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ABSTRACT This work presents a novel InGaAs/InP avalanche photodiode, fabricated in the separate
absorption, grading, charge, and multiplication configuration operated at non-cryogenic conditions under
low-frequency ramp gating. An optimized three stage InP multiplication layer of 1um thickness offers an
extended linear mode operation by reducing the punch-through voltage, and indefinitely increasing the
avalanche threshold voltage. A large background dark current is observed following steady, and linear
multiplication in approximately direct relationship with the ramp gating. For 1310 nm short-wave infrared,
normal incidence pulsed illumination at instant-to-peak voltage ratios of (0.11, 0.2, 0.6, 0.89, 0.98, 0.9),
a sort of negative differential resistance is incorporated into the device in a qualitative sense, owing to the
illumination induced switching/variations in the intrinsic values of electron, and hole avalanche coefficients
in the multiplication region. Under fixed illumination, an interesting deduction from the transient photo
response is the slow quenching phenomenon prolonging ~ 120us for all the electrical field establishments
in the device. The related measurement scheme paves the way for futuristic ramp-driven InGaAs/InP APDs
for detecting SWIR wavelengths under required low power consumption environments.

INDEX TERMS Adaptive optics, avalanche photodiode, LiDAR, linear mode, negative differential resis-
tance, quenching.

I. INTRODUCTION

The avalanche photodiode (APD) exploits the -carrier
multiplication phenomenon to induce input signal gain
resulting in high quantum efficiency, large internal gain,
large dynamic range, fast response etc, finding plausibility
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for optical communications, lasers, single-photon detec-
tion and related fields [1], [2], [3], [4], [5], [6], [7].
The group III-V heterostructure devices e.g., InGaAs/InP
having separate absorption, grading, charge, and multipli-
cation(SAGCM) layers are the ideal candidates for the
linear, and Geiger-mode applications in the short wave
infrared(SWIR) wavelength range, and that even at room
temperature [8], [9], [10], [11].
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A lot of research throughput is available offering vari-
ous performance parameter enhancements e.g., reducing dark
current, manipulating punch-through, and avalanche thresh-
old voltages, enhancing multiplication factor, optimization of
multiplication capability via controlling thickness, and incor-
porating heterojunctions/heteromaterials for tailoring electric
field, reducing temporal noise, reducing afterpulsing, and
avoiding accumulation, and carrier recombination at the var-
ious junctions during charge transport [12], [13], [14], [15],
[16], [17], [18], [19].

Although, the InGaAs APDs dedicatedly prepared for the
linear, and Geiger mode operations are structurally simi-
lar, even prepared via the same technologies or processes,
but happen to be different from each other. The optimiza-
tion of distinct performance attributes require different layer
thicknesses, doping types or concentrations making them
suitable for certain application by compromising over other
features.

For illustration, linear-mode operation benefits from a high
gain-bandwidth product, and as the gain-bandwidth product
is inversely proportional to the width of the multiplication
region (W,,), linear-mode APD design tends to emphasize
thinner W,,, which is way smaller than 1um. On the contrary,
gain-bandwidth product has no direct impact on Geiger-mode
operation. As an alternative, thicker W,, will offer lower
breakdown fields resulting in negligible tunneling contribu-
tions to the dark counts, and so single photon avalanche
detection(SPAD) design tends to emphasize wider W,, usu-
ally larger than 1pm [20], [21].

In this work, lum thick W,, being the threshold thick-
ness, distinguishing specifically designed linear or Geiger
mode APDs is intentionally incorporated, and investigated
in our planar SAGCM structure InGaAs APD. It is struc-
tured in a three sub-layered InP heterojunction to explore
the simultaneous plausibility of linear and Geiger modes
under low-frequency ramp gating scheme. The choice of
low-frequency ramp gating helps diminish afterpulsing plau-
sibility.

We study the effect of 1310 nm photo excitation in the
pre-avalanche condition of the InGaAs APD. The capability
of the out-of-plane impact ionization in the specifically mod-
ified three layered heterostructure InP multiplication layer
is confirmed. The InGaAs APD is set into the dynamic
pre-avalanche state by applying reverse ramp gating between
anode and cathode of the said planar device [22], [23], [24].
When the device is exposed to a pulsed illumination, the
initial photo generated carriers experience the strong electric
field, and depict the resultant photocurrent via a sharp tran-
sient decrease.

