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Electrical crosstalk in InGaAs focal plane array
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Abstract: Crosstalk characteristic is closely correlated to higher sensitivity and higher resolution imaging of focal
plane array (FPA). The electrical crosstalk of typical planar and mesa In, s;Ga, ,, As/InP FPAs as a function of il-
lumination wavelength, incidence, as well as the etching depth in the mesa structures was investigated quantitative-
ly in detail by simulation. It was demonstrated that mesa structures possess better electrical crosstalk characteristics
compared with the planar designs. Significantly, the crosstalk is lower for shorter wavelength radiation while the
front-side illumination devices show better electrical crosstalk characteristics than do the back-side illuminated de-
vices. It is ascribed to the influence of material absorption depth and the p-i junction depletion width of such struc-
tures. It was also found that the electrical crosstalk appears to be greatly suppressed when the etching depth of the
mesa structure covers the entire absorption layer of the device. The results suggest design rules for InGaAs FPA

with low electrical crosstalk.
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diode arrays made of lattice matched In, s, Ga, ., As/InP
Introduction materials, used for SWIR imaging, are particularly at-

Photodiode arrays are critically important to short-
wave infrared (SWIR) light sensing applications in tele-
communication, defense, and industrial systems. Photo-
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tractive because they are relatively economical, respond
rapidly to light amplitude modulation, and are extremely
sensitive at common eye-safe illumination laser wave-

lengths''?!. In recent years, the format and demand for
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such detector arrays have increased dramatically while
the pixel density increases and the pitch of these devices
has been dramatically reduced™.

Crosstalk between the individual elements of an in-
frared sensing array occurs when the absorbed photons in
a particular detector of the array generates a signal in an-
other detector element. Under the influence of crosstalk,
the array’ s image resolution and light sensitivity become
worse as the pitch of the detector array is reduced'*).
The question of how to mitigate crosstalk is significant in
modern In, s, Ga, ,, As/InP FPA's imaging technologies.
However, to date, few investigations have been reported
on InGaAs FPA crosstalk analysis'**'.

Crosstalk is often differentiated by its electrical and
optical traits. Optical crosstalk is the result of photon re-
fraction, reflection, external and internal scattering in
the illuminated detector elements toward undesired neigh-
boring detector elements. Electrical crosstalk results from
carriers that are photons generated under one detector
diffuse towards the other detector element where they are
collected. The electrical crosstalk is influenced by device
structure parameters such as array pitch and device ge-
ometry. Moreover, it is usually the electrical crosstalk,
which can be influenced by modifying the array’s struc-
tural traits, that we can address readily with appropriate
device design'®’.

In this paper, we study the electrical crosstalk of
In, 5;Ga, 4; As/InP FPA with planar and mesa structures

by numerical simulation.

1 Simulation

There are two kinds of structures that are frequently
adopted in InGaAs FPAs: the planar and the mesa struc-
tures. The schematic diagrams of these structures are
shown in Fig. 1.

The planar structure detector is mainly made up of n-
InP/i-In, 4, Ga, ., As/n-InP ( cap/absorption/buffer) epi-
taxial materials. Then, the p-diffusion region is formed
through the n-InP cap layer to produce a p-i-n junction.
The n-InP cap layer in this design is 0.5 um thick with
the doping concentration target of 5 x 10" ¢m ™.

The mesa structure detector is made up of p-InP/i-
In, s, Ga, ,; As/n-InP ( cap/absorption/buffer ) epitaxial
materials that are cap and absorption layer etched. The
etching depth is the InGaAs absorption layer etching
depth excluding the prior etching of the cap p-layer as
shown in Fig. 1 (b). The p-InP cap layer in this design
is 0.5 pm thick with the doping concentration target of 1
x 10" em ™.

In order to simplify the simulations, only three In-
GaAs photodiode pixels are simulated which are labeled
as anodes 1, 2, and 3. The width of the p-diffusion win-
dows is 15 pm. The buffer layers are 1 wm thick n-InP
with a donor concentration target of 2 x 10" ¢cm ™. The
absorption layers are all 2.5 pm thick, lattice matched i-

In, 5;Ga, 4, As to InP with a target background donor con-

centration of 1 x10" em .

