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Abstract—This paper presents the complete design,
fabrication, and characterization of a shallow mesa
architecture for SWIR sensor. We characterized and
demonstrated working photodiodes collecting 1.55 um
photons. The best measured dark current density for a5 um
pixel pitch reaches 60 nA/cm? at -0.1V and at room
temperature. 3 pm pixel pitch photodiodes are also
demonstrated with higher dark current density and different
strategies to lower it are discussed. The main contributors
responsible for the dark current are investigated with
perimetric  contribution analysis and temperature
measurements.
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. INTRODUCTION

The development of short-wave infra-red (SWIR)
sensors is led by the growing demand in various fields such
as security, automotive, industry or agriculture. In the
SWIR range between 1 and 2.5 um, silicon is transparent
(Acutsi = 1.1 pm ) which leads to different material
alternatives for the photon absorption. The main candidates
are quantum films [1], Inos3Gao47As [2]-[5] or Ge on Si

[6].

Inos3Gags7As (cut-off wavelength A, = 1.7 um ) is
latticed-matched to InP and has a lower band gap (0.74 eV
at room temperature [7]) than Si suitable for SWIR
collection. The state-of-the-art for InGaAs imager on Si
read-out integrated circuit (ROIC) is a 5 pum pixel pitch
with quantum efficiency (QE) greater than 75% at 1.2 um.
The dark current is reported to be as low as 2 nA/cm? at -
0.1V and at 23°C [2]. The standard structure for an InGaAs-
based SWIR sensor is a thick low doped n-InGaAs
absorption layer epitaxied on an InP substrate. The small
gap InGaAs layer is protected by an InP cap layer with a
larger band gap (Ey = 1.34 eV at 25°C [8]). This way, InP
is used as a first passivation layer to prevent the generation
of dark current from InGaAs. Indeed, small band gap
material such as InGaAs can easily generate dark current at
room temperature. It is thus a priority to have the InGaAs
absorption layer with the lowest possible defect density at
interfaces and in the bulk. The crucial process step is the
definition of each pixel by the creation of a p/n junction.
Literature reports different alternatives for this purpose
such as Zn diffusion [2], [3], [9], Be implantation [10], [11]
or shallow mesa-type architecture [12], [13].

Today, the standard process to create the p/n junction is
done by Zn diffusion. First, the dielectric is opened on top
of the epitaxial stack, then Zn is diffused from this hole and
reaches the InGaAs absorption layer to create the p*-type
region. The left-hand side of Fig. 1 shows the schematic
cross section of the photodiode after the diffusion process.
The isotropic behavior of the diffusion is a clear issue as
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the target of this work is to reduce the pixel pitch. In
addition to this isotropic diffusion, it has been shown that
Zn diffuses faster at the InP/InGaAs interface [14] i.e.
laterally. Therefore, the diffusion process might be an issue
to reduce the pitch because of its acceleration in the lateral
direction which might result in a unique p-type region for
all the neighboring pixels.

Be implantation could be an interesting solution to
overcome the issue of lateral diffusion. Implantation is
commonly used in the Si processes to precisely locate the
dopants in the structure. The main drawback of the
implantation is the introduction of many defects in the
structure. It is mandatory to cure as many defects as
possible during the anneal to avoid the generation of dark
current. Curing defects in InP/InGaAs is not easy and the
published dark current is at best in the range of pA/cmz2,
This is a path we study but out of the scope of this paper
[11].

The shallow mesa-type architecture could be a solution
to reduce the pixel pitch and to target state of the art
performance in terms of dark current and QE. Only a few
groups report the study of shallow mesa architecture [12],
[13], [15]. In this manufacturing method, the structure is
doped in-situ during the epitaxy of the stack and the p/n
junction definition is done by etching the top p-type layer
between the pixels. Unlike other processes for mesa-type
device fabrication, our etching step only removes the p-
doped region from the top stack. The final schematic
structure is presented on the right-hand side of Fig. 1 and
referred as shallow mesa architecture. The pixel pitch is
thus limited by the lithography and etching tools used in the
process. The stack must be carefully designed to allow the
collection of photo-carriers generated in the InGaAs
absorption layer (color: light blue in Fig. 1). In addition,
this alternative is a low thermal budget process which is an
asset for the full integration on Si ROIC.
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Fig. 1. Schematic cross section of the photodiode after different processes.
On the left-hand side, the photodiode after the Zn diffusion or Be
implantation processes. On the right-hand side, the photodiode after the
shallow mesa-type process
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Il. DESIGN

The goal of the designed structure is to collect the
photo-carriers from the InGaAs absorption layer through
the heterojunction created by the n-InGaAs on n-InP. This
n-InP cap passivates the small gap layer as explained
before, but the heterojunction introduces an unfavorable
barrier to the hole collection as it is represented on the band
diagram Fig. 2. The challenge is to tune three key
parameters to design a structure that collects
photogenerated holes at the p-type contact layer (left side
of the band diagram on Fig. 2). These parameters are the
doping and thickness of the barrier n-InP layer and the
doping concentration of the contact layer. It allows to
monitor the electric field applied to the device to collect the
carriers through the heterojunction.

