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The viability of epitaxial regrowth of non-intentionally doped InP to passivate lateral mesa
surfaces of InGaAs photodiodes lattice-matched to InP is investigated, evaluating whether
the residual doping of the regrown layer can be responsible for un unexpected increase of
the surface current. The effect of residual doping is evaluated via numerical calculations of
dark current, considering the range of doping concentrations expected for non-intentionally
doped InP. The calculations show that the increase in dark current due to the residual doping
of the regrown InP layer is not enough to justify the observed increase in surface current. On
the other hand, the technique is still valid as a passivation method if the photodetector pixel
is isolated by etching only the top contact layer.

1. Introduction

InGaAs photodiodes lattice-matched to InP are good
photodetectors for applications such as defence, medicine,
fibre optic communication, and industry [1-3] and they
have been extensively studied for the short-wavelength
infrared (SWIR) [4-8]. The layers of this type of structure
are produced through a high-quality epitaxial growth
process that results in low dark current densities and large
quantum efficiency in this wavelength range [9].

Lattice-matched InGaAs photodiodes are mainly done
by diffusion of p-type dopant through a higher gap
semiconductor. It is done to reduce dark current and
improve its stability. The reason why the dark current is
smaller is that the junction surface is in a semiconductor of
a wider bandgap in this configuration. In principle, a
similar way of doing so is to fabricate a mesa-type
photodiode and regrow a lattice-matched wider gap
semiconductor on the mesa sidewalls. To such a strategy
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work, the regrown layer and its interface with the previous
device layers must be of high quality. Since the surface
states usually act as non-radiative relaxation centres for
electron-hole recombination, photoluminescence (PL) can
be used as a reference to this density of states.

The best-performing InGaAs photodiodes have been
fabricated in a planar geometry, however, mesa-defined
devices are interesting and enable more complex structures
such as multiwavelength stacked photodetectors. None-
theless, while many techniques have been tried for
passivating lateral mesas of lattice-matched InGaAs
photodiodes, to date, none have succeeded in making the
surface leakage negligible when a very low bulk leakage is
achieved [10-12]. These attempts include sulphur and
dielectric passivation. These processes remove the native
oxides and passivate the dangling bonds on the exposed
InGaAs surface.

In previous work, the authors have shown that
epitaxially regrown InP reduced the surface recombination
velocity (SRV) strongly, but it did not reduce the reverse
dark current of deep mesa devices [13]. It was suggested
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that the residual doping of the regrown layer was the most
plausible cause for the apparent contradiction. Here, this
hypothesis is evaluated by calculating the dark current as a
function of residual doping of the regrown layer.

2. Experiment

The p-i-n photodiodes of Ing 53Gag.47As, lattice-matched
to InP, were grown by a metalorganic vapour-phase epitaxy
(MOVPE). The structure consists of a 200 nm Ing 53Gag 47As
top contact layer (Zn doped with a density of 2-10'8 cm™3),
a 2.0 pm non-intentionally doped (NID) Inos3Gag47As
absorption layer and a 200 nm base contact InP layer
(Si doped with a density of 2-10'"® cm™), over a semi-
insulating (Fe-doped) InP substrate.

The authors have produced two mesa designs using a
two-step ICP-RIE dry etch: in the first step, the top InGaAs
contact layer was etched (shallow mesa) and in the second
step, the structure was etched down closer (leaving about
400 nm of InGaAs to allow selective etching of the
regrown InP, since the bottom contact layer is also InP) to
the base contact (deep mesa), with different patterns for the
two designs, producing two different groups of mesas
(Figs. 1 and 2). After etching, the samples were cleaned and
a 200 nm thick NID InP layer was regrown uniformly on
the processed wafer, by MOVPE. This was further
selectively etched dividing each group into two subgroups
of passivated and un-passivated devices, each one with 11
square mesas with side sizes in the range from 15 um to
500 um for shallow mesas and from 25 um to 510 pm for
deep mesas (the second etch adds 10 pm to mesas side
length). Additionally, the sample was covered with SiO»,
and deposited by plasma-enhanced chemical vapour
deposition (PECVD), for insulation purposes, and it was
selectively etched, leaving SiO, on the top of the regrown
layer. The contact pads were placed next to the mesas, over
the SiO,, and metal trails connected them to the top contact
(InP and SiO, were not totally removed but kept as an
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Fig. 1. Side view of a shallow mesa showing the passivation
layers.

PEILN

metal contact
InP passivation layer oxide passivation

— layer
200 nm p — InGaAs

metal contact

Fig. 2. Side view of a deep mesa showing the passivation layers.

insulator under the metal pads and trails to the top of un-
passivated devices). The structure and fabrication process
are presented in more detail in the previous work [13].