The initial charge packet resulting from the detection
of weak photon burst, experience carrier multiplication
enhanced signal-to-noise ratio. These carriers while passing
through the readout resistor initiate an inverse quenching
process which causes a decrease in the relative change in the
photocurrent, and an increase in the voltage across the APD
is observed.
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Light detection and ranging (LiDAR) finds important
applications in navigation for autonomous vehicles and
spacecraft/drones, safe landing, terrain mapping, target
recognition and identification, atmospheric remote sensing,
and deep space exploration, thus thrusting its continuously
ongoing development towards high resolution, high speed,
and long range [25], [26], [27], [28], [29]. Similarly, adap-
tive optics systems for ground based astronomy, and space
surveillance require sensors to measure the distortion of
a wavefront due to atmospheric turbulence. In such sys-
tems, polarization detection with the adaptive adjustment
of aperture diameter can help to improve triggering prob-
ability, and detection performance [30], [31], [32], [33].
Under surveillance applications, wavefront sensors require
signal amplification to improve the signal-to-noise ratio
of the embedded CCD or CMOS pixel arrays. Avalanche
photodetectors operated in linear and Geiger Modes have
been introduced into LiDAR, and adaptive optics systems
for their capability of detecting the weakest light signal
increasing measuring range, and wavefront correction capa-
bility [34], [35], [36]. Our device also has the potential of
being implemented as InGaAs APD array via CMOS technol-
ogy, ensuring safe-eye zone (1310 nm), reduced atmospheric
attenuation, slight disturbance from Rayleigh scattering, and
weak sky radiance.

The rest of this paper is organized as follows. Section II
provides details of InGaAs APD fabrication processes.
Section III-A comprises of the measurement scheme, and
a thoughtful discussion of the possible operational physi-
cal mechanisms resulting in such counter-intuitive results
extracted from our InGaAs APD, followed by (B) current-
time (I-Time), and (C) current-voltage (I-V) characteristics
for ramp—driven InGaAs APD under pulsed illuminations
at various electric field strengths. Then, in sub-section (D)
power spectral densities evaluated from (I-Time) curves are
shown for assessing the temporal noise sources. In (E), a com-
prehensive discussion on overall reduced power consumption
under such biasing is presented along with (F) calculations
of performance parameters. In Section IV, we conclude our
work.

Il. DEVICE FABRICATION

With consideration for the design goals, and concepts
outlined earlier, we have developed an InGaAs/InP APD
illustrated in Fig. 1(a). The device design employs a
SAGCM heterostructure [37]. A 1um thick NT InP buffer
layer (1.0 x 107cm™3) is grown on a 100um thick
N7 InP substrate (1.0 x 1018cm_3), followed by a 3um
thick undoped InGaAs(Ing 53Gag 47As) absorption layer for
absorbing SWIR wavelengths having a characteristic cutoff
wavelength of ~ 1.67um.

The valence band offset at an abrupt InGaAs/InP hetero-
junction usually results in hole trappings [38]. So, a 0.1um
thick InGaAsP grading layer (1.0 x 10'°cm™3) is inserted
between the InGaAs absorber, and InP charge layers of
the heterostructure to diminish the effective trap depth for
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FIGURE 1. (a) An illustration showing various employed sequentially, and
epitaxial grown layers having certain roles in the performance of the
InGaAs APD. The metallic contact rings are also sown. (b) A high
resolution micrograph of the employed InGaAs APD is incorporated while
the related scale bar is 30 xm. (c) The actual InGaAs APD in the ready to
test packaged form.

holes. Then, a 0.2um thick N InP epitaxial grown charge
layer (1.0 x 10"7cm™3) is laid next to the grading layer to
tailor the internal electric field profile in the heterostruc-
ture. The charge layer is designed to provide high electric
field in the multiplication layer, and low electric field in
the absorption layer, while the grading layer avoids carrier
accumulation/trapping/recombination at the heterojunction
interface [38].

