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Abstract  The quantum efficiency for mid-wavelength InSb infrared focal plane arrays has
been numerically studied by two dimensional simulators. Effects of thickness of p-type layer
on the quantum efficiency under front-side illumination have been obtained. The calculated
results can be used to extract the optimal thickness of the p-type layer for different absorption
and diffusion lengths. It is indicated that the optimal thickness of the p-type layer strongly
depends on the absorption coefficient and the minority carrier lifetimes. The empirical formu-
las are also obtained to describe the correlation between the optimal thickness of the p-type
layer, and the absorption and diffusion lengths.

Keywords InSb Infrared focal plane arrays - Numerical simulation - Quantum efficiency

1 Introduction

InSb, a III-V semiconductor, has a 0.227eV band gap at 77K and a cut-off wavelength of
5.5pum. Due to its excellent absorption ability in the spectral range of 3—5pm, superior
fundamental properties and simple material growth and device fabrication processes,
InSb has been widely used for thermal imaging in numerous military and civil fields
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(Fishman et al. 2007; Shtrichman et al. 2007; Gau et al. 2000; Shen 1994; Parrish et al.
1991; Rogalski 2002; Chang et al. 2006; Kimukin et al. 2003). Generally, for the epitaxial
film or bulk material that is subsequently thinned to form an InSb infrared detector, the quan-
tum efficiency (QE) is limited by the characteristics of absorption layer, which are related to
the absorption layer thickness, absorption length and diffusion length. Furthermore, crosstalk
caused by lateral diffusion of photo-generated carriers can also reduce the spatial resolution
of the focal plane arrays (FPAs) and degrade the overall system performance. Therefore, fully
understanding the photoresponse mechanisms of InSb and optimizing the device structure to
improve the QE are particularly important.

In this paper, two dimensional (2D) simulators are used to calculate the characteristics of
InSb FPAs. The effects of p-type layer thickness on the device QE under front-side illumi-
nation have been studied. The QE limited by the p-type layer characteristics is theoretically
indicated in detail.

2 Device structure and simulation models

The InSb FPAs discussed here are composed of three pixels, as shown in Fig. 1 Timlin and
Martin (1993). The n region with a doping density of 10'>cm™3, has a thickness of 10pm.
The p region is doped with a density of 10'7cm™3 and its thickness is an adjustable parameter
in the simulated process. The assumed values of the doping concentration are from references
Fishman et al. (2007) and Treado et al. (1994). In addition, the pixel pitch and the fill factors
are 50 pm and 92% respectively. It should be noted that each element including an individual
p — n junction forms an island on the 20-pwm-thick silicon substrate. Usually, the silicon
substrate with a thickness of several tens or hundreds micrometers has to be sufficiently thick
to be mechanically robust. However, in our simulation, the silicon substrate is transparent to
the incident infrared optical energy. In order to lower the consumptions of time and memory
on calculations, the 20 wm thin substrate is assumed. A metal grid layer positioned between
the p region and the silicon substrate is used to connect every p region to a reference potential
level. And the Indium columns or bumps deposited on the top of n regions connect the readout
integrated circuit system. The details about the specific process are given in Timlin et al.
During the simulation, only the center pixel is front-side illuminated, i.e., the optical
energy is incident on the p region. Finally the QE curve from pixel 2 is obtained. Mean-
while, the crosstalk, which is defined as a percentage corresponding to the response of pixel
1 divided by the response of pixel 2 (Musca et al. 1999; Bloom and Nemirovsky 1991), can
be evaluated by computing the photocurrent at the contacts. In this simulation, for simplicity,
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Fig. 1 Schematic of InSb infrared focal plane arrays. The arrows in pixel2 mark the direction of carrier

diffusion (*-” represents electron and “+” represents hole). And the area between the dashed lines is the p —n
junction
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Table 1 List of the key

. . . Eg =0.227 eV Band gap at 77K
parameters used in the simulation
T=177 K FPA temperature
e =16.8 Dielectric constant
T s Electrons lifetime (adjustable
parameter)

T = 1070 S Holes lifetime
A=5 pm Wavelength
D, = wn(kT/q) = 266 cm?/s Electron diffusion coefficient
Dp = pp(kT/q) = 66 cm?/s Hole diffusion coefficient
L, = (+/Dntn) nwm Electron diffusion length
Ly = (/Dptp) =812 pwm Hole diffusion length
pP=10"* W/em 2 ‘Wave power

the effect of anti-reflective coatings is not taken into consideration, and this will make the
device QE lower than that of experiment (Treado et al. 1994).

In this paper, numerical simulations are performed using Sentaurus Device, a commer-
cial package by Synopsys. The model used here is based on drift-diffusion method, where
the well-known Poisson and continuity equations are coupled on the finite element mesh
(D’Orsogna et al. 2008). A set of partial differential equations are solved self-consistently
on the discrete mesh in an iterative fashion. In order to capture the occurring physical
phenomena better, the mesh density around the junctions has also been increased. By default,
electrodes are Ohmic electrical boundary conditions, and the incident photon density flux
distribution is uniform. The carrier generation-recombination process consists of Shockley-
Read-Hall, Auger, and optical generation-recombination terms. Additionally, the tunneling
effect, such as indicated in the band-to-band model, is implemented in the continuity equa-
tions as additional generation-recombination processes (Guo et al. 2011; Hu et al. 2011,
2010). Key parameters are listed in Table 1.

3 Results and discussion

For the conventional InSb detectors, the infrared radiation is incident on the n-type bulk InSb
substrate. The photo-generated minority carriers can diffuse a long distance to p — n junc-
tion to be converted into electrical response. However, it is impossible to limit all inter-pixel
migration of carriers. Some of them diffuse into neighboring junctions to form the crosstalk
(Davis et al. 1998).

In our calculations, all of the diodes are spaced from each other (see Fig. 1). The light is
directly incident on the thinner p region instead of n region. The minority carriers generated
in the p region can diffuse to the junction more easily with less recombination and, there-
fore, to lead a higher QE (Davis and Greiner 2011). Moreover, there is still a large amount
of optical energy that penetrates through the p region into the junction. Some additional
charge carriers are generated to contribute to the enhancement of QE. For longer absorption
length (L), the n region not far away from the junction can also get some optical energy to
produce excess carriers and some of them can diffuse back to the junction (see Fig. 1). For
these reasons, there is improved QE in transferring optical energy to electrical energy. So the
QE is dependent on not only diffusion length but also absorption length. Additionally, due
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Fig. 2 The QE as a function of p
region thickness with L,
changing from 0.95 to 4.0pm for
different L, i.e., 3.60(a),
7.11(b), 9.98(c), 14.03(d)pm (left
column). Fitting curve of the
optimum thickness of p region as
a function of L, (right column).
“In” is the Napierian logarithm
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to the complete electrical isolation of the diodes, the crosstalk can be reduced significantly.
According to our calculation, the crosstalk is about 107°.

For an actual InSb device under 5 pm irradiation, the carrier lifetime (r) and the absorp-
tion coefficient () are constant. Fortunately, the simulation software offers an approach to
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Table 2 Fitting coefficients

Ly (um) A B C

3.60 0.52 0.34 0.14
7.11 0.84 0.83 0.15
9.98 1.06 1.16 0.16
14.03 1.37 1.41 0.29

change the values of physical parameters for fully understanding the response mechanisms
of InSb device. Therefore, in order to find the relation between the optimal thickness of the
absorption layer (d,ps), 1.€. p region, and the absorption layer characteristics, we make some
changes on the 7 and «. In this simulation, only the electron lifetime t,, is varied. The reason is
that under front-side illumination the radiation is incident on the thinner p region where most
optical energy is absorbed and many excess carriers (electrons) are generated. Furthermore,
7, is usually much shorter than hole lifetime 7,. The electron diffusion length L, is more
sensitive to the thickness of p region. Figure 2 shows the simulated QE as a function of the
p region thickness with L, changing from 0.95 to 4.0 wm for different L,, i.e., 3.60, 7.11,
9.98, 14.03 pm (left column). It is found that the shorter L, can lead to a higher QE and d
has an increasing trend with L, changing from 3.60 to 14.03 wm. The results indicate that
the complete absorption of optical energy in the p region or near the junction can enhance
the device QE. If most incident light is absorbed in n region far away from the junction,
the holes as the minority carriers can diffuse not only towards the junction but also in the
opposite direction or in a random direction. Thus, the degradation of the device QE may be
caused. Moreover, the p region thickness should be shorter than L,, to raise the device QE.
By fitting the curve of d,p as a function of L, (right column), an empirical formula which
has the same polynomial format for different L, is obtained

daps = A+ B xIn(Lg) + C x In? (L) (1)

where A, B, and C are the fitting coefficients, as listed in Table 2 for different L,,.

From Eq. (1) we can find that the optimal thickness of the absorption layer d,ps is the
function of L,. However, as mentioned above, the QE is dependent on not only L, but also
L,. So, in order to deeply explore the influence of L, on d,s, according to the coefficients
listed in Table 2, further calculations have been shown in Fig. 3. And, it can be found that
the fitting coefficients A, B, C and L, meet the following equations well,

A =0.1940.10L, — 9.80 x 1074L2
B =—-0.34+021L, — 0.006L2 )
C =279 x 107%exp (L,/2.24) + 0.14

4 Conclusions

The quantum efficiency of mid-wavelength InSb infrared focal plane arrays has been numer-
ically simulated with a two-dimensional simulator. Compared with the conventional InSb
detectors in which only one kind of carriers (electrons) contributes to the response, the
device simulated in our work has more complicated carriers (electrons and holes) transport-
ing processes because the front-side illumination and thinner p regions. It is indicated that
the absorption length, diffusion length, and the thickness of the pregion have important role
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Fig. 3 Fitting curves of coefficients A, B, and C as a function of L,

in the device quantum efficiency. The optimum thickness of p region and the absorption
length is expressed as an empirical formula to design the InSb infrared focal plane arrays
with high performance. Furthermore, it is shown that the related fitting coefficients of the
empirical formula are strongly dependent on the electron diffusion length.
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