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ABSTRACT

LiDAR remote sensing of the atmosphere requires a photons detection chain with a high sensitivity and a high dynamic
range associated with a good temporal resolution. To meet these requirements, a specific CMOS read out circuit (ROIC)
has been studied, design and realized at CEA/Leti within the frame of the H2020 project HOLDON. This ROIC is based
on a CTIA amplifier with four different current/voltage conversion gain thanks to capacitance ranging from 10 fF to 10 pf.
Other functionalities like on chip sampling, auto-reset or programmable low pass filtering have been implemented to
optimize the detector for different measurement chain. Based on this circuit architecture, two versions of the ROIC with
different way to connect the circuit to the photodiodes have been manufactured and tested. The first one is design to be
directly hybridized to a small array of photodiodes with a format imposed by the ROIC design in term of pixel pitch and
array size. For the second ROIC version, the photodiode array is hybridized to an interconnection circuit used as a fan-out
of electrical connections to a bonding pad. This module is then wire-bonded to the ROIC to get the final detector assembly.
This configuration allows us to couple the ROIC with different APD geometry adapted to a specific application need. The
performances of one of the first hybridized devices were previously presented during ICSO 2020 For this review, we
focus on the second version of the ROIC. The tested detector module is made of an array of 76 HgCdTe APD in parallel
with a pixel pitch of 15 pm. The array forms a 150 pm diameter macro-photodiode. The device was tested at 78K within
a liquid nitrogen cooled cryostat. Under photon flux, we have obtained a linear response of the device with an incoming
flux varying over more than six orders of magnitude without varying the APD gain. This wild dynamic is associated with
a high sensitivity with a noise standing below the unique photon. The response to a brief laser pulse gives a rise time
ranging from 175 ns for the highest CTIA gain to 6 ns for the lowest CTIA gain.

Keywords: HgCdTe, APD, dynamic range, LiDAR, persistence

1. INTRODUCTION

LiDAR is a demanding application for photon detectors as it needs high sensitivity, high dynamic range with a good
temporal resolution. With their exceptional performances as high linear gain, low multiplication noise and high quantum
efficiency!!, HgCdTe or MCT (Mercury Cadnium Tellurium) APDs have demonstrated its ability to respond to these
requirements. Nevertheless, a specific application needs for a specific photodiode and adapted CMOS circuit to extract the
photocurrent. The development of such a detector dedicated to LiDAR systems was the aim of HOLDON H2020 European
project (HgCdTe APD Optimization for Lidar Detection Of greeNhouse gas). For this project, a consortium of end-users,
test bench developers and detector manufacturers has been settled to define the needs and then develop, realize and test a
versatile detection chain dedicated to LiDAR applications. The detector module, comprising the HgCdTe avalanche
photodiode (APD) and the dedicated CMOS read-out integrated circuit (ROIC), was developed at CEA Leti. ID Quantique
has designed and fabricated the proximity electronic providing the control signals and data acquisition. The sets made up
of these two main parts are being currently distributed to the end-user partners DLR, LMD and Airbus to be tested and/or
implemented in full LIDAR systems, the final goal being to demonstrate the use of the detector in different LIDAR methods
for greenhouse gases detection. Always in the frame of HOLDON project, a Near-infrared, visible and ultraviolet (NIR-
VIS-UV) LiDAR echo emulator (LEE) has been developed by Alter technology?*!. The LEE will be used by Airbus to
fully characterize two detector modules, the long-term goal being to have a detector that meets the requirements for most
space LiDAR applications.