To further simplify the simulations, we consider only
the electrical crosstalk when light is incident on the cen-
ter pixel. Therefore, for our purposes, we define

Anode 1 Anode 2 Anode 3

p-InP 1x10%cm?

@

Anode 1 Anode 2 Anode 3

)

Fig.1 Schematic diagrams of (a) planar structure, and (b)
mesa structure In, 5;Ga, ,; As/InP FPA.
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crosstalk as:

IAnode3 )

1 +
Crosstalk =10 log (% , (1)
Anode2

where 1, 115 Linoaer » a0d 1,45 are the net photocurrents
measured at Anodel, Anode2, and Anode3, respective-
ly.

The current density can be written as the sum of e-
lectrons and holes current densities ;

1 €1 €

o = ']n+']p . (2)

Three kinds of recombination mechanisms, i. e. op-
tical radiative, shockley-read-hall(SRH) and surface re-
combination are used in the simulation.

Table 1 Physical parameters used in the simulation
x1 HERERNBIMESH

In; 53Ga, 4;As InP

Parameters

Radiative recombination co- BT 103
9.6x10 ™" em”/s 1.2x10 7" em’/s

efficient

Minority carriers lifetime 10 ps 0.2 ns
Mobility of electrons/holes 10 000/200 em?/(V +'s) As a function of doping!”]
Saturation velocities of elec-

2x107/7.7x10% em/s 2.5 x107/1 x10° em/s
trons/holes

Some physical parameters used in the simulation are
shown in Table 1. In the following simulations, the elec-
trical crosstalk characteristics of In, o, Ga, ,; As/InP FPA
are obtained at the reverse bias of 0.3 V. The incident
light is monochromatic with a spot size of 5 um and uni-
form intensity of 70 pW.

2 Results and discussion

In order to verify the reliability of the simulation,
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the internal quantum efficiency and response of Ing s
Ga, ,;As/InP PIN photodiode were calculated at first, as
shown in Fig.2. The IQE was calculated by

1
IQE — Anode , (3 )

Available Photocurrent

where [, ., 1s the generated photocurrent in anode,
I
device expressed as a current. It is shown that the calcu-
lated In, s, Ga, 4, As/InP photodiodes are responsive be-

is a measure of the photo absorption in the

Available Photocurrent

tween 0.9 and 1.68 pwm at room temperature. The simu-
lated results agree well with the experimental results of
Sensors Unlimited, Inc., Goodrich ISR Systems[g] , in-
dicating that the results of photocurrent and selection of
parameters are reasonable and correct. This ensures that

the resulting calculation of crosstalk is also reliable.

Fig.2 (a) The internal quantum efficiency (IQE) as a
function of wavelength, (b) The spectral response of simula-
ted In, 5;Ga, 4, As/InP PIN photodiode

K2 (a) In, s Ga,,, As/InP PIN SEHL AR B N & T3
H(IQE) B K #9724k, (b) Ing 53 Gay 4y As/InP PIN St
AR TG R

Light at 1.3 pm (O band) and 1.5 pum (C band)

are important eye-safe infrared wavelengths for telecom-
munications, medicine, and laser ranging that achieve
near optimal sensitivity when using InGaAs detector tech-
nologies. Therefore, we calculate the electrical crosstalk
at 1.3 um and 1.5 pm for the outlined planar and mesa
structures.

Figure 3 shows the electrical crosstalk of the simula-
ted devices as a function of pixel pitch. The mesa struc-
ture in these simulations has an InGaAs etching depth of
0.8 pm. It is clear that the exponential trend of electri-
cal crosstalk changes with pixel pitch independently of
device structure and wavelength. In addition, the
crosstalk of the planar array simulations is higher than
that of the mesa array simulations for the same pitch in-
dependently of illumination wavelength. This is because
mesa array with appropriate etching depth could suppress
the generated carrier lateral diffusion effectively. Taking
1.5 pm as an example, when the pitch is 20 pm, the e-
lectrical crosstalk of mesa structure InGaAs FPA is about
5dB lower than that of the planar structure. These
crosstalk results suggest that if pixel size of the planar
FPA is 15 pm and distance between pixels is 5 pm, only
about 0. 3% (0. 1% for mesa structure) of the signal
current on the center pixel will be laterally diffused into
the neighbor pixels. Therefore, in order to reduce the e-
lectrical crosstalk of InGaAs FPAs, mesa structures are a
better choice when potential passivation difficulties are
ignored.

