Chapter 2
Design Methods for HgCdTe Infrared
Detectors

2.1 Introduction

HgCdTe infrared detectors have been available for half a century. Many physical
models of HgCdTe infrared detectors, which are based on the basic principles of
semiconductor physics, have been developed. These models have been widely used
in the design and simulation of HgCdTe infrared detectors for the development of
infrared detector technology. However, the accuracy of device and material
parameters used in the physics models, which is very important for design and
simulation, is strongly dependent on the processing conditions of device and
material. Obtaining these parameters precisely is a problem, which should be solved
urgently by the development of device design technology. This chapter covers some
methods and results for the extraction of device and material parameters. Another
key point is the effectiveness of the models used in specific design and simulation
software. Because of the complexity of actual device structure, three-dimensional
(or two-dimensional equivalent structure) modeling software is often required for
an accurate device simulation. Simplifying the calculation model is usually applied
to reduce the probability of divergence in finite element mathematical problems and
computation time. However, the validity of the simplified model is only effective to
certain specialized devices. At the same time, one has to acquire a set of charac-
teristic device and material parameters based on the basic model used for the actual
design method. In this chapter, methods of characteristic parameter extraction and
model optimization are introduced in detail.

First, this chapter presents a basic theoretical framework based on semiconductor
p-n junction theoretical models for simulation of HgCdTe infrared detectors, and
some precision optimization results of the relationship between carrier’s concen-
tration and Fermi level for HgCdTe materials. Second, the spectral response, cross
talk and other important properties of HgCdTe infrared detectors, including
two-color devices, are calculated and compared with experimental results. Lastly,
the effective extraction method of the characteristic parameters from fabricated
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HgCdTe infrared detectors is introduced, including extractions of material param-
eters from device current—voltage characteristics, extraction of minority carrier
lifetime in pn junction structure from photoelectric response, and so on.

2.2 Simulation and Design of HgCdTe Infrared Detectors

Hg is usually unstable in HgCdTe materials due to the fragility of chemical bonds
Hg—Cd, which results in the formation of Hg vacancy and Hg clusters. These
formations cause some physical parameters of the current—voltage characteristics of
HgCdTe p-n junctions be randomly discrete, and together with the influence of
other defects, result in the nonuniformity of device performance. Therefore, it is
necessary to establish a device design platform, which is closely related to the
nominal manufacturing process. This section outlines the basic assumptions of the
conventional analytical model, and establishes the fitting method of characteristic
parameter extraction. Effects of process conditions on the device performance are
analyzed statistically, providing a theoretical basis for design and performance
optimization of HgCdTe infrared detectors.

2.2.1 Foundation for HgCdTe Infrared Detector Designs

Traditional simulation of semiconductor devices is mainly to solve the combination
of the Poisson equation (Eq. 2.1), steady-state continuity equation (Eq. 2.2), and
carrier current density equation (Eq. 2.3) within specific boundary conditions of the
device:
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where ¥, g, and ¢ are the electrostatic potential, electron charge, and permittivity of
the semiconductors respectively. R is the carrier recombination rate, and G is the
carrier generation rate. n and p are the concentrations of electrons and holes, where
Jn and J;, are the electron and hole current densities respectively. D, and D, are the
electron and hole diffusion coefficients, E, and E,, are the electron and hole effective
electric fields, and p, and p, are the electron and hole mobility respectively. These
equations evolve into nonlinear equation groups with the finite element method
(FEM), then are solved by a method such as the Newton iteration process. For the
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analysis of the photoelectric effect for semiconductor devices, the photogeneration
rate should be added to Eq. 2.2.
The photogeneration is simulated by ray tracing:
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where 1 is the wavelength, a(4, z) is the absorption coefficient of HgCdTe material,
J(x, y, z9) is the optical beam spatial variation of intensity over the window where
rays enter the device, and z; is the position along the ray where absorption begins.