Band diagram at 0 V

1.5
P*-layer
1.0+ - [N-InP
N-InGaAs
~ 0.5
3 [ —
§ 0.0 1
2 Conduction band
Y 0.5
_10 o |
l Vqlence band
-1.5 T T T T 1

Fig. 2. Band diagram of simulated structure at equilibrium with the
photogenerated pair schematicaly represented and their path of collection

The targeted structure should collect the carrier from
InGaAs at low reverse bias. The dark blue curve on Fig. 3
shows a well-designed structure where the current from
InGaAs is collected at quasi null voltage. If the n-InP
barrier layer is too thick (left-hand side in pink) or too
doped (right-hand side in pink), it increases the electrostatic
barrier and blocks the carrier at low bias. On the other hand,
if the n-InP cap is too thin to minimize the electrostatic
barrier, it infers process constraints during the p-layer
etching process that is difficult to control uniformly on the
wafer.
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Fig. 3. Effect of barrier thickness and doping on the simulated dark current

Intrinsic material parameters are based on the literature
[16], [17] and quality related parameters are fitted on
photodiode measurements. This theoretical study allowed
us to find a set of doping concentrations and thicknesses
parameters that suppresses the barrier for hole collection.

I1l. FABRICATION

The schematic and simplified process of the shallow
mesa-type photodiode is represented on Fig. 4. All layers
with their final doping and thickness are epitaxied on a 3’
InP substrate. Then, pixel definition is performed by
etching the p-type layer. After that, the device is passivated
with a dielectric. The final step is the fabrication of both
contacts.
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Fig. 4. Simplified schematic process flow of the shallow mesa-type
process

This paper investigates the crucial process step of
passivation with a first structure using a p-InP layer as the
contact layer (referred as processes Al and A2). Each
process has a different nitride deposited with a different gas
flow ratio. These dielectrics will have a great impact on the
dark current. Then, we will analyze a second structure
using a dual layer of p*-InGaAs on p-InP as the contact
layer (referred as process B). The additional p-InGaAs
layer in process B allows a better diode contact than p-InP
layer. Fig. 5 is a SEM view of the top of the structure. It is
clearly visible that the pixels are defined by etching the p
contact layer.
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Fig. 5. SEM view after the whole process

IV. CHARACTERIZATION

A. Impact of passivation on dark current

Two different processes are compared here to define the
best dielectric for the realization of small pitch photodiode
with the lowest dark current possible. If we focus on the
dark current measurement presented Fig. 6, we see a
different evolution with reverse bias directly related to the
different passivation. This difference could indicate
different dark current sources. At -0.5V and at room
temperature, the dark current for process Al reaches 5 -
10713 A and for process A2, it reaches 2.8 - 10713 A,
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Fig. 6. Dark current measurement on 15 um pitch in-array photodiodes.
The curve is the median of more than 100 diodes measured

Diodes of different sizes ranging from 10 pum to 120 um
were measured to characterize contributions from the bulk
(Jp) and from the periphery (J,) based on the following
equation.



Lot =A*Jp + P *]p (€Y)

A is the area of the diode defined by its p-layer diameter
and P is the perimeter of the diode defined by the perimeter
of the p-layer (see cut in Fig. 4). Measured photodiodes
have different P/A ratio leading to plot I/A = f(P/A) and
discriminate J, and J, with a simple linear regression. In
our case, Fig. 7 shows the very different value of J,, for the
two cases. As our goal is to reduce the pixel pitch, the
contribution from the perimeter over the one from bulk is
more and more important. Here, the bulk contribution is
even for the two processes as J, = 2 - 107114 /cm? in both
cases. For the perimetric one, in process Al, J, =8
1074 /cm and for process A2, Jp = 4 - 107134 /cm. The
perimetric contribution is drastically reduced in process A2
which infers that process A2 is much more suitable for
small pixel pitch fabrication.
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Fig. 7. Perimetric and bulk contribution to the global dark current from
measurements performed on diodes with diameter ranging from 10 to 120

pm

Capacitance measurements were also carried out on
metal — insulator — semiconductor (MIS) structures to
compare the two dielectrics. What is visible on Fig. 8 is the
difference between the two hysteresis after the same ramp
of polarization. The hysteresis is directly proportional to
the charge trapped in the dielectric [18]. Relatively, the
passivation of process A2 traps less charges than process
Al. As these charges could alter the device’s performance,
it is thus very important to minimize the effect of trapping

in the final device.
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Fig. 8. Capacitance measurement on metal — insulator — semiconductor
structure. The MIS structure is a 300pum diameter circle. The measurement
starts at OV then ramp to +40V then goes to -40V and ends at +40V. The
hysteresis in V given in the table is computed as the absolute difference
between extrema at 2.4 - 1071 F.