It is followed by a three sub-layers heterostructure, collec-
tively functioning as a 1um thick multiplication layer, such
that a 0.1zm thick Pt InP sub-layer (1.0 x 10"7cm™3) is
sandwiched between two very lightly doped or intrinsic InP
sub-layers with successive thicknesses of 0.5um, and 0.4um.
A double diffusion process [39] is implemented to tailor the
junction profile, and create a deeper junction in the central
part of the active region.

The resulting gain profile across the centeral part of the
active region will be uniform while reduced in the peripheral
region of the device. The final epitaxial layer is a 2um thick
undoped InP cap layer. During device fabrication, the active
region is determined by the patterning of a SiN dielectric
passivation layer to create a diffusion mask, and a subsequent
diffusion of Zinc dopant atoms created a P+ InP region within
the undoped InP cap layer. This planar buried-junction design
exploiting the high-quality SiN passivation can ensure stable,
and long-life performance.

The high resolution micrograph of the employed InGaAs
APD is incorporated in Fig. 1(b), where the related scale bar
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of 30 um is also shown. Then, Fig.1(c) corresponds to the
actual InGaAs APD in the ready to test packaged form.

Ill. RESULTS AND DISCUSSIONS

A. EXPERIMENTAL SETUP AND WORKING MECHANISM
Conventionally, when reverse biasing of an APD is increased,
the dark current of the order of 10— 100nA suddenly increases
as punch-through voltage is reached(beyond this voltage
APD operates in the linear multiplication mode, i.e., impact
ionization is linearly related to the input power density). The
further increase of the reverse biasing beyond the avalanche
threshold voltage, puts the device into Geiger mode operation
where single carrier results in a significant measureable, and
sustainable current level. Usually, in the Geiger mode, the
APDs are operated at 5% excess voltage with reference to
the threshold bias level.

The overall performance of the APD is not only decided by
the design consideration but it also critically depends upon the
detection circuitry that follows the APD. Quenching circuitry
is necessary to quickly suppress the avalanche current by
lowering the reverse bias across the APD [40].

During the onset of an avalanche process, the photo voltage
across the readout resistor tends to increase, weakening the
electric field present in almost all of the constituent APD lay-
ers, and particularly in the multiplication region. Then, photo
voltage across the readout element that has transiently and
quickly increased right after the initiation of the avalanche
in the multiplication region starts deceasing through quench-
ing phenomenon. The electric field in the multiplication
region surpasses the carrier multiplication threshold again,
and enables the APD for further detection of low-photon
photo ionization events.

The related electrical circuitry for measuring I through
the device is represented in Fig. 2(a). We have employed
a rather slow passive quenching circuitry by implementing
100 k€2 resistor in series with the reverse biased InGaAs
APD [41]. The series resistor functions both as quenching
and readout elements by acquiring the dark/photo voltage
across it. The InGaAs APD is working in the gated mode with
low repetition frequency (f), e.g., LkHz. A signal generator is
implemented for gating signal V, and a synchronized pulsed
signal of 10ns ON duration bearing 1kHz frequency to drive
a 1310nm pulsed laser.

For any standard APD, various electric fields present in
SAGCM layers are shown schematically in Fig.2 (b). Once,
under pulsed illumination, photo ionization happens (either in
linear or Geiger modes), carriers drift under various electric
field strengths, and a hole initiated (blue arrow in the multi-
plication region) impact ionization boosts the overall photo
response of the device. The red and blue dotted arrows show
direction of the movement of the two carriers in the reverse
bias. The holes drift toward a negatively biased anode, and
electrons towards the positively biased cathode.