Narrow gap semiconductors, such as HgCdTe, have the following characteristics:
(1) Conduction band E(k) of HgCdTe, which can be described by Kane’s k. p model,
is a non-parabolic belt, so the electron concentration in the conduction band should
be fixed [1-4]. (2) The effective electron mass of the HgCdTe conduction band is
very small, which causes the semiconductor to degenerate due to the low effective
state density of the conduction band under low temperatures. Therefore, the distri-
bution of carrier concentration obeys Fermi—Dirac statistics [5—7]. Fermi—Dirac
integrals must be employed in the calculation of these two additional characteristics,
which results in many difficulties for theoretical simulation. Only HgCdTe material
parameters were joined into the parameter library when the numerical model is
applied for our theoretical analysis [8—11]. However, the influence of these two
characteristics has never been considered in analytical modeling [12—14]. In order to
perfect the existing analytical and numerical models, this section presents a simple
carrier approximation model, and applies these two characteristics of HgCdTe to
device simulations. Finally, the necessity and adaptability of carrier approximate
models are assessed by the analytical model.

2.2.1.1 Model of Carrier Density Approximation

The effects of carrier degeneracy and conduction band non-parabolicity are intro-
duced into the device simulation by the expression that describes the relation between
the Fermi energy and the carrier density [14]. Until the present time, there have been
no detailed reports on the effects of carrier degeneracy and conduction band
non-parabolicity on the simulation of the HgCdTe photovoltaic devices [14-20].
Some papers mention that neglecting the two factors leads to enormous errors in the
calculation of the electron density and causes an overestimated dark current in the
devices [20]. Therefore, practically understanding the carrier degeneracy and con-
duction band non-parabolicity effects on the simulation of HgCdTe photovoltaic
devices and establishing a simple carrier density approximation that takes account of
the two factors in simulation will be greatly beneficial to the design, analysis, and
characterization of HgCdTe devices.
The general carrier density can be expressed by [15]:
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dN
n= /E f(E) - dE (2.5)

where dN/dE is the density of the energy states, and f(E) the distribution function.

By considering both carrier degeneracy and conduction band non-parabolicity,
the distribution function f{E) should be a Fermi function because of the carrier
degeneracy. And the carrier density is given by the following integral expression
[16-18]:
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Here we take the zero energy to be at the bottom of the conduction band, € = E/kT
is the normalized electron kinetic energy, ¢ = E¢/kT the reduced Fermi energy, N,

N2
the effective density of states. The coefficient o :l(l —%) is the non-
g

&,
parabolicity factor, here ¢; = E/kT is the normalized band gap, and m¢ and my are
electron effective mass and free electron mass, respectively.

The numerical calculation of Eq. (2.6) is time-consuming and hence is not
suitable for efficient device simulation. Therefore, a simplified analytic approxi-
mation of Eq. (2.6) is often needed. Ariel et al. have proposed a relationship
between Fermi energy ¢ and carrier density n, where carrier degeneracy and
conduction band non-parabolicity have been taken into account [18]. Ariel’s model,
however, is only applicable for weak degeneracy. Additionally, they treated the
effective mass m, as constant. It is well known that m, has a dependence on the
band gap ¢,. When we take this dependence into consideration, it is shown in
Fig. 2.1 that Ariel model deviates from the numerical solution of Eq. (2.6) in the
range of about ¢ > 7. For n-on-p devices whose junction is formed by ion
implantation, the carrier concentration on n-side could be up to the order of
10" cm™3 [16, 191, and at the liquid nitrogen cooled temperature, the Fermi energy
¢ is in the order of 20-30. Hence, it is necessary to have the solution of Eq. (2.6) in
the range of ¢ < 30 for practical HgCdTe device simulations.

In this work, we propose a new simple carrier approximation derived from the
Ariel model, adding three parameters o, o, and B, as follows:
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Here, the expression of parameter o, o, Bj, B, is shown in reference [14].
Figure 2.1 shows a comparison between the actual numerical solution of Eq. 2.6 in
open dots and our approximation of Eq. (2.7a) in solid lines. Also shown is the
Ariel model in open triangles. As can be seen, our new approximation is in good
agreement with the numerical solution in the range of ¢ < 30 for both LWIR
(Fig. 2.1a) and MWIR (Fig. 2.1b) devices. This approximation appears in the same

¢ =1In




2.2 Simulation and Design of HgCdTe Infrared Detectors 21

@) g

I

-10 -5 0 5 10 15 20 25 30 35 -10 -5 0 5 10 15 20 25 30 35

I I I

¢ kT ¢ IKT

Fig. 2.1 Comparisons of carrier concentration versus reduced Fermi level in the range of ¢ < 30
for Hg sCd,Te (a), and Hg( ¢Cdp4Te (b) at 80 K calculated by actual numerical solution (open
circle), Ariel model (open triangle), and the approximation Eq. (2.7a) (solid lines). Reprinted with
permission from Ref. [14] © 2006, Elsevier

form as the Boltzmann’s approximation, and is applicable to both analytic and
numerical device simulation models.