The deposited nitride in process A2 will now be
integrated on the second structure i.e., process B.

Performances of this process are investigated in the
following part.

B. Characterization of SWIR photodiodes

The collection of SWIR photons can be verified at
wafer level. In the measurement set-up, a 1.55 um led is
embedded inside the prober and it is possible to switch it
on or off. The result of the measurements on bundles of one
hundred 3 um pixel pitch photodiodes are presented Fig. 9
and show the collection of the photons at OV. This indicates
that there is no electrostatic barrier for the carriers
generated in the InGaAs layer. These tests demonstrate the
fabrication of working InGaAs SWIR photodiodes with
such small pitch.
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Fig. 9. Median current measurement for bundles of one hundred 3 pm
pixel pitch photodiode under dark and SWIR illumination. The solid lines
represent the dark current and the dotted lines current under 1.55 pm
illumination

The current is measured on bundles of multiple diodes
because the dark current from a single diode is too low.
Here we measure 1.75pA at -0.1V and at room temperature.

C. Dark current analysis

Dark current is a very important figure of merit for
photodiodes. Improving it allows to increase the signal over
noise ratio which leads to a detection of better quality.

Fig. 9 presents the dark current at room temperature
(solid line) for a 3um pixel pitch. For a deeper
understanding of the dark current generating phenomena
occurring in the different devices, we performed
temperature measurements. The hypothesis done here is
that all current coming from InP are negligible as its band
gap is around twice the one from InGaAs. When the dark
current is limited by Shockley-Read-Hall (SRH)
generation-recombination (GR), the current is proportional
to T3/2exp (Eg meaas/2kT). If the dark current is limited
by the diffusion, the current is proportional to
T3exp (Ey meaas/kT) . Dotted lines in Fig. 10 are the
evolution of the current with temperature if it is purely
limited by diffusion (light blue) or by GR (pink) in the
InGaAs absorption layer. These tests were done on bundle
of a hundred 5 um pitch diodes and the results are presented
Fig. 10. The evolution of the current with the temperature
is presented for two different reverse biases.

For both polarizations and high temperatures, the dark
current must be limited by the diffusion in the InGaAs
absorption layer whereas for lower temperatures, the
limiting dark current phenomenon seems to depend on the
polarization. For high reverse bias of -1.5V, the evolution



of the dark current follows the pink dotted line which
indicates a GR limitation whereas for low reverse bias, it is
a mix of both diffusion and GR.
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Fig. 10. Temperature measurement on a bundle of one hundred 5 um pixel pitch diodes. On the right-hand side, we compare the evolution of the measured
dark current with the theoretical evolution of the current lilmited by diffusion (light blue dotted line) or generation recombination (pink dotted line) for two

polarizations: -0.1V and -1.5V.

As an overall comparison, we gathered the best results
measured and compared it to all the different alternatives
for the fabrication of InGaAs photodiodes on Fig. 11. Zn
diffused diodes in pink is the standard process for InGaAs
photodiode fabrication and reaches 2 nA/cm? for the best
case at 5 pm pixel pitch [2]. In pink, Be implantation
process shows the highest dark current for the fabrication
of the photodiodes [11]. Our shallow mesa photodiodes
have a lower dark current than the InGaAs mesa/shallow
mesa state-of-the-art but around one decade higher than the
state-of-the-art for 5 um pixel pitch. From 15 to 5 pum pixel
pitch, our diodes show a flat dark current density of about
60 nA/cm2. The measurement for 3 um pixel pitch is the
first published for a pitch that small with a dark current
density of 200 nA/cmz2. This increasing dark current density
when the pitch reduces is still under investigation. The
impact of charges in the dielectric or traps at the
dielectric/cap interface could have great impact on the dark
current and is a clear way to improve the dark current
density of the small pitch photodiodes.
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Fig. 11. Comparison of the different alternatives for the fabrication of
InGaAs photodiodes. References on the graph give the condition of the
measurement if found and the article it comes from: [a] 23°C @-0.1V
article: [2] - [b] 30°C @-0.2V article: [3] - [c] 22°C @-0.1V article: [5] -
[d] 20°C article: [4] - [e] 20°C article: [19] - [f] RT @-0.3V article: [9] -

RT @-1V article: [12] - [h] 22°C @-0.1V article: [15] - [i] RT @-1V
article: [20] - [j] @-1V article: [10] - [k] RT @-1V article: [11]

V. CONCLUSION

We demonstrated InGaAs photodiodes with this very

promising innovative shallow mesa-type architecture. We
reached dark current as low as 60 nA/cm? at -0.1V at room
temperature for 5 um pixel pitch. For lower pitch down to
3 um, the dark current density increases to 200 nA/cm? but
many improving path have been identified. Further

investigations

with  simulations and  capacitive

measurements will continue to quantify the impact of the
charge in the dielectric and the interface with the top layer.
This promising architecture is now under study to be part
in a complete integration in a CMOS fab.
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