*eric.deborniol@cea.fr
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The optimization of the HgCdTe APD technology and an overview of the new ROIC development has been reported in a
previous paperl. In this first version of detection module, the ROIC was indium bump hybridized to the HgCdTe APD as
it is usually done for HgCdTe focal plane arrays. This photodiode/ROIC coupling scheme requires a specific CMOS
processing which imposes to fabricate a full dedicated wafer batch. A second version of the ROIC that can be coupled to
the APD by wire bonding was designed and included in the specific CMOS batch realized for the first version. This version
of the ROIC has the same features as the previous one. There are two main advantages of such a coupling scheme: first
the ROIC can be coupled to an APD with arbitrary geometry and do not need to be adapted to the CMOS circuit, second
the ROIC can be fabricated on a multi-project CMOS wafer manufacturing. This second point allows reducingthe
development time and costs, to optimize and/or to adapt its design to specific application needs. This paper will focus on
the test results obtained on detector module using this second APD/ROIC coupling scheme.

The ROIC design and main features as the detailed architecture of the two versions of detector modules, hybridized and
wire bonded based on this circuit are presented in section 2. The first characterization results from a HOLDON detector
module made by wire bonding are reported in the section 3. The last section presents the conclusion and perspectives that
can be made from the results of this study.

2. DETECTOR DESIGN AND DEVELOPMENT

2.1 ROIC design

The main challenge for HOLDON ROIC design was to find an architecture enabling a linear detection that can handle
more than 6 order of magnitudes of incoming photonic flux and at least 2 order of magnitudes in temporal resolution with
a sensitivity close to the single photon level. The high dynamic range could only be achieved by implementing a variable
gain amplifier. Two main configurations were considered, resistive trans-impedance amplifier, RTIA, and capacitive trans-
impedance amplifier, CTIA. An analysis of both configurations evidenced that CTIAs allow a more stable operation for a
larger variation in feedback gain. In addition, the Johnson noise of the resistance in RTTAs gives an increased noise at
higher gain values that limits the gain in sensitivity.

For a CTIA based photodetector, the output signal corresponds to the integral of the detected photocurrent (cf. Figure 1).
The detection of a photon pulse is translated into a star-case signal proportional to the number of detected photons. A reset
of the feedback capacitance, driven by “raz” logical signal in Figure 1, is therefore needed to avoid a saturation of the
circuit. The electronic gain change is made by a variation of the feedback or integration capacitance, Cin. A reduction of
the feedback capacitance will induce an increased reset noise. But this reset noise is only a variation of an offset voltage
for each recorded waveform (a waveform being here the voltage integration ramp from one reset to the next one) that can
be easily eliminated by using data treatment based on a derivation of the recorded signal.

[
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Figure 1 . CTIA electronic input stage coupled to a photodiode.

As already mentioned, the main drawback of the CTIA input stage architecture is that the charge integration on the
capacitance can saturate in case of the detection of strong signals. For LiDAR applications, this requires a good knowledge
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of the temporal photonic signal evolution scenario to adapt the gain and/or to insert a reset during the reception of the
signal. To avoid saturation, the ROIC gain can be dynamically changed during the observation by switching from a high
to a lower gain. The reset is also an option but it will introduce a dead time with a loss of data that need to be positioned
in a region of expected low interest. This reset dead time is expected to be lower than 50 ns. To cope with the case of
limited knowledge on the temporal variation of the LiDAR signal, we have also implemented an automatic reset function.
It resets the capacity once a given (user defined) signal level has been obtained. This functionality allows avoiding a long
dead time after saturation but might introduce reset dead-times at variable instants of time that might introduce important
loss of information.

The ASIC amplification chain is presented in Figure 2. The signal from the CTIA can be output from the ASIC using two
modes of operation. The first, illustrated in Figure 2 a, is termed the continuous mode. In this mode, the signal is subject
to an optional filtering before being directly amplified with a buffer that enable to charge the output with a impedance
down to 50 Ohm. The output can be single ended with signal range of 2.4 V, or differential, with a signal range of 4.8 V
when charged on high impedance. The latter can favorably be used to suppress common mode fluctuations and is directly
compatible with differential input ADCs.