The hole density p, can be written as an expression similar to Eq. (2.7a) but with
generally different coefficients

o1y %2y
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The valence band is parabolic which is equivalent to assuming that the
non-parabolicity factor o = 0 in Eq. (2.7a). Therefore, we get the valence band
coefficient By, = 1, By, = 0.944, B,, = —0.577, oy, = 0.745, and o, = 0.624 from
the expressions for By, By, B,, o, and o, by putting o = 0.

We now consider an intrinsic semiconductor where electrical neutrality requires
n = p = n;. Using this condition in Egs. (2.7a) and (2.7b), an implicit expression for
n; can be obtained:
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This equation can be solved iteratively for n; if the other quantities are known.

Subtracting Eq. (2.7b) from Eq. (2.7a) and using the charge neutrality condition,
we obtain the following expression for the intrinsic Fermi level ¢; of a
non-parabolic semiconductor:
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With known n;, ¢;, and with the help of Egs. (2.7a), (2.7b), (2.8), (2.9), we
derive new relations that describe the Fermi level in terms of carrier densities and
intrinsic properties:
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The expressions (2.10a, 2.10b) can be solved iteratively for Fermi level Eg, and
Egp,, which are the Fermi energy level of the n-side and the p-side without contact
with each other. So we can obtain the built-in potential Vi; = Eyy, — Ey, of the
p-n junction.

Therefore, with the help of Egs. (2.7a, 2.7b), non-parabolicity and carrier
degeneracy can be adequately modeled by the calculation of built-in potential Vy;,
intrinsic carrier concentration n; and intrinsic Fermi level E;.

Different material compositions can therefore be described by using different
carrier density models. In this section, we analyze four carrier density models by
considering (I) both the carrier degeneracy and the conduction band
non-parabolicity, (II) only the carrier degeneracy, (III) only the conduction band
non-parabolicity, and (IV) neither of these two factors.

In Model II, only carrier degeneracy is considered, assuming a parabolic con-
duction band. The carrier density is given by the following integral expression:
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de (2.11)

Equation (2.6) will be the same as Eq. (2.11) if the non-parabolicity factor «
equals to zero. According to Eq. (2.7a), we can obtain the carrier approximation of
Model II:

n n 0.745 n 0.624
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The hole density approximation is given by

0.745 0.624
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In Model III, the distribution function f{E) can be a Boltzmann function because
of carrier non-degeneracy, and only conduction band non-parabolicity is consid-
ered. The carrier density is given by the following integral expression:

2N, i 12( 1/2
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n=
The approximation of Eq. (2.13) can be given by a modified Boltzmann approxi-
mation [18]:
n = BoNexp(¢) (2.14a)
Likewise, the hole density approximation is given by
P = BouNyexp(—¢ — &) (2.14b)

In Model IV, neither carrier degeneracy nor conduction band non-parabolicity is
considered. The carrier density is given by the following integral expression:

N, [
\/EO/ Ve-exp(¢p —e) - de (2.15)

n—=

The carrier density can be given by a conventional Boltzmann approximation
n = N.exp(¢) (2.16a)
The hole density approximation is given by
p=Nyexp(—¢ — &) (2.16b)

We present comparisons among the four approximations for carrier density
versus Fermi energy in Fig. 2.2. As can be seen from the figure, for both
Hgo sCdg,Te (a) and Hgy ¢Cdg 4Te (b), comparing with Model I (considering both
carrier degeneracy and conduction band non-parabolicity), Model II (considering
only carrier degeneracy) underestimates the carrier density, while Model III (con-
sidering only conduction band non-parabolicity) and Model IV (considering neither
of them) yield significantly larger carrier density at the range of ¢ > 0 [14]. When
Cd composition x changes from 0.2 to 0.4, the difference between Model I and
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Fig. 2.2 Calculated carrier concentration versus reduced Fermi level with Model I (considering
both carrier degeneracy and conduction band non-parabolicity), Model II (considering only carrier
degeneracy), Model III (considering only conduction band non-parabolicity), and Model IV
(considering neither of them) for Hgy sCdy ,Te (a), and Hg ¢Cdp 4Te (b) at 80 K (solid lines). The
open circles are respective actual numerical solutions. Reprinted with permission from Ref. [14] ©
2006, Elsevier

Model II decreases because the increased band gap reduces the non-parabolicity
factor o. In addition, one can also see in Fig. 2.2 that the calculations using the four
approximations (solid lines) accurately fit the corresponding numerical solutions
(open circles) obtained by solving Egs. (2.6), (2.11), (2.13), and (2.15), respec-
tively, in the range of ¢ < 30. This indicates that these models can be used in place
of a numerical solution to investigate the effects of carrier degeneracy and con-
duction band non-parabolicity on the simulation of HgCdTe photovoltaic devices.