For our case, as shown in the left schematic of Fig.2(c),
the thermally generated carriers undergo impact ionization in
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FIGURE 2. (a) A pictorial schematic of the electrical biasing scheme for
the InGaAs APD is shown. A trans-impedance amplifier mimicking a
100k 2 resistor R; is connected in series with the AC input signal source
V. An offset of —35V is implemented for a ramp input gating signal
varying between 0 to —70V in 1ms time duration. (b) For any standard
APD, various electric fields present in SAGCM layers are shown
schematically. Once photo ionization happens under pulsed illumination,
and carriers drift under various electric field strengths, hole initiated
(blue arrow in the multiplication region) impact ionization will boost the
overall photoresponse of the device. (c) The left side schematic
emphasizes that for our InGaAs APD, thermally generated carriers will
experience excessive electric field inside the multiplication region and a
hole initiated linear dark avalanche will result in a steady state large
background dark current. Whereas, the right side schematic demonstrates
that for our InGaAs APD, photo generated carriers will experience
excessive electric field inside the multiplication region, and an electron
initiated linear avalanche will result in a quick reduction in the current.

the multiplication region, and a hole initiated dark avalanche
will result in a steady state large background dark current.
The huge sustainable dark current exhibits an approximately
linear relationship with the gate voltage variation. After the
onset of pulsed illumination onto the InGaAs APD, the
multiplication region exhibits an electron dominated carrier
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FIGURE 3. Dark and photo current curves under normal incidence of
pulsed illumination are plotted over single cycle of input ramp gating V.
The input ramp gating signal V varies from 0 to — 70V while frequency f
for both the pulsed 1310nm laser, and input gating signal V is 1kHz. The
pulsed laser turns-on when ramp V (t) = (-7.75, —14, —42,

—62, —69, —62.8)V corresponding to V (t;) /Vp =(0.11,0.2, 0.6,

0.89, 0.98, 0.9), while i= 1, ..., 6 and peak value of reverse bias

Vp= —70V. Pulsed laser ON time is fixed at 10 ns for all six values of

V (t;) /Vp. All of the six photo-ignited impact ionization events are
plotted simultaneously to understand the transient photoresponse of the
InGaAs APD for pulsed illumination of P;= 16 W.

multiplication, as shown in right schematic of Fig.2(c). This
results into an overall current reduction.

This rate of reduction demonstrates a direct proportion-
ality with the input light intensity. This sudden decrease in
the initial hole dominated dark current in the electric loop
corresponds to a sort of negative differential resistance incor-
porated in the device (this kind of current decrease is also a
trademark of conventional tunnel diodes).

This sharply decreased photo voltage across the output
resistor appears across InGaAs, which slowly (as passive
quenching circuitry is implemented) enables the previous
hole initiated dark avalanche resulting in a steady state large
background dark current. This is obvious as in Fig.3, and
Fig.6, large dark current signatures appear again, once passive
quenching circuitry re-instates the large thermal amplified
dark current following the ramp bias gating.

Our dynamic / — ¢ and I — V measurements as shown in
upcoming sections demonstrate a thought-provoking counter
intuitive behavior compared to the conventional linear or
Geiger mode operations of standard InGaAs APDs. We have
discussed all of the possible foundations and physical mech-
anisms resulting in such behavior.

B. CURRENT VS. TIME CHARACTERISTICS

In Fig.3, current vs. time (I-Time), dark, and photo cur-
rent curves under normal incidence 1310 nm wavelength
pulsed illumination are plotted over single cycle of input
ramp gating V. The ramp gating signal V varies between
0 to — 70V while repetitive frequency f for both the pulsed
laser and input signal V is fixed at 1kHz. The pulsed
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laser turns-on at moments in time when ramp V (f) =
(=775, —14, —42, —62, —69, —62.8)V. Then, V (#;) / V) is
defined as the ratio of instant ramp gating voltage V (t;)
to the peak ramp gating value (V,, = —7OV). The plotted
data belongs to V (;) /V, = (0.11, 0.2, 0.6, 0.89, 0.98, 0.9)
where, i = 1, ..., 6. Pulsed laser ON time is set at 10 ns for
all six parametric values of V (;) /V),. This is to uniformly
exploit the various electric field strengths inside the multipli-
cation region to deduce the avalanche triggering quality of the
InGaAs APD. Then, all of the photo-ignited impact ionization
events are plotted simultaneously to understand the transient
photoresponse of the InGaAs APD for pulsed illumination
(P;) of 16uW.