The deep mesas, with different sizes, were produced to
distinguish the two components of the dark current of the
devices (the bulk and the surface current on the sidewalls
of the device). The active area for a photocurrent collection
of the shallow etched devices is defined by the geometric
area plus one diffusion length of minority carriers (holes)
surrounding it [14], but the current density is given by the
geometric area, although the surrounding area contributes
to both, dark current and photocurrent. Using the optical
area as an area for the dark current of shallow devices is a
way of computing the leak current beyond thermally
generated minority charges in the surrounding area. To
evaluate the passivation technique through the comparison
of the passivated and un-passivated regions of the absorber
layer, the shallow mesas were fabricated. This evaluation
consisted of PL measurement and lateral photocurrent
collection.

In Fig. 3, the top view of a group of mesas can be
observed. The darker grey region is the passivated area
where the sidewalls of the photodiodes are covered with
regrown InP and SiO».

Fig. 3. Groups of passivated and un-passivated mesas with
different sizes. Similar groups for shallow and deep
mesas were fabricated.

3. PL and dark current measurements

The PL measurements published before indicated that
the passivation with regrown InP reduces non-radiative
recombination [13]. The dark current on devices was
measured to analyse the current on sidewalls of the
different deep mesas. The data showed that the surface
component of the dark current is dominant. The dark
current increased on the deep mesa passivated devices,
instead of decreasing, as can be seen in Figs. 4 and 5 for a
group of deep mesas, at room temperature. Using the
traditional plot of current density vs. perimeter/area ratio, it
is possible to extract the value for the perimeter leakage
current density (Fig. 4). The slope, corresponding to the
perimeter leakage current density at deep mesas, is
0.20+0.03 A-cm™'  for un-passivated devices and
0.94 + 0.04 A-cm™! for passivated devices. In Figs. 6 and 7,
the dark current was measured on the shallow devices to try
to understand the conflicting results. For extracting the
slope for shallow mesas (Fig. 6), the authors have assumed
that the mesa effective area is a single photodiode square
mesa with lateral minority diffusion length surrounding de
mesa. The values for lateral minority diffusion length for
passivated and un-passivated devices were obtained via
lateral photocurrent collection in a previous work [15]. The
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values obtained for the perimeter leakage current density at
shallow mesas are 4.4+0.3 A-cm! for un-passivated
devices and 0.00 £ 0.08 A-cm™! for passivated devices (in
this case, showing a very small value, smaller than the
standard error). The results observed in the shallow mesas
show a significant dark current reduction, implying that it
is possible to use such a technique to produce focal plane
arrays (FPAs) with the pixels isolated by etching only the
top contact.
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Fig. 4. Reverse dark current measured at —1 V and at room
temperature vs. perimeter-to-area ratio for deep mesa with
and without passivation.
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Fig. 5.The experimental dark current of the photodiode
photodiode for deep mesa 1 (510x510 um2) and deep
mesa 10 (35%35 um2), at room temperature.
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Fig. 6. Reverse dark current measured at —1 V and at room
temperature vs. perimeter-to-area ratio for shallow mesa
with and without passivation.
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Fig. 7. The experimental dark current of the photodiode for
shallow mesa 1 (500x500 um?) and shallow mesa 10
(25%25 um?), at room temperature.

Since the InP layer quality on the sidewalls of the mesas
could eventually be different from the quality obtained on
the top surface, the morphology of the layer at the side
walls was verified by scanning electron microscopy
showing a smooth surface, without visible defects [13], and
this led the authors to suggest another hypothesis.
Considering that the regrown InP layer is NID and that such
layer usually has residual n-type doping of the order of 10!
to 10 cm™ [16, 17], this residual electron concentration
will be transferred to the InGaAs layers due to the gap
difference and could be the cause of the higher dark current
in deep mesas (Figs. 4 and 5). The following calculations
aim to verify if residual doping of the InP passivation layer
in the expected range can generate the observed dark
current increase in the deep mesa devices.

4.  Current calculation

Dark current modelling was developed using two-
dimensional device simulator Silvaco Atlas [18] and the
simulation was conducted for the device shown in Fig. 8.
The material parameters of InP, InGaAs, and SiO, are
based on the values found in the literature (Table 1). The
value of bulk lifetime used for the absorber layer and the
SRV applied to the InGaAs/regrown InP interface were
determined in a previous work [15]. The devices were
simulated by using the drift-diffusion model, the depen-
dence of carrier lifetime on doping density, the dependence
of mobility on the low field, the Shockley—Read—Hall (SRH)

Materials

Microns.