In the second mode, termed on chip sampling (OCS) and illustrated in Figure 2 b), the CTIA output signal is sampled in
the ROIC. The analog samples are stored on 2048 capacitors. An external LVDS clock controls the sampling time
(write/read clock). The sampling frequency can be adapted to the expected waveform of the LiDAR signal with
asynchronous rate up to 100 Msamples/s. The recorded samples are then sequentially read-out at a slower rate controlled
with the LVDS signal. This enables to use an ADC with slower sampling rate associated with higher number of bits and
larger dynamic range. The reduced bandwidth on the signal at the output of the buffer in the OCS mode does also allow to
increase the charge at the input of the external sampling unit, that is expected to increase the linearity of the buffer amplifier.

| TIA Filter — OCS Buffer
Input | Output

current voltage

| TIA Filter ocs Buffer
| Output
Input voltage
current
write/read Input clock|
b ) cock > puffer

Figure 2 . HOLDON ROIC modes of operation. a) In continuous mode, the output of the CTIA is directly accessible at the
output. b) In the On Chip Sampling (OCS) mode, the signal is first sampled at high rate within the ROIC and sequentially
read at a lower rate in order to use low noise, high resolution and high dynamic ADC.

In order to meet the large dynamic range needed for LIDAR we have implemented 4 different gain values, each time varied
by one order of magnitude, ranging from 10 fF to 10 pF. The ROIC was made using the HOAROIC CMOS technology
from STMircroelectronics. This process has a 130 nm resolution and thick oxide that sustain a maximum voltage of 4.8 V.
This high voltage is in favor of large linear dynamic range for each gain. Preliminary simulation has shown a linear range
of 2.4 V for each gain setting. Table 1 resumes the expected performance in terms of signal range, noise and linearity for
the different CTIA gains. A very low noise is expected at all gains and allows a dynamic range up to 92 dB in electrical
power ratio for the two highest gains. This high dynamic range is combined with a down to single photon level detection
when associated with an APD gain in excess of 100 at the two lowest gain settings G1 and G2.
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Table 1. Expected characteristics of the versatile HOLDON ROIC. The dynamic range is expressed in electrical power ratio.

Full range
Electron Electron linearity
Signal | Charge capacity noise rms noise rms Dynamic | fluctuations
Gain C (fF) range (V) | (Melectrons) Noise (1V) M=1 M=100 range (dB) (%) BW (MHz)
G1 10 2.4 0.15 390 24.3 0.2 75.8 2 3
G2 100 2.4 1.50 90 56.2 0.6 88.5 0.2 30
G3 1000 2.4 14.98 60 374.5 3.7 92.0 0.04 300
G4 10000 2.4 149.81 60 3745.3 37.5 92.0 <0.01 300

The expected linearity for a given feedback capacity is strongly dependent on the gain of the CTIA, mainly through the
variations of parasitic capacitances that have a strong voltage dependence. This result shows that the APD gain is not only
useful to reduce the impact of the amplifier noise but does also increase the linearity of the amplifier as it allows to integrate
a small signal on a larger capacitance. For example, the G1 at unity APD gain and the G4 at a gain of 100 are characterized
by a similar input noise, but the linearity has been improved by 2 orders of magnitudes using the APD gain. This feature
could be of high importance for the most demanding LiDAR applications.

2.2 Detector modules assembly

Based on the architecture described in the previous section, two version of the ROIC were design and realized on the same
CMOS batch. A first version, named CL111, is designed for indium bum flip chip hybridization between MCT APD and
ROIC. The other ROIC, CL112, is made to do this connection by simply wire-bonding the APD to dedicated pads of the
ROIC. In that case, the photodiode array is first hybridized to an interconnection circuit used to form APD macro-pixels.
The interconnection circuit/APD module can then be tested and coupled to the ROIC by wire bonding. With the hybridized
detector, the APD array himself cannot be tested before being associated to the ROIC. This early test and selection of APD
module is the first advantage of this wire-bonding scheme. The other one is the fact that wire-bondable ROIC can be
realized on multi-project CMOS wafers. This is much less expansive and easier to access CMOS process allowing to
explore different ROIC architectures options for a given application or to make evolution of existing one. However, the
ultimate performances in terms of noise and bandwidth are more likely to be obtained with an hybrid detector module.

