hour test are
117 and 121 A/em?, respectively. The fluctuation is < 3%. Note
that the junction temperature of the APD can be expected to be
much higher than room temperature due to the joule heating of
1.4 x 10*W/cm? although we cannot get a good measure of the
junction temperature. After the reliability measurement, the
reverse I-V characteristics were retested and compared with prior
results. The major breakdown features, such as the breakdown
voltage and the sharpness of the breakdown, are almost the same
except for a higher leakage current, suggesting that MJTE termi-
nated 4H-SiC APDs are very robust at room temperature and the
stability is good. The increase in the leakage current is likely to be
due to the non-impervious nature of the SiO,, suggesting the need
for Si;N, passivation and sealing of the device.
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Fig. 3 Reverse I-V characteristics before and after reliability test
Inset: Reliability test of MJTE terminated 4H-SiC APDs

Conclusion: MJTE terminated 4H-SiC APDs have been fabricated.
The leakage current at 95% of the breakdown level can be lower
than 1pA/cm? for devices with device area up to 300 X 300 pm?.
The peak responsivity is higher than 105 A/W. These APDs run
very stably at room temperature with the power densities up to 1.4
x 10* W/em?2.
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Low-noise single-photon detection at
wavelength 1.55um

P.A. Hiskett, J.M. Smith, G.S. Buller and
P.D. Townsend

The photon-counting performance of commercially available
InGaAs/InP avalanche photodiodes operated in Geiger mode was
investigated at temperatures between 77 and 260 K. In particular,
their noise equivalent power was measured to be 4 x 10-17 WHz 12
at 77K. The implications of these results in the context of a
quantum cryptography application are discussed.

Introduction: During the past few years there has been a steadily
increasing interest in semiconductor-based photon counting detec-
tors in the wavelength range 1.3-1.6um for the applications of
time-resolved fluorescence [1, 2], optical time domain reflectome-
try [3] and quantum cryptography [4 — 6]. This Letter presents
results on new InGaAs/InP-based avalanche photodiodes (APDs),
model EPM 239AA manufactured by Epitaxx Ltd. (New Jersey,
USA). These 40um-diameter, substrate entry devices were
designed specifically for low leakage current at room temperature.
We report on the operation of these diodes in Geiger mode, i..
biased above avalanche breakdown voltage, in order to assess
their performance as photon-counting detectors. While exhibiting
detection efficiencies and temporal response comparable to other
commercially available devices, the dark count rates were approxi-
mately 100 times less than the previously-reported best InGaAs/
InP Geiger-mode photodiodes — thus opening up exciting possibil-
ities in infrared photon-counting applications areas.
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Fig. 1 Detection efficiency and dark count probability (normalised to
50 ns window) against operating temperature