To further verify the applicability of the above approximations, the measured
R4V curves from real HgCdTe devices are fitted with the analytic model for device
simulation (see Appendix) by using the four models. The samples are LWIR
(x = 0.2323) and MWIR (x = 0.2927) n-on-p diodes fabricated using ion implan-
tation [21]. Their material and device parameters, which are not used as fitting
parameters, are summarized in Table 2.1, where x is the Cd composition, T is the
measuring temperature, A is the junction area, N, is the dopant densities of the
p-side, and p, is the mobility of excess holes.

The fitting parameters are listed in Tables 2.2 and 2.3 for Sample I and Sample II
[14], respectively. For Sample II (x = 0.2927), the fitting parameter yu,/7, is absent
because the diffusion current is insignificant in the dark current for MWIR devices

Table 2.1 Material and device parameters of the two HgCdTe photovoltaic samples

X T (K) A (sz) N, (cm™) Hp (cmZ/V s)
Sample 1 0.2323 80 25 % 1070 5.65 x 10" 813
Sample I 0.2927 80 25 % 107° 4.66 x 10" 579

Reprinted with permission from Ref. [14] © 2006, Elsevier
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Table 2.2 Fitting parameters obtained by fitting the four models to the measured R4V curves of

Sample I

Model Up/Ty (cm*/V §?) 7o (nS) Ny (cm™3) E/E, N (cm™)

I 1.613 x 10" 0.154 1.493 x 10'° 0.486 1.659 x 10"
Il 2.128 x 10" 0.121 1.478 x 10'° 0.488 1.624 x 10"
I 1.096 x 10™ 0.142 1.564 x 10'° 0.488 1.721 x 10"
v 1.248 x 10™ 0.119 1.543 x 10'¢ 0.488 1.722 x 10'?

Reprinted with permission from Ref. [14] © 2006, Elsevier

Table 2.3 Fitting parameters obtained by fitting the four models to the measured R4V curves of
Sample 11

Model 7o (ns) Ny (em™) EJE, N, (cm™3)

I 1.488 8.649 x 10" 0.586 1.302 x 10"
II 1.389 4759 x 10" 0.589 1.174 x 10"
I 1.492 1.0 x 10" 0.581 4398 x 10"
v 1.492 1.0 x 10* 0.581 4.398 x 10"

Reprinted with permission from Ref. [14] © 2006, Elsevier

at 80 K. It is evident from these tables that these parameters from the four models
are different from each other, and the sensitivity of the fitted values of device
parameters to the used model is obvious. This implies that the omission of carrier
degeneracy and conduction band non-parabolicity brings deviations into the sim-
ulation of the HgCdTe device, and the magnitude of the deviations is dependent on
the parameters of device and material.

In Fig. 2.3, the solid line denotes the theoretical calculation by using Model I,
and the open circles denote the measured data for x = 0.2323 (a) and x = 0.2927
(b). It can be seen that the theoretical calculation fits the experimental data well. In
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Fig. 2.3 Fitting curves of Model I (solid lines) with experimental Ry-V characteristics (open
circles) and the calculations of Model 11 (dashed lines), 11l (dotted lines) and IV (dash-dotted lines)
using the parameters in Table 2.1 and the parameters from Model I in Tables 2.2 and 2.3 for
Sample I (a) and Sample II (b) at 80 K. Reprinted with permission from Ref. [14] © 2006, Elsevier
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this work, we consider that Model I is a perfect model for HgCdTe, and the fitting
parameters from Model I are the authentic parameters for HgCdTe devices. To
estimate the deviation of R4~V characteristics calculated by Model II, III, and IV
from those calculated using Model I, all the parameters in Table 2.1 and the
parameters for Model I in Tables 2.2 and 2.3 are also employed in the further
calculations using Model II, III, and IV. The calculated results are also shown in
Fig. 2.3. It is evident from the figure that, compared to Model I, Model IIII predicts
larger Ry for LWIR (x = 0.2323) and smaller Ry for MWIR (x = 0.2927), while
Model III and Model IV yield larger Ry for both LWIR and MWIR.