Fig. 8. Simulated 2D structure in Silvaco Atlas.
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recombination model, and the deep trap-assisted tunnelling
(TAT) model [18]. To achieve a better simulation, a typical
interfacial trapped charges density on the regrown InP/SiO,
interface was applied [19] and, initially, the simulation
was validated with the experimental dark current (I-V
characteristics) for the shallow mesas without passivation,
considering the trap parameters (concentration, deep level,
and capture cross sections) in the absorber layer for fitting.
After that, the simulation was applied to the passivated
deep mesa. Table I shows the parameters utilized in the
simulation.

Table 1.
Silvaco simulation parameters.

Parameter Unit Value Ref.
Ino.53Gao.47As bandgap eV 0.75 20
Trap energy level eV Ec-0.16 21
Trap concentration cm 3.5-10" 21
Electron capture cross-section ~ c¢m 2 4.0-1077 21
Hole capture cross-section cm? 1.8-1077 21
TAT effective mass 0.041mo 20
Ino.s3Gao.47As NID hole us 14 15
lifetime

InP/SiO: interface charge cm™? 1-102 19
density

SRV (regrown InP/InGaAs cm-st (3.7£0.1)-10* 15
NID)

Inos3Gao47As hole mobility  cm?V~'s™! 300 20

4.1. Electron concentration

The electron concentration at room temperature
calculated in the middle of the sidewall at different doping
concentrations at the interface between NID InGaAs and
the regrown InP is shown in Fig. 9. Considering a NID
InGaAs absorber layer doping concentrations as 2-10'> cm™,
as expected the free charge at the InGaAs (NID)/regrown
InP interface increases with a doping of the regrown layers,
but it is necessary to verify if this free charge is enough to
generate the observed increase in dark current. For doing
so, the dark current of the device was calculated for various
residual doping concentrations in the InP regrown layer.

4.2. Dark current simulation

The experimental and calculated dark current-voltage
(I-V) curves of a photodiode from —1V to 0.5V with
different InP regrown layer doping concentrations at room
temperature are shown in Fig. 10. It can be observed that
although doping concentrations of the regrown InP present
an influence on the reverse dark current, considering the
NID InP regrown layer doping concentrations in the whole
expected range results in a calculated dark current far
below the measured dark current, showing that the residual
doping should not be accounted as the main cause of the
higher dark current in the passivated deep mesas.

Figure 11 presents the dark current density in the device
when subjected to a bias of 0.5 V.
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Fig. 9. Simulated electron concentration at the heterojunction,
InGaAs NID/InP(regown), on the sidewall (at half hight)
at a bias of 0 V, with a different InP regrown layer n-type
doping concentrations (from 1.0-10'* to 1.0-10'® cm™)
and at room temperature.
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Fig. 10. The simulated and experimental dark current of the
photodiode for deep mesa of 35x35 um?, at different
InP regrown layer n-type doping concentrations (from
5.0-10"to 1.0-10'6 cm™) at room temperature.
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Fig. 11. The dark current density distribution of the
heterojunction InGaAs NID/InP(regrown) on the
sidewall (at half hight) at a bias of —0.5 V, at different
InP regrown layer n-type doping concentrations (from
1.0-10"to 1.0-10'° cm™) and at room temperature.
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Observing the dependence of dark current density of the
structure with the regrown InP NID doping level in Fig. 11,
the leakage channel is clear since the higher the n doping
on the regrown InP, the higher the current density at the
interface, but the additional surface current does not have
any contribution to the total dark current enough to justify
the experimental observation, as can be seen in Fig. 10.

Thus, the calculation shows that the reduction of
residual doping does result in reductions in the surface
component of dark current, which is beneficial, although
the residual doping should not be accounted as the main
cause of the dark current being higher than expected. In this
way, the cause of the surface current being higher than
expected on the passivated deep mesas remains open.

5. Conclusions

In this work, the effect of different doping concentra-
tions of the InP passivation layer on the dark current of a
heterojunction photodiode was investigated. The results
showed that a doping concentration in the range expected
for residual doping for NID InP was not enough to increase
the total dark current to the values measured. It shows that
the residual doping is not the cause of the increase of dark
current with the passivation even though the PL data shows
a significant decrease in SRV, keeping the question open
and requiring further investigation. It was also shown that
decreasing the doping concentration of the regrown InP can
help decrease the surface dark current, although it is not the
main mechanism generating the dark current of the device
and that the technique is still valid as a passivation method
if the photodetector pixel is isolated by etching only the top
contact layer.
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