The dark current level over all of the ramping cycle is very
large exhibiting an approximately linear relationship with
the electrical input. The possible sources of such large dark
current are leakage requiring fabrication optimization, field
enhanced tunneling, excessive thermal generation as device
is being tested at room temperature instead of the cryogenic
conditions, and high-field initiated large thermal generation
rate. Moreover, the dark current due to thermally generated
carriers in the regions of the device not holding sufficiently
large electric field is also an important contributor. Addition-
ally, continuously, and uniformly generated thermal carriers
in the InGaAs layer successively experience generation rate
dependent large linear mode avalanche in the multiplication
region as the punch-through voltage of the device is only 7V.

Once the laser is switched ON, a sudden impact-ionization
initiated fast transient decrease in the absolute current value is
observed. One interesting deduction from the transient photo
response is the slow quenching phenomenon lasting ~ 120us
for almost all of the photo curves belonging to all six values
of (¢;) / V). This originates from the slow passive quenching
circuitry (100k€2 resistor in series with the reverse biased
APD) [41]. Once, photo excitation initiated photo response
is quenched slowly, the same large dark condition / signature
is re-established in the APD.

C. CURRENT VS. VOLTAGE CHARACTERISTICS

The transient photoresponse of the InGaAs APD which
is readily set into linear mode dark avalanche via ramp
gating V is discussed in terms of [ vs. V characteris-
tics as shown in Fig.4. For that, the dynamic dark, and
photocurrent curves (/) under normal incidence of pulsed
illumination are plotted over single sweep cycle of input
voltage V. Five out of the six, photo-ignited impact ioniza-
tion events occur during reverse sweep (—70 fo 0 V) when
ramp V (¢) = (—7.75, —14, —42, —62, —69, )V correspond-
ing to V() /V, = (0.11,0.2,0.6,0.89,0.98) while one
belonging to V (t¢) /V, = 0.9 occurs in the forward
sweep(0 to — 70V).

These I vs. V characteristics are not only helpful in under-
standing the negative differential resistance exhibited through
the quick current decrease when laser is switched-on for all
six V (t;) /Vp, while also depict the severe device hysterises
as I curves don’t overlap in the forward and reverse sweep.
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FIGURE 4. The dynamic dark, and photocurrent curves under normal
incidence of pulsed illumination are plotted over single sweep cycle of
input voltage V. The input ramp gating signal V varies from 0 to — 70V
while repetitive frequency f for both the pulsed 1310nm wavelength
laser, and input ramp gating signal V is 1kHz. The pulsed laser turns-on
when ramp V (t) = (-7.75, —14, —42, —62, —69, —62.8)V corresponding
to V (;) /Vp=(0.11,0.2,0.6, 0.89, 0.98, 0.9) while i=1, ..., 6, and peak
value of reverse biasing Vp= —70V. Pulsed laser ON time is fixed at 10 ns
for all six values of V (t;) /Vp. Five out of the six photo-ignited impact
ionization events occur during reverse sweep, i.e., —70 to 0V, and one
corresponding to V (tg) /Vp= 0.9 occurs in the forward

sweep(0 to —70V).

These hysterisis are innately related to deep traps and to
not very sharp junctions, as during fabrication junctions tend
to diffuse, and merge due to dopants uncontrolled diffusion
behaviour, and various other factors. These hysterises are
more obvious at relatively low reverse biasing values as
shown in the inset. For larger V (t;) /V), values correponding
to red, green, blue, and cyan colored I curves, the difference
between the forward, and reverse curves reach as large as
30uA. These bulit-in sources of hystersises might be the
possible sources effecting the electron to hole avalanche coef-
ficents ratio.