In the above calculations, the differences of the built-in potential Vy,;, the intrinsic
carrier concentration n; and the intrinsic Fermi level E; among the three approxi-
mations are responsible for the differences in the above three R4~V curves. It is via
these three parameters that the carrier degeneracy and the conduction band
non-parabolicity influence the simulation calculations. Therefore, we have calcu-
lated V4, n; and E; with various device parameters such as composition and doping
level in Model II, III, and IV to estimate their deviation from Model I so that the
dark current deviation of Model II, IIl, and IV from Model I can be further
evaluated.

For the purpose of brevity and clarity, the relative deviations of Vi, n;, and E; are
hereafter referred to simply as Aj/A; (A denotes Vi, n; and E;, and subscript j = 1-4
stands for the four models, respectively). n; and E; are dependent on the compo-
sition and temperature of the device. Since HgCdTe devices usually work at liquid
nitrogen cooled temperatures, we consider a temperature of 80 K in this work. We
carried out the calculations for Ei/E;; and ni/n;; in the composition range of
x = 0.2-0.4, and the results are shown in Fig. 2.4. Figure 2.5 shows the plots of
Viij/ Voi1 versus the composition x (a) and the doping density of the n-side, Ny (b).
The deviations of Vi,;;/V,;; from unity increase with the decreasing x and increasing
Ng. The detailed analysis of Figs. 2.4 and 2.5 is shown in the paper of Ref. [14].

Tables 2.4, 2.5, and 2.6 summarize the relative deviations, comparing with
Model 1, of dark currents in various mechanisms obtained from Model II, III and
IV, respectively. For SWIR and MWIR with light doping, the effects of carrier
degeneracy and conduction band non-parabolicity on the simulation may be
omitted. For LWIR with light doping or those devices with heavy doping, the
omission of carrier degeneracy and conduction band non-parabolicity will lead to
enormous error in the calculation of the dark current. By using Model I, an accurate
simulation can be obtained.

2.2.1.2 Heterostructure Models

The HgCdTe heterojunction has greatly improved the performance of HgCdTe
photovoltaic detectors. However, the potential barrier of minority carriers in the
heterojunction, prevents the transport of photogenerated minority carriers through
the junction, which leads to a decrease in device performance [22-26]. By adjusting
the design parameters of the heterojunction, the potential barrier could be decreased
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Fig. 2.4 Relative deviations of Model II, Il and IV against Model I in intrinsic Fermi level E;;/E;,
(a) and intrinsic carrier concentration n;/n;; (b) at various composition x (subscript j = 1-4 denotes
four models, respectively). Reprinted with permission from Ref. [14] © 2006, Elsevier
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Fig. 2.5 Relative deviations of Model II, III and IV against Model I in built-in potential Vy/ Vi
at various composition x (a) and various n-side doping density Ny (b) (subscript j = 1-4 denotes
the four models, respectively). Reprinted with permission from Ref. [14] © 2006, Elsevier

Table 2.4 Relative deviations in various dark currents of Model II (considering only carrier
degeneracy) from Model 1 (considering both carrier degeneracy and conduction band
non-parabolicity)

Light doping Heavy doping

SWIR LWIR SWIR LWIR
Ly U (<10 %) U (<30 %) U (<10 %) U (<30%)
Iy U (<5 %) U (<20 %) U (<8 %) U (<50%)
ItaT Zero O (<10 %) O (<100 %) 0 (<350%)
Igpr Zero 0O (<30 %) O (<1000 %) O (<5000%)

(U denotes ‘underestimate’, and O denotes ‘overestimate’.) Reprinted with permission from Ref.
[14] © 2006, Elsevier
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Table 2.5 Relative deviations in n;, V},; and various dark currents of Model III (considering only
conduction band non-parabolicity) from Model I (considering both carrier degeneracy and
conduction band non-parabolicity)