I

H

e

b

Figure 3 . a) hybrid detector module based on indium bump flip chip hybridization between MCT APD and ROIC CL111;
b) wire bonded detector module: the photodiode is hybridized to an interconnection circuit and connected to a specific input
pads of the ROIC CL112.

The wire-bonded module used in this study is made of 76 photodiodes at 15 um pitch forming a 150 pm diameter APD
macro-diode. In both cases, CL111 or CL112 based detector modules, the ROIC is wire bonded to a dedicated cold PCB
before being integrated in the HOLDON cryostat.
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3. ELECTRO OPTICAL TEST RESULTS OF A BONDED MODULE

3.1 Test setup

Figure 4 shows a block diagram of the detector’s test setup. The detector module were tested using 1.55 um fiber coupled
lasers. For static measurements we used a continuous laser and for dynamic measurement a pulsed laser. The pulsed one
is a GSL model laser from CALMAR having a pulse width in the tens of picosecond range. The laser pulse energy is
controlled via a variable optical attenuator (VOA) from JGR. The attenuation range goes from 0 to 100 dB with 0.1 dB
accuracy or 2.3 %. The mean pulse power at the output of the fiber can be measured via a power meter. A simple optical
system made of two lenses allows imaging the fiber output on the detector collecting all the photonic flux. The detector
module is operated at 80 K thanks to a passively cooled cryostat. A F/4 cold aperture and 2.4 um cold low pass filter are
implemented inside the cryostat to limit the thermal background photonic flux.

The ROIC was controlled using a dedicated proximity electronic card that was developed at CEA/Leti and a generic low
noise bias supplies and clock generators usually used to control infrared focal plane arrays. The signal was sampled using
a 12 bit Tektronix MSO6 oscilloscope. The oscilloscope was most of the time operated with a sample rate of 625 MS/s
allowing to get 16 bits of vertical resolution. This high-resolution mode reduces the oscilloscope input noise. This feature
was very useful to measure the 60uV ROIC noise expected for the two lower CTIA gains. An arbitrary generator function
AFG 3102 from Tektronix, which is not depicted Figure 4, perform synchronization of all signals controlling the laser and
the detector.

HOLDON
detector
LASER |-H voA
1.55 ym
JGR OSCILLOSCOPE
Proximity Tektronix MSO6
electronics
card

Figure 4 . HOLDON modules test bench.

3.2 Electro-optical performances of the wire bonded detector

As for the hybrid version of detection module, the auto-reset and internal switchable low pass filters of the ROIC were
found to be functional. The reset dead time is unchanged at 50 ns. The OCS mode of operation is also functional. Saying
that, the results reported here after were acquired in continuous mode. The output buffer has a positive and a negative
output to be able to provide a differential signal to the following part of the data acquisition chain. During these
measurements, we only used the positive one, OutP, loaded on the high impedance entrance of the oscilloscope.

A first series of measurements were made with the continuous laser. From these measurements, we will evaluate the values
of the ROIC feedback capacitance, the quantum efficiency and the APD gain. Another series of measurements needing the
pulse laser were performed. We then get the evaluation of the quantum efficiency to excess noise ratio (QEFR), the detector
bandwidth and the dynamic and linearity figure of merit. Without any voluntary incoming flux, there is still a residual
photocurrent due to the thermal background photons. The background current and associated noise give us information
about the detector performances that can be obtained in practice with our optical aperture configuration. To get an idea of
the ultimate noise that can be obtained we also made some measurements in dark conditions by setting an obstructed cold
aperture in front of the detector.
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Continuous laser measurements