Results: A current-voltage analysis of a specimen representative of
the set of devices, revealed a multiplied dark current (at 97.5% of
the breakdown voltage) of only 30 pA. By comparison, alternative
commercially available InGaAs-based APDs were found to exhibit
dark currents under these conditions of approximately 1-10nA
[7]. To characterise the APD in Geiger mode, the fibre-pigtailed
detector was placed in a liquid nitrogen cryostat, and connected to
a passively Q-switched (1550 nm) laser diode that produced pulses
of 35 ps duration. This technique is more completely described in a
recent paper by this group [7]. In summary, such an approach per-
mits the almost simultaneous measurement of dark count rate,
detection efficiency and temporal response at any set temperature
between 77 and 260 K. The SPAD was operated in gated mode,
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i.e. periodically held above breakdown for a short length of time,
162 ns in this case. The gating was controlled by an active quench
circuit and synchronised to the optical pulses emitted from the
laser. The results of the characterisation are shown in Fig. 1,
which shows the detection efficiency and dark count probability at
temperatures between 77 and 260K for a bias of 3V above the
breakdown voltage. For these measurements, the repetition rate of
the laser (and of the gate) was deliberately kept low (1kHz) to
minimise the effects of afterpulsing (see below). At 3V excess bias,
the temporal response varies between 270 ps (at 77K) and 324 ps
(at 260K). Fig. 1 shows a typical behaviour for such a diode in
that the dark count rate increases rapidly with temperature, as
thermally generated carriers constitute the dominant contribution
to the dark count probability. The dark count probability is only
1.8 x 10- in a 50ns time window at 77K, which is approximately
100 times less than the previously reported lowest value measured
from a large sample of commercially available APDs cooled to
77K at the same excess bias [7]. The detection efficiencies are
comparable to these previous results.
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The problem of afterpulsing in cooled semiconductor-based
photon-counting diodes has been noted by a number of authors
[3, 8, 9]. The origin of this afterpulsing is likely to be the emission
of carriers from trap states, which can lead to a spurious count if
the carriers reach the multiplication region and trigger an ava-
lanche. This problem is more evident at lower temperatures as the
trap lifetimes lengthen and become comparable to the period
between incident laser pulses. To assess the effects of afterpulsing
in this low-noise detector, the repetition rate of the gate to the
SPAD was varied, with no light incident on the detector. To more
fully characterise the afterpulsing phenomenon, the gating rate
dependence of the dark count probability was measured, for the
same detector, in three different operating regimes: active quench-
ing (described in [10, 11]); passive quenching (described in [12]);
and short-gating mode (described in [9]). Some form of external
quenching technique is necessary to stop the self-sustaining cur-
rent pulse that occurs in a diode operated in Geiger mode after an
avalanche is triggered (either by a photon or by a thermally gener-
ated carrier). Each operating technique has its advantages and dis-
advantages depending both on the diode performance parameters
and end application. The detector was used at its optimum dark
count rate condition at 77 K, and the repetition rate was varied to
analyse its effect on the dark count probability. The speed of the
quenching process in stopping the otherwise self-sustaining ava-
lanche will directly affect the amount of charge flowing through
the device, and thus the number of trap states filled per event.
Hence the three operating techniques will result in different num-
bers of filled trap states, as clearly illustrated by the behaviour of
the dark count probability against frequency, for an excess bias of
3V, shown in Fig. 2. With the particular method of active
quenching used (ie. a remote Silena 8619 NIM module), the
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charge flow during the avalanche was great enough to fill a suffi-
cient number of traps to observe an increased dark count rate at a
frequency of only a few kHz. With passive quenching (using a
100kQ quenching resistor), the effect is only seen at frequencies of
> 10kHz. In both the active and passive quenching results, the
detector was gated above breakdown for 162ns after the laser
pulse, however, the dark count probability from only a 50ns win-
dow of this gate is shown. The short-gating mode technique relies
on a short electrical pulse being placed across the diode to bias the
device above breakdown for its duration. If an event occurs in this
short time window, the end of the electrical pulse will bring the
bias voltage below breakdown and effectively quench the ava-
lanche. However, for such a technique to be more effective the
pulse must be shorter than the charging time experienced in pas-
sive or active quenching, For the results shown in Fig. 2, the gate
width was ~3.5ns. Under these conditions the detector exhibited
good performance up to several hundreds of kHz. The detector jit-
ter (full-width-at-half-maximum) was measured to be around
270 ps, regardless of the quenching technique employed.

Discussion: To assess the potential of these detectors for infrared
photon-counting applications, appropriate figures of merit can be
calculated from the data given above. In terms of time-resolved
fluorescence spectroscopy or optical time domain reflectometry
one useful (but not comprehensive) figure of merit is noise equiva-
lent power (NEP), which is defined as the signal power required to
attain a unity signal-to-noise ratio within a 1s integration time [3].
The NEP is given by [3]

hv
NEP = DE 2Np

where DE is the detection efficiency, Np is the normalised dark
count rate, v the frequency of light used and 4 is Planck’s con-
stant. The minimum NEP for the Epitaxx APD results then in 4 x
1017 WHZz 2, compared with a value of 4 x 10-16 WHz 2 meas-
ured for the best Fujitsu InGaAs/InP APD (model FPD13U81SR)
at the same operating temperature [7].

However, the optimum operating condition for a SPAD is not
simply at the temperature where the NEP is at a minimum
because of the effects of afterpulsing. These results were obtained
at 1 kHz and, therefore, afterpulsing was minimal. At this very low
frequency the optimum operating temperature would indeed be
77 K. Nonetheless, if the application demanded a higher operating
frequency, a common case in quantum cryptography, then the
temperature of 77 K would not be a suitable choice because of the
long trap lifetimes at this temperature. A higher temperature
would be necessary to reduce the effects of afterpulsing even at the
expense of higher thermally induced dark counts.

Conclusions: A new low-noise InGaAs APD has been operated in
photon-counting mode at temperatures between 77 and 260K.
The results indicate a reduction in dark count probability of a fac-
tor of ~100 and an improvement in NEP of a factor of 10 over
other InGaAs diodes at a wavelength of 1.55 um. The effect of dif-
ferent quenching techniques has been investigated and, when used
in gated mode with a sufficiently short gate duration, repetition
rates of hundreds of kHz were achieved with no significant after-
pulsing effects.

Recent results [13] show that incorporating this detector, oper-
ated at 140K, into a quantum cryptography receiver operating at
100kHz allowed transmission distance of 80km to be realised.
The measured quantum bit error rate of this 80km system was
measured to be 9%. This is considerably beyond the 40-50km
range that has been reported to date [4, 5.
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Correction of residual motion errors in
airborne SAR interferometry

A. Reigber

The main limitation for a wider applicability of airborne repeat-
pass interferometric SAR data is the presence of small
uncompensated motion errors. The effect of residual motion
compensation errors is addressed and a new technique to
minimise their influence on the interferometric phase is proposed.