D. NOISE ANALYSIS
The temporal noise for the InGaAs APD being operated in
low-frequency ramp gated mode can be characterized into
three main parts [42]: photon shot noise, dark shot noise,
and readout noise. Photon and dark shot noise originate from
the intrinsic statistical nature of the generation processes in
absorber layer. In contrast, the readout noise arises from
charge-to-voltage conversion, and successive processing.
Fig.5 shows the respective power spectral densities (PSD)
calculated by applying the Fast Fourier Transform (FFT) to
I — t signatures recorded over a complete ramp gating cycle
under dark, and pulsed illuminations against 16 W corre-
sponding to V (t;) /V,= (0.11, 0.2, 0.6, 0.89, 0.98, 0.9). The
PSD’s at low frequencies are prominently different owing to
thermal variations, and resistive changes in the device. The
PSDs also display white noise characteristics, demonstrating
that the dominant noise sources are the readout components,
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FIGURE 5. Power spectral densities (PSD’s) calculated over one complete
ramp gating cycle under dark, and various pulsed illuminations of

1310 nm wavelength laser corresponding to

V() /Vp=(0.11,0.2, 0.6, 0.89, 0.98, 0.9) are plotted.

i.e., charge-to-current conversion by trans-impedance ampli-
fier and oscilloscope.

At larger values of V (1;) /V), the overall electric field
inside customized lum thick multiplication layer in the
InGaAs APD is th largest. The increase of PSD’s over the
frequency range of 2kHz — 200kHz, corresponding to large
values V (#;) /V,= (0.6, 0.89, 0.98, 0.9) is another proof that
the overall system becomes more and more noisy after the
onset of inherently random and schochastic avalanche phe-
nomenon. This results from the overall noise figure increment
caused by the electron-initiated avalanche process in the mul-
tiplication layer, and pulsed laser shot noise.

The large values of PSDs are inherently related to deep
traps, merged and diffused device junctions, and a large back-
ground linear-mode thermal hole initiated dark avalanche
current. But, the overall reduction of the absolute value of
I following the photo-ignited avalanche process, endorses
the changes in the ratio of electron to hole avalanche coef-
ficients. The avalanche triggering capability of the APD and
the quantification of avalanche multiplication are correlated
by the self-quenching, and quenching mechanisms. Further
investigation is needed to understand to what extent these
self-quenching, and quenching mechanisms can be used to
reduce the stochastic attribute of impact ionization.

E. POWER CONSUMPTION IN RAMP-DRIVEN VS.
SINUSOIDAL-DRIVEN INGAAS APDS

The power consumption in the InGaAs APD comprises of
photo-sensing (photo generation in the InGaAs absorber
layer), high electric field requirements in InP multiplication
layer for initiating avalanche, and to drive the successive
readout circuitry. As obvious, the energy dissipation in the
loop is directly related input voltage V.
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To reduce P4pp which is the power consumed during APD
operation, gating signal type, and its peak values are the
factors to be considered. From our estimates, the involved
processes under ramp biasing, dissipate smaller power when
compared with the sinusoidally-driven InGaAs APD [43],
[44].

For a simple series RC circuit biased with zero offset
sinusoidal, and ramp input V signals, the root-mean-square
values of an alternating current, which are its relevant DC
equivalents, are % an %, respectively, where I, is the peak
value of the current. Then, the effective power dissipated in
the loop for zero offset sinusoidal, and ramp input V signals
will be I7R/2, and I7R/3(two third of the sinusoidal bias
counterpart), respectively.

We did not bias the InGaAs APD via a zero-offset ramp V.
Instead: a dc offset of Vpc = —35V is implemented, as the
electrical ramp gating signal varies between 0V, and —70V.
Thus, the effective Popp in the photo-sensing mode for the

2
ramp signal V will be |/ lz)c + %) R, which is smaller than

2
1 I%C + %) R for the sinusoidal signal having the same peak-

to-peak voltage. Here, Ipc is the constant reverse-biased dark
current flowing in the device due to Vpc, and I, corresponds
to V, = —70V.

F. PARAMETER CALCULATIONS

For InGaAs absorbing material, the absorption coefficient at
1310 nm wavelength happens to be 11500cm ™. The photo
generation in the normal incidence direction exhibits a decay-
ing exponential signature with the maximum at the InGaAsP
grading, and InGaAs absorber layers interface. The 1/e of
the maximum generation lies at ~ 1.23um away from the
interface into the absorber layer. Hence, for our absorption
layer of 3um thickness, 82.5% of incident P; is absorbed as
effective e — h pair generation, and about 17.5% of transmits
through the absorber layer.