The value of the four integration capacitances of the wire-bounded module were re-evaluated. The 10 pF, G4, value is
calculated from the measurement of the total photocurrent flowing to the APD anode (via the dedicated ROIC bias) when
the detector is illuminated by the continuous laser. The voltage drop for a given time of integration gives a direct measure
of the capacitance. This method of Ciy value evaluation supposes that none of the photodiodes array forming the sensitive
surface have an excessive dark current (what was checked later). Otherwise, the value obtained by this way takes into
account all the gains applying along the measurement chain. It is the effective conversion gain to be taken into account for
Volt to electron conversion. In the rest of the document, we used Cin for clarity, even if it is not the real value of the
feedback capacitance. By convention, to talk about the used ROIC gain, we use the designed instead of the measured one.
In the measurement process, the 1 pF Ciy value is inferred from the 10 pF one thanks to the measure of the ratio of their
integration slope at a given flux. The 100 fF is again inferred from the ratio of slope with the 1pF and so on. We used this
method as the direct measurement of weak current presents larger uncertainties than bigger ones.

Table 2. Designed and measured ROIC capacitances values.

Cint design. Cint éval. Ratio to prev.
i fF fF Giv1/Gi
G4 10 000 9500 -
G3 1000 962 9.87
G2 100 110 8.76
Gl 10 12 9.44

The APD gain curve is depicted Figure 5. It was measured using the G4 ROIC capacitance. A gain of 78 is obtained for
11.4 Volt of APD reverse bias voltage.

100
[ ]
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Figure 5 . Measured APD gain curve of Holdon detector module.

Pulsed laser measurements

Knowing the value of the ROIC conversion gain, Cin, we can evaluate the quantum efficiency (QE) at unity APD gain.
The number of photons per laser pulse is measured using a power meter at the output of the optical fiber, before the optics.
The number of electrons produced by the pulse is measured via the voltage step amplitude produced by the laser pulse at
the ROIC output. We have used the 100 fF CTIA gain and made the number of electron calculation with the corresponding
measured value of 110 fF. The resulting QE is 70%.

We have also evaluated the quantum efficiency to excess noise ratio, QEFR, and the excess noise factor, F. The value is
obtained from the signal to noise ratio measured for 1000 successive laser pulses compared to the theoretical one calculated
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from the known number of incoming photons per laser pulse. This has been done at the maximum APD reverse bias voltage
that we used (11.4 Volt) with the 100 fF Ciy. The laser is attenuated (to about 300 photons per pulse) in order to reduce
the pulse to pulse amplitude fluctuations coming from the laser himself. We get a QEFR of 0.53 and so an F value of 1.28.
The QE and QEFR results are a bit lower than excepted. It can be attributed to the use of the “historic” CEA/Leti APD
technology, with small area APDs on a small pitch that forms a large area macro diode in which the QE and excess noise
are limited by the diffusion collection and multiplication layer inhomogeneity. Furthermore, these values assume a 100 %
transmission of the optics (collimating and focusing lenses, cryostat window and optical cold filter). The real values of QE
and QEFR can only be higher.

The dynamic range of the CL112 ROIC was measured at unity APD gain using the pulsed laser and the variable optical
attenuator (VOA). The number of photons per pulse is measured with a power-meter for the lower optical attenuation and
then inferred from the applied attenuation set for lower pulse energy values. The dynamic measurements results are
presented Figure 6 a. For the two biggest capacitances, we used a multi-pulses scheme to reach the high number of photons
needed to reach the top of the dynamic range. If we take into account the maximum value of measured APD gain, the
values at the top of the dynamic reaches 2x10° photons. With a raw input noise of 0.9 photons measured for this APD gain
(result of the background noise measurements for Ci,c = 10 fF presented later), the total shot noise limited dynamic range
overcomes the initial project goal of 10°.

The linearity over this dynamic was evaluated from the same set of data. The non-linearity (NL) plotted Figure 6 b is the
relative deviation to the data linear fit. In order to cover the wide dynamic range, the measurement is made with an
exponential progression of the laser pulse energy. To keep an equivalent weight to each measurement the fit is realized on
the log of the photon number and resulting voltage deviation. For the gains G2 to G4, the non-linearity values are found
to be contained within the precision of the VOA (+/- 2.3 %). The non-linearity is higher for G1 (Ciy = 10 fF). A stronger
non-linearity for this gain was also found during the simulations of the ROIC, although the experimental values are a factor
4 higher. Supposing this ratio is true for the other gains, the corresponding non-linearity is expected to be lower than 1 %
at G2, below 0.1 % at G3 and about 0.01 % at G4.
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Figure 6 . Dynamic range measurement (a) and calculated non-linearity (b).
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The bandwidth of the detector was evaluated by measuring the rise time of a laser pulse on OutP. Table 3 gives the
measured rise time (T, from 10% to 90% of the pulse swing) and the corresponding bandwidth for a SubPV bias of -
2.0 V. These values allow responding to most of the atmospheric LiDAR applications in which the duration of the
laser pulses are rarely below 10 ns. We have observed that the rise time can be improved by about 20% by forcing a
specific bias of the ROIC at a higher value (2.0 V instead of 1.5 V). For the 1 pF Cin we get a rise time of 6 ns instead
of 8.4 ns. The reported values and corresponding bandwidth are slower than the one measured on a similar APD (BW
= 175 MHz, t.= 2 ns). This indicates that the slow response of the detector is due to a limitation within the HOLDON
ROIC. The origin of this limitation has not yet been determined. A possible origin can be the modification of the
performance at low operating temperature of the large area transistor at the input stage of the ROIC.

Table 3. Detector rise time and bandwidth (measure).

ROIC Gain C Rise time BP
F ns MHz

G4 10p 6 58.3
G3 1p 8.4 41.7
G2 100 f 20.6 17.0

Gl 10f 175 2.0

Measurements under background or residual photonic flux

The background current evolution with the APD bias and its value normalized by the corresponding measured APD gain
are plotted Figure 7. Residual background current in laboratory conditions is around IpA. This corresponds to a
background signal of 8.6x10° photons/s. This value is lower than the background expected in most space LiDAR scenarios.
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Figure 7 . Background current measured on the detector module D3 (HOLDON 2201) equipped with a cold optical aperture
of F/4 and an IR blocking cold low pass optical filter.
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The noise under background flux was evaluated for each CTIA gain with and without APD gain. Given that the
implementation of a CTIA input stage in the HOLDON ROIC would require a signal processing adapted to each application
scenario, we have evaluated the noise on different time scales and for different signal processing schemes:

- The RAW noise: computation of the standard deviation under a given period (df),

- The CDS (for Correlated Double Sampling) noise: standard deviation of the difference between two samples
separated by dr.

- The Fowler noise: standard deviation of the Fowler signal. To get that signal the record samples are averaged
during dt/2 at the beginning and the end of the time interval, df. We then compute the difference of the
averaged samples, as for the CDS.

The results are expressed in puV at the ROIC output, in number of electrons at the CTIA entrance and in photons at the
detector input by taking into account the QE and APD. The results for APD gain of 78 and a time interval, dt, of 205 ns
are given Table 4. The oscilloscope noise used was subtracted to get the real detector performances. The ROIC noise is
included on these noise results. The raw input noise goes down to less than 1 photon for the higher ROIC gain.

Table 4. Background noise measurement results for an APD gain of 78 and df = 205 ns.

CDS Fowler Unit

678.0 1531.0 1334.0 Y
10 fF 49 3 111.3 97.0 e-
2.1 1.8 ph

181 5 311.7 187.1 ny
124.6 213.9 128.4 e-
2.3 4.0 2.4 ph
64.9 89.0 28.5 uv
390.2 535.2 171.6 e-
7.3 10.0 3.2 ph
60.1 76.1 18.7 uv
3570.4 4520.9 1112.5 e-
66.7 84.5 20.8 ph

For these measurements, df was fixed to 205 ns to be in the range of the detector measured response time for the highest
ROIC gain. This time interval also has an influence on the detector noise. This is illustrated Table 5 where different time
intervals were used for the 100 fF Cjy record. The observed increased raw and CDS noises at the longest observation times
can be explained by the shot-noise on residual background light.

Table 5. Background noise measurement results for Cine = 100 fF as a function of time interval dr.

dt (ns) Raw CDS Fowler (dt/2)  Unit
116.5 2315 199.6 v

79.9 158.9 137.0 e-

15 3.0 26 ph

146.6 266.5 218.5 uv

100.6 183.0 150.0 e-
1.9 3.4 2.8 ph

41.6
181.5 311.7 187.1 uv

204.8 124.6 213.9 128.4 e-

2.3 40 2.4 ph

Proc. of SPIE Vol. 12777 127772C-10
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Dark conditions measurements

The dark current was evaluated by setting an obstructed cold screen (thermally connected to the cryostat cold finger) in
front of the detector. This measurement demonstrates the ultimate performance level of the presently used APD, although
some residual photons might still leak onto the detector. The evolution of the measured value with the APD bias voltage
is displayed Figure 8. At the highest APD gain, the dark current is about 20 pA. Divided by the APD gain it gives 1.6x10°
e-/s. This corresponds to the lowest signal level considered for the atmospheric LIDAR scenarios during the first period of
the HOLDON project.
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Figure 8 . Dark current measured on the detector equipped with an obstructed cold screen (Cine = 100 fF).

The dark noise was also measured for the highest APD gain. The results obtained for df = 205 ns are summarized . It can
be seen that the noise is reduced compared to the one reported in Table 4, corroborating the conclusion that the increased
noise in background condition measurements is due to the detection of residual background flux.

For the smallest capacitance, the raw noise is below one photon (0.57 photons), showing the capacity to use the HOLDON
detector in photon counting mode at only a slightly higher gain in excess of 100. At G2 (Ciyy =100 fF), the observed
performance is still close to the photon counting limit, with a raw noise at the level of a single photon. CDS and Fowler
noise are slightly higher due to the integration of the APDs dark current and to the ROIC noise addition occurring when
samples are substracted. The raw noise values measured at the circuit output are very close to the excepted ones extracted
from the ROIC simulations and listed Table 1.

Table 6. Measured noise in dark conditions for an APD gain of 78 and df = 205 ns.

Cint Raw CcDS Fowler (dt/2) Unit

419.2 1.000.25 874.08 pv
10 fF 30.5 72.7 63.6 e-
0.57 1.36 1.19 ph

81.2 199.58 129.39 pv

55.7 137.0 88.8 e-

1.0 2.6 1.7 ph

66.6 81.71 28.60 Y

400.6 491.4 172.0 e

7.5 9.2 3.2 ph

515 77.65 23.09 pv

10 pF 3060.0 46107 1370.9 e-
57.1 86.1 25.6 ph
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3.3 Persistence measurement and results

Differential absorption LiDAR (DIAL) or Bathymetric LIDAR measurements gives rise to signal with a high photon flux
level followed by a more or less rapid decay®®l. The knowledge of the detector persistence is therefore essential for the end
users.

We have evaluated the detector persistence for different scenarios of use of the ROIC. In the first case, we select a CTIA
feedback capacitance and send a laser pulse giving an output step finishing in the top of the ROIC dynamic. In a second
case of use, we send the same amount of photon per pulse but we change the ROIC feedback capacitance from a higher
value when the pulse is received to a lower one to keep a good sensitivity. During these measurements, we used the 100 fF
Cint value as reference and 10 pF as first value of CTIA gain when using the Cjy; switch protocol. The data treatment applied
in that case was the previously explained Fowler sampling with a df = 21 ns. This dt value is equivalent to the 100 fF
response time giving an optimal signal to noise ratio on Fowler data. All the presented persistence results are normalized
to get a unity laser pulse step on the 100 fF Ciy. The test were made at -2V of APD bias. The signal used to compute the
persistence is the average of 1000 successive records in order to reduce the temporal noise.

Cint= 100 fF ]
Cint = 10pF to 100 fF| |

o
[A)
¥

&

Persistence
=

LR R |

108

Figure 9. Relative persistence on the Fowler(dt = 2 1ns) signal measured in two case of ROIC gain management: with a fixed
Cint of 100 fF and when setting it at 10 pF during laser pulse arrival and changing it to the 100 fF 65 ns after the pulse to
enhance the ROIC sensitivity. The plot starts at this instant, 65 ns after the laser pulse in both cases.

An example of the persistence measurement result with and without ROIC gain change after the laser pulse is depicted
Figure 9. The plot start at the instant of Ciy change, 65 ns after the laser pulse when apply. After 250 ns, the relative
persistence reaches 10, During the first 400 ns, the decay is equivalent for both ROIC gain management strategies but
with a more stable signal when changing the Ciy value after the laser pulse. The residual temporal noise of the detector
limits the measure of the Cin change case to about 10-. The value of 107 is obtained after 500 ns in the Cin change case
but with a less stable signal. This value is reached later for fixed Cin value. As the ROIC bandwidth is very different for
the two capacitances, the similar initial decay lets us think that the photodiode is at the origin of the persistence. Finally,
changing the ROIC gain allows to get the higher sensitivity of the 100 fF gain with the lower associated noise without the
signal fluctuation observed when the ROIC gain is fixed.

Another situation is the case where the laser pulse would have saturated the ROIC with the small capacitance. This case
required a ROIC gain change to be able to record the pulse. We have done that with a laser pulse of about 3x10° photons
(3 times more than for the non-saturated test). We observe the same decay as before but thanks to a lower noise plateau
we can measure the persistence down to a few 10 (cf. Figure 10). This lower plateau observed in this case comes from
the fact that we normalize the record by a higher laser pulse amplitude.
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Figure 10. Relative persistence on the Fowler (df = 21ns) signal with Cint changed from 10 pF to 100 fF and 3x10° photons
laser pulse. This pulse energy would have saturated the ROIC for 100 fF Cin.. The plot starts at the Cine change time and the
laser pulse occurs 65 ns before.

4. CONCLUSION AND PERSPECTIVES

We have tested a wire-bonded version of the versatile HOLDON detector dedicated to LIDAR applications. Electro optical
test results obtained with the bonded version of the detector show that the performances are very similar to what we get
with the hybrid version. This significant result allows us to continue ROIC developments without having to pay for and/or
wait for the realization of a complete dedicated CMOS wafer batch.

In terms of electro optical performances, at the highest photodiode bias that we have tested we get an APD gain of 78 with
an excess noise ratio of 1.28. The quantum efficiency is higher than 70 %. The expected high linear dynamic range of more
than 6 orders of magnitudes has been reached thanks to the variable CTIA gain. This high dynamic range is associated
with a high sensitivity as the raw ROIC noise was measured under the single photon for the higher ROIC gain and the
maximum APD gain. The best value of rise time that was obtained is 6 ns. Even if it is more than expected, it is far enough
for most of the expressed needs for LIDAR instruments where the laser pulse is at least 10 ns. The gain normalized dark
current is at 1.6x10° e-/s. This value is equivalent to the lowest value that was considered during the first period of the
HOLDON project dedicated to the different LiDAR scenarios definition. We have experimentally demonstrated that the
relative persistence is at 107 after 500 ns after a large photonic pulse and it continues to decrease after, the measure of the
final value being limited by our experimental set-up. We have also shown that changing the ROIC gain just after a photonic
pulse leads to a more stable decay of the persistence signal.

In a short-term, we will test, and deliver to our partners, detector modules using micro lenses to enlarge the effective
detector area while keeping a small active APD.
In a mid-term perspective, the HOLDON detector will benefit from our ongoing development of the APD technology

leading to a larger gain, lower excess noise and higher bandwidth[617],
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