Introduction: One main problem in the interferometric processing
of airborne repeat-pass SAR data is the presence of residual phase
errors in the generated interferogram. Even though the effects of
the turbulent aircraft motion can be compensated almost perfectly
by a high-quality motion compensation during SAR processing
[1], always small errors occur owing to inaccuracies in the exact
estimation of the antenna position during the flight.

Very similar to the problem of atmospheric effects in space-
borne SAR interferograms, also the residual motion error has a
differential effect. Therefore subcentimetre precision in the posi-
tioning would be required to obtain unaffected interferograms.
This can hardly be reached at present. In the derived interfero-
grams, the occurred residual motion errors appear usually as low-
frequent phase modulations in azimuth. Therefore, for applica-
tions which require large-scale or multiple-image phase relations,
e.g. differential interferometry or DEM generation, airborne
repeat-pass data cannot be used. In the following, a technique is
proposed which estimates the total residual motion error over
both tracks out of the interferogram itself.
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Algorithm description: Uncorrected motion errors affect SAR
images mainly in two ways. First, the motion errors cause a dis-
tortion of the image phase. Each of the two images is affected by a
phase error of

A®,..(x,1) = 4TWAT(I,T) (1)

with x and r denoting the azimuth and range position, respec-
tively, A the radar wavelength and Ar the uncompensated displace-
ment from the real track in line-of-sight direction. The differential
error between the two tracks can be observed directly in the inter-
ferometric phase. It appears usually as a phase modulation along
azimuth with only a slight range dependency due to the change of
the look angle from near-range to far-range.

Secondly, the residual motion errors cause spatial distortions in
the processed image. A residual motion error modifies the ideal
parabolic phase history of a target. If for example the error has a
linear characteristic, i.e. if the real track is rotated by an angle o
with respect to the measured one, the phase history of a target
located in the range distance r, and at the azimuth position x, can
be written as

A 2?"()

If the images are processed with zero Doppler-centroid, the maxi-
mum of the impulse response is focused at the place where the
received azimuth signal passes frequency zero, i.e. where the devia-
tion of its phase history becomes zero:

I2] 4 [z — 29

= &(z) = —

Oz (@) A ( To
= 2z =20 — 2rpsina (3)

d(z) = Ar (ro + M + 2z sina) 2)

+251na> =0

Therefore, in case of a linear error, the peak appears shifted in azi-
muth by Ax = 2r¢sina, ie. by the deviation of the original phase
error scaled with the range distance of the target. As uncorrected
errors are usually only of the order of a few centimetres, this effect
is relatively small and might not be very disturbing for the ampli-
tude images.

During the coregistration of airborne SAR images, the spatially
varying azimuth offset Ax(x, r) has to be measured and corrected,
in order to generate interferograms with high coherence. As men-
tioned above, this offset is proportional to the deviation of the dif-
ferential residual error in both tracks. This differential error is
again proportional to the observed phase error in the interfero-
gram. Therefore, it can be estimated by integrating the observed
azimuth offsets in azimuth direction:

Aq’err(xvr):/?ﬂ'_zij—(m-)

The integration constant C,py is unknown and cannot be
resolved with this method. It causes only a global phase offset. To
avoid sudden phase variations from one azimuth line to another,
it has to be adjusted in a way that the variations of the derived
error phase term are minimised over range. This leads to a smooth
two-dimensional correction function.

The limitation of this method is the precision of the used coreg-
istration method and its spatial resolution. Interferometric coregis-
tration based on spectral diversity [2] reaches an accuracy of up to
1/100 of resolution element combined with high spatial resolution.
Therefore, this method seems to be well suited to support the
residual phase correction as proposed above.

dx + Cabsolute (4)

Experimental results: The performance of the residual phase com-
pensation was evaluated using airborne data acquired by the E-
SAR in L-band repeat-pass mode in May 1998. The observed ter-
rain of Oberpfaffenhofen/Germany has only slight topography.
As, in addition, the baseline between the two paths was very small
(< 10m), the resulting interferogram should show nearly no phase
variations. Looking at the interferogram, shown in Fig. 1, phase
variation in azimuth of more than 400° can be observed. This indi-
cates that the motion compensation of the nonlinear flight track
was carried out only insufficiently. In this case the main reason
was a technical problem with the navigation system, which did not
record the position data with the usual precision.

In Fig. 2 the interferogram corrected by the phase term derived
from the coregistration parameters is shown. As expected from the
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