An approximately linear external quantum -efficiency
(EQE) while InGaAs APD is electrically biased with ramp
gating corresponding to V (¢;) /V, = (0.11,0.2,0.6, 0.89,
0.9, 0.98) values under 16 W pulsed illumination originates
from the inherently persistent linear avalanche mode char-
acterized for the APD. Although, the background thermally
generated charge is being continuously, steadily, and linearly
multiplied. But, still the photo responses under pulsed illu-
minations are distinguishable from the dark current depicting
the capability of the device to multiply even in this compro-
mised linear multiplication mode.

The punch-through voltage of the APD being only 7V,
and then a persistent linear multiplication trend following
linear relationship with the increasing ramp gating is primar-
ily different from usual APDs. Herein, avalanche threshold
voltage after which the device sets itself in the Geiger mode
operation is very large. This is quite understandable as the
multiplication layer width is 1 um, which is neither a standard
width for linear or Geiger mode. The inset of Fig.6 shows the
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FIGURE 6. External Quantum Efficiency (EQE) calculated from transient
photo response measurements of / while InGaAs APD is set into dark
linear avalanche condition by low frequency ramp gating signal, and
exposed to 16, W illumination at V (t;) /Vp = (0.11,0.2, 0.6,

0.89, 0.9, 0.98). The inset plots the normalized generation rate (G) in the
InGaAs absorber layer. Approximately 17.5 % of the pulse illumination
transmits while other is absorbed, and takes part in the electron-initiated
carrier multiplication in the InP multiplication layer
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FIGURE 7. The dark, and a photo current curves under a pulsed
illumination of P,= 28, W are plotted over single cycle of input ramp
gating V. The pulsed laser turns-on at moment in time when ramp
V (t) = —62.8V corresponding to V (g) /Vp= 0.89.

relevant normalized generation rate (G). The related formulas
are also mentioned, where « is the generation rate, and x is
the distance relevant to the interface of absorber layer.

In Fig.7, I-Time data for the dark, and a photo current
curve for 28uW pulsed normal incidence illumination is
plotted over one cycle of input ramp gating V. The pulsed
laser turns-on at a moment in time when ramp V (¢) =
—62.8 V corresponding to V (¢) / V), = 0.89. This is the most
interesting scenario in which the onset of electron initiated
carrier multiplication results in internal electric field tailoring
such that photo voltage across the resistor becomes almost
negligible. The overall applied voltage appears across the
InGaAs APD, and device reinstates the previous thermal hole
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initiated dark avalanche in ~ 200us, once the rather slow
photo response has been quenched.

The observed quenching in our InGaAs APD is a sort
of inverse quenching when compared with the conventional
InGaAs APDs. As discussed earlier, / signatures at zero
biasing exhibit a non-zero current level. But if the impinged
illumination is increased, and a huge bulk of electrons is sunk
in the opposite direction with reference to holes, a complete
compensation of all of the built-in sources of hysteresis can
be established.

The low frequency ramp drive implemented in our testing
scheme is more suitable for applications like surveillance,
adaptive optics, and LiDAR, where control of power dissi-
pation is more critical than linearity of operation [45], [46],
[47], [48].

IV. CONCLUSION

A 1pm thick InP multiplication layer, specifically designed
in the form of three sub-layers heterostructure in a SAGCM
configuration InGaAs APD is probed for 1310 nm pulsed
light. The linear and Geiger mode applications of the APDs
require much thinner, and thicker multiplication regions
with 1um being the reference thickness, separating the two
modes in context of structural optimization. An interest-
ing phenomenon of light-induced changes in the intrinsic
values of avalanche coefficients for electrons, and holes is
observed resulting in negative differential resistance incor-
poration. This resultantly establishes an inverse quenching
behavior of the passive readout circuitry by offering a
positive feedback when compared with usual APDs opera-
tion. The reverse biased APD is exploited for synchronous
photo-generation events under various electric field strengths
established by the low frequency ramp gating signal. Lin-
ear mode operation is extended while linear multiplication
capability is much enhanced, suggesting an interesting
blend of linear and Geiger modes. The proposed device
and measurement scheme is more suitable for applications
like surveillance, adaptive optics, and LiDAR where con-
trol of power dissipation is more critical than linearity of
operation.
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