Fig.3 The electrical crosstalk of planar and mesa structure
InGaAs FPA at 1.5 pm and 1.3 pm wavelength for front-
side illumination.
B3 1.5 pm H1 1.3 wm BGIE T REEP- 1A 65 T 25 1
IR A R R AR

Similar conclusions that electrical crosstalk in mesa
structure HgCdTe ( MCT) FPA is lower than that of pla-
nar FPA were shown previously'®. Compared with
HgCdTe (MCT) FPAs, the lower electrical crosstalk of
an InGaAs FPA is often favorable. Typically, a MCT
FPA has a higher electrical crosstalk than an InGaAs
FPA because of its increased diffusion current associated
with the intrinsically lower resistance-area product
(R,A) of MCTs!"®!.

It should be noted that for a given structure, the
crosstalk at 1.5 pm is always higher than that at 1.3 pm
illumination, suggesting the FPA electrical crosstalk of
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these devices also varies with illumination wavelength.
Our simulations show that the electrical crosstalk of pla-
nar and mesa structures at 1.3 pm illumination is about
7dB lower than that at 1.5 pm illumination. The photon
number of 1.5 pm illumination is only 1. 15 times larger
than that of 1.3 pm illumination. Therefore, the result-
ant difference of crosstalk, which is approximately 5
times larger, suggests photon number is not the reason
for the crosstalk difference between these wavelengths.
However, the absorption depths within the InGaAs layer
at 1.5 pm and 1.3 pm illuminations are 1.49 pm and
0.54 pm, respectively, while the depletion width in the
p-i junction is about 1.3 um at the voltage bias of -0.
3V. Thus for 1.3 pm light, carriers are generated mostly
in the p-i junction depletion region and do not laterally
diffuse because of the built-in electric field. This results
in lower electrical crosstalk at lower wavelength illumina-
tions.

Fig.4 The electrical crosstalk of planar InGaAs FPA illu-
minated from front-side and back-side orientation at 1.5 pm
and 1.3 pm wavelength.

K4 InGaAs FPA 7EIE MG 515 ST B ep i LL AR

To verify the above theory of the depletion width and
the absorption depth, we further compared the electrical
crosstalk of planar structures illuminated at 1.5 pm and
1. 3 pm from front-side and back-side orientations.
Front-side illumination represents light incident through
the p-InP cap layer, while back-side illumination repre-
sents light incident through the n-InP buffer layer. The
results of those simulations are presented in Fig. 4. When
illuminated from the front-side, the electrical crosstalk of
1.5 pm light is about 7dB (5 times) higher than that at
1.3 pm light. However, when illuminated from back-
side, almost all of carriers are generated outside of the p-
i junction for 1.3 pm light. In contrast, part of the carri-
ers are generated in the p-i junction for 1.5 pum, leading
to slight difference of about 1dB (1.3 times) between
the two wavelengths.

For 1.5 pm illumination, there is about 4 dB (2.5
times ) difference between front-side and back-side
crosstalk. In contrast, the difference is 11dB (12 times)
for 1.3 wm light. The results indicate that back-side il-
lumination has a worse electrical crosstalk compared with
the case of the front-side illumination for all the absorbed
light wavelength. In addition, this crosstalk difference is
more pronounced for wavelengths with shorter absorption

depth.

Note that we did not consider the influence of the n-
1 junction because that its effect can be ignored when
compared with that of the p-i junction. This is demon-
strated by the simulated built-in drift field of the planar
structure with and without bias as shown in Fig. 5. In the
junction between the high doping 1 x 10" ¢m ™ p-InP cap
layer and i-InGaAs absorption layer, the built-in electric
potential is 1.05 V, whereas it is 0. 35 V between the n-
i junction when the bias is 0 V. When the device is re-
verse biased to 0.3 V, the drift field is still concentrated
on the p-i junction side as shown in Fig.5(b). In addi-
tion, the depletion width of the n-i junction is only about
0.2 pm, which is small compared with that of the p-i
junction and is much smaller than the absorption depth at
both 1. 3 wm and 1.5 pm illumination wavelengths.
These observations suggest that most of the light absorp-
tion happens outside of the n-i junction, which can
therefore be largely ignored in our analysis of these de-
vices.