Light doping Heavy doping
SWIR LWIR SWIR LWIR
Lyisr Zero U (<6 %) Zero U (<6 %)
Iy Zero U (<3 %) or O (<10 %) U (<3 %) or
O (<10 %) O (<60 %)
ItaT Zero U (<18 %) U (<90 %) U (<99 %)
IepT Zero U (<45 %) U (<99 %) U (<99 %)

(U denotes ‘underestimate’, and O denotes ‘overestimate’). Reprinted with permission from Ref.
[14] © 2006, Elsevier

Table 2.6 Relative deviations in n;, V,,; and various dark currents of Model IV (considering
neither degeneracy nor non-parabolicity) from Model I (considering both carrier degeneracy and
conduction band non-parabolicity)

Light doping Heavy doping
SWIR LWIR SWIR LWIR
Lyigr U (< 10 %) U (<30 %) U (<10 %) U (<30 %)
Iy, U (S5 %) U (<15 %) or U (<5 %) or U (<15 %) or
O (<8 %) O (<10 %) O (<60 %)
ItaT Zero U (<15 %) U (<95 %) U (<99 %)
IgpT Zero U (<35 %) U (<99 %) U (<99 %)

(U denotes ‘underestimate’, and O denotes ‘overestimate’). Reprinted with permission from Ref.
[14] © 2006, Elsevier

and even be eliminated. However, there are many parameters for HgCdTe and the
relationships between them are very complicated. Therefore, a reliable theoretical
method is urgently needed for the design of the band structure of heterojunctions
[27].

Much research has been done in this field. Migliorato and White [28] considered
the interdiffusion effect of both composition and doping, and calculated the band
structure of HgCdTe/CdTe heterojunction. Bratt and Casselman [29] developed the
MW model, which can be suitable for calculating the heterojunction with different
composition of Hg,Cd,_,Te. However, these two models are both based on com-
mon anion rule, namely assuming that there was no discontinuity of the valence
band, and their calculations both neglected the degeneracy of the carrier and the
non-parabolic conduction band of HgCdTe. Then, after Madrasz and Szmulowiz
[30-32] introduced the Fermi—Dirac integral based on these two models, the fol-
lowing characteristics of HgCdTe can be included in the calculation of band
structure: (1) the carrier degeneracy; (2) the non-parabolic conduction band; (3) the
valence band discontinuity. However, the Fermi-Dirac integral without any
approximation greatly increases the total computing time, which limits the use of
the model and makes it only suitable for the solution of the Poisson equation under
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equilibrium. The research of Bratt and Casselman [29] demonstrated that the band
structure of heterojunctions can be optimized by controlling the positions of the
p-n junction and the Cd composition junction, but the work of Madrasz and
Szmulowiz [30-32] assumed that the position of the p-n junction coincides with
that of the Cd composition junction and ignored the effect of relative position
between the p-n junction and the Cd composition junction on the band structure.
Moreover, recent work indicated that there was charge at the interface of a
heterojunction [33, 34]. It was stated that the interface charge was usually caused by
a discontinuity within the lattice and the process technology. Though the lattice
discontinuity between HgCd and CdTe is less than 0.3 %, the fixed charge also
exists at the interface because of the different polar intensities of HgCd and CdTe.
Therefore, the density of interface charge, which can be either positive or negative,
is very hard to be controlled and extracted in general cases [33]. The density of
charge at the interface between HgCd and CdTe is about £1 x 10'2 cm™.
However, the density of charge at the interface of HgCdTe with different compo-
sitions varies linearly with the gradient of the Cd composition [35]. The influence of
this magnitude of interface charge on band structure is not ignorable, so it is very
necessary to study the influence of interface charge in the design of a heterojunction
structure. In this section, the following three aspects are considered in the physical
model: (1) the carrier degeneracy; (2) the non-parabolic conduction band; (3) the
valence band discontinuity. Based on the approximation model of carriers in
Sect. 2.2.1.1, the Fermi—Dirac integral can be calculated rapidly. Therefore, it not
only satisfies the demand for computational speed, but also enhances the accuracy
of the physical model. As a result, a feasible method can be proposed for weakening
the effect of interface charge.

In the Fermi-Dirac integral calculation, z is set for the location, 0 < z < L, L is
the length along the growth orientation of the device, and L = 4 pm. Assuming that
the valance band at z = 0 is a zero energy point, then the Poisson equation can be
expressed as:

1
V2 = —g [p— Ny =Ny +0c] — VYV (2.17)

where ¥ is electrostatic potential, ¢ is the permittivity, p is the hole density, 7 is the
electron density, N is the ionized donor density, N, is the ionized acceptor density,
Q. is the interface charge profile. It is assumed that the donor and acceptor are both
fully ionized during the calculation.

The boundary conditions can be expressed as:

Y(0)=0 (2.18)
W(L) = ¢(L) — ¢(0) + AE (L) (2.19)

where ¢ is counted by iteration according to formula (2.3) and charge neutrality
condition, AE, is the valence band discontinuity.
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Assumed that AEY is the valence band discontinuity of the HgTe/CdTe
heterojunction [36, 37], and AEQ = 0.35 eV. Since the valence band discontinuity
of the HgCdTe/HgCdTe heterojunction is proportional to the difference of the Cd
composition (Ax), AE, = Ax - AES. Because of the interdiffusion effect of both
composition and doping, there is a composition-graded region around the compo-
sition junction and a doping-graded region around the p-n junction respectively.

For a graded composition junction, assuming that material A layer is followed by
material B layer along the z direction, then the profile of Cd composition can be
described by an error function of z:

Z— Zc
x(z) =xg +0.5 X (xa —xg) x erfc (O.SWC> (2.20)

where x5 and xg are the Cd composition of A and B HgCdTe material respectively,
W, is the width of graded composition, z. is the location of composition junction, in
the later calculations, z. is fixed at z =2.0 pm. z =0 is the reference point,
AE, = Ax - AES, then, the discontinuity of valence band along z direction
AE,(2) = [x(0) — x(2)] - AE, put formula (2.20) into it:

AE,(z) = (xp — xp) - AE° {1 —%erfc((z);‘;cc)] (2.21)

The doping profile along the z direction can be described by an error function of
the coordinate z:

N(z) = N(L) + N@O) -N(L) <(Z); Vz ) (2.22)

where N = Ny — N,, Wy is the width of graded doping, and zg is the location of p-
n junction. In the design of a HgCdTe heterojunction, Wg is 0.01 um.

The profile of the interface charge along the z direction is described by a Gauss
function:

202

In the design of a HgCdTe heterojunction, set the maximum density (Q) of
interface charge as a parameter for calculation. The interface charge is mainly
produced from the lattice discontinuity between two materials on both sides of the
heterojunction. Therefore, the profile of the interface charge is related to the
location and width of the composition junction. Assuming that the center position
of the function (zg) coincides with the position of the composition junction (z.),
then the full width half maximum (o) is equal to 0.25W...
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Since the p and n in Eq. (2.17) are a function of the variable ¥, the Poisson
equation is nonlinear. However, the Poisson equation can be disposed discretely
and linearly by the finite difference method, and then it can be solved by Newton
iteration.

The valance band and conduction band can be expressed as:

Ey(z) = AE\(2) —q-¥(2) (2.24)
Ei(2) = Ev(@) + Ey(2) (2.25)

For convenience, the p-n junction of wider (narrower) bandgap p-type HgCdTe
material on narrower (wider) bandgap n-type HgCdTe material is set as “Pn” and
“pN” structure respectively.

2.2.2 Design of Heterojunctions HgCdTe Infrared Detectors

The mainstream of HgCdTe detectors nowadays are homojunctions. However,
HgCdTe devices tend to be manufactured by heterojunctions with the evolution of
fabrication processes. Wide band gap material can decrease the tunneling rate of
carriers through the junction, which results in the decrease of the dark current and
noise of devices [23]. Therefore, the performance of a device with a heterojunction
structure can be greatly improved. However, the structure of heterojunction is more
complicated than homojunction, which makes the analysis of heterojunction
devices become more difficult. For heterojunction devices, it is difficult for us to
analyze the device’s performance by using solely an analytical model. Therefore, a
numerical model is needed to be proposed for design of heterojunction devices.

2.2.2.1 The Calculation of Band Structure in Heterojunction Devices

The influence of the p-n junction location (zg) on the band structure is shown in
Figs. 2.6 and 2.7. The calculated results are in good agreement with Figs. 1 and 5 in
Ref. [28], which demonstrates the accuracy of the approximation Egs. (2.7a, 2.7b).
The comparison of the band structures (with no valance discontinuity) with different
zg 1s shown in Fig. 2.8a, it is shown that the potential barrier decreases and finally
disappears when the p-n junction enters into narrow band gap material. This con-
clusion is in good agreement with BC model. However, the effect of valance
discontinuity on the band structure is shown in Fig. 2.8b. It is shown that a potential
well appears at the same time, and the potential well increases when the p-n junc-
tion enters into narrow band gap material. The appearance of the potential well also
degrades the detector performance, so the entrance of the p-n junction into narrow
band gap material should be avoided in this situation.
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For the Pn structure, Figs. 2.8 and 2.9 illustrate that the potential barrier of
valance band will decrease, and a potential well will appear when the p-n junction
enters into narrow band gap region. When the p-n junction enters into a wide band
gap region, the potential well of valance band becomes shallow, and the height of
potential barrier increases. For the pN structure, when the p-n junction enters into
narrow band gap region, the potential barrier of conduction band decreases, and a
potential well appears. When the p-n junction enters into a wide band gap region,
the potential well of the conduction band becomes shallow, and the height of
potential barrier increases.

(1) The influence of the interface charge density (Q) on the band structure in pn
device is shown in Fig. 2.10. When the interface charge is positive, the
potential barrier of conduction band electrons decreases. When interface
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Fig. 2.8 The band structure profile of Pn structure with different p-n junction location (zg) at
77 K, Where x, =02, x,=04, Ny=Ng=1 x 10”° cm™, W. =04 um. a The valance
discontinuity AE? = 0 eV, b The valance discontinuity AE? = 0.35 eV. Redrawn from Ref. [27],
Copyright 2006, The Chinese Physical Society
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Fig. 2.9 The band structure profile of pN structure with different p-n junction location (zg) at
77 K, Where x, =03, x,=02, N,=Ng=5 x 10° cm™, W.=0.2pum. a The valance
discontinuity AE? = 0 eV, b The valance discontinuity AE? = 0.35 eV. Redrawn from Ref. [27],
Copyright 2006, The Chinese Physical Society

charge is negative, the potential barrier of electrons in the conduction band
will increase. For a Pn device, the appearance of the interface charge can
influence the shape of valance band. When the interface charge is positive, the
potential barrier of holes in the valance band will increase. When the interface
charge is negative, the potential barrier of holes in the valance band will

decrease, and the potential well of holes will increase.
The optimization of parameter zg and Q. Figure 2.11 shows the band profile of

(@)

pN and Pn structures with different position (zg). For the pn structure, when
the interface charge is negative, the potential barrier of electron in conduction
band can be decreased by adjusting the position of p-n junction. However, a
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Fig. 2.10 The band profiles with different Q at 77 K. a pN structure, where x, = 0.3, x, = 0.2,
N,=Ng=5 X 10" cm™3, and W.=0.2 um, b Pn structure, where x,=0.2, x, =04,
N,=Ng=1 x 10 cm™, and W, = 0.4 pm. Redrawn from Ref. [27], Copyright 2006, The
Chinese Physical Society
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Fig. 2.11 The band profiles with different zg at 77 K when interface charge is negative. a pN
structure, where x, = 0.3, x, =0.2, Ny=Ng=35 X 10" em ™3, W.=02pm, and Q =—1 X
10'¢ cm ™3, b Pn structure, where x, = 0.2, X, =04, N, =Ng=1x 105 em™3, W, = 0.4 pm, and
0 = -2 x 10" cm™. Redrawn from Ref. [27], Copyright 2006, The Chinese Physical Society

potential well will appear when the potential barrier decreases to a certain
value. For the Pn structure, the potential well of holes in the valance band can
also be decreased by adjusting the position of p-n junction.

When the interface charge is positive, the band profile of pN and Pn structures
with different position (zg) is shown in Fig. 2.12. For the pN structure, the potential
well of electrons in the conduction band can be decreased by adjusting the position
of p-n junction. For the Pn structure, the potential barrier of hole in valance band
can also be decreased by adjusting the position of p-n junction. However, when the
potential barrier decreases to a certain value, a potential well will appear.
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Fig. 2.12 The band profiles with different zg at 77 K when interface charge is positive. a pN
structure, where x, = 0.3, x,=0.2, N,=Ng=35 x 10" cm ™3, We=02pum, and Q=1 X
10'® ¢cm™3, b Pn structure, where X, =0.2,x,=04,N,=Ng=1x 10" e¢m™3, W, = 0.4 um, and
0 =2 x 10" cm™. Redrawn from Ref. [