Fig. 5 The band diagram of In, s; Ga, ,, As/InP PIN
(a) without bias, and (b) with reverse bias of 0.3 V.
The corresponding potentials of In, 5, Ga, ,; As/InP PIN
are also shown.

B 5 (a) In, ., Ga, , As/InP PIN 75 % e K i 1) e 47
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i &

Modern commercial InGaAs FPA manufacturers typ-
ically adopt back-side illumination FPAs that are flip
chip interconnection bonded to readout integrated circuits
(ROIC). In such devices, increasing the p-i junction
depletion depth by using higher purity InGaAs is an alter-
native way to reduce the electrical crosstalk of the tradi-
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tional back-side illumination modes.

In Fig. 6, the electrical crosstalk simulation results
of mesa structure InGaAs FPA structures are shown. We
studied the effect of different etching depths when the il-
lumination wavelength is 1.5 pum, the device length is
15 wm, and the pixel pitch is 20 wm. As expected, the
electrical crosstalk of the mesa structure InGaAs FPA is
suppressed by increasing the etching depth through the
InGaAs layer.

There are several mechanisms we proposed to ex-
plain this result. First, with increasing InGaAs etching
depth, the interface recombination at the etched walls
increases. This means the recombination rate of photon
generated carriers increases and thus the effective mi-
nority carrier concentration is reduced. Second, with
increasing etching depth, the effective absorption vol-
ume of InGaAs becomes smaller, so that the number of
photon generated carriers is reduced. The above two
factors decrease of the concentration of photon generated
carriers, and in turn result in a decrease of electrical
crosstalk for mesa structure InGaAs FPAs. A third can-
didate mechanism is that as etching depth increases,
pixels become more isolated and photon generated carri-
ers have less opportunity to diffuse laterally. Thus the e-
lectrical crosstalk of mesa structure InGaAs FPAs is sup-
pressed by increasing its etching depth. Similarly, deep
trench isolation ( DTI) structures in mature complemen-
tary metal oxide silicon (CMOS) imaging devices dem-
onstrates that its electrical crosstalk is suppressed by in-
creasing trench depth'""’.

As shown in Fig. 6 (b), when the etching depth is
equal to the InGaAs absorption layer thickness, the elec-
trical crosstalk of mesa structure InGaAs FPA is close to
nil. At this time, the optical crosstalk will be the major
component of the crosstalk. We should note that, the
deepest etching depth maybe not the best mesa structure
considering the optical crosstalk. The optimal etching
depth should be balanced between the electrical crosstalk
and the optical crosstalk.

3 Conclusions

The electrical crosstalk of typical planar and mesa
In, 5; Gay ,; As/InP FPAs as a function of illumination
wavelength , incidence, as well as the etching depth in
the mesa structures was investigated quantitatively in de-
tail by simulation. The calculated internal quantum effi-
ciency and responsivity traits are consistent with practical
InGaAs devices. The simulations show the crosstalk at
eye-safety illumination wavelengths of 1.5 pm is higher
than that at 1.3 pum for both planar and mesa structures
due to the absorption depth differences between these
wavelengths. Compared with front-side illumination,
back-side illumination shows higher electrical crosstalk,
and exerts a greater influence for the monochromatic light
that has a shorter absorption depth. It was also found that
the electrical crosstalk characteristics of mesa structures
are better than that of planar ones at any wavelength,
provided that they demonstrate similar traits. And it can
be suppressed by increasing the etching depth through
the InGaAs layer. These results present a guidance for
low crosstalk design of InGaAs FPA.

Fig.6 (a) The dependence of electrical crosstalk on pixel
pitch at different etching depths for front-side illuminated
mesa structure InGaAs FPA, (b) The dependence of elec-
trical crosstalk on etching depth for front-side illuminated
mesa structure InGaAs FPA

K6 (a) ANRIMUZEZIhRE ) InGaAs FPA 15 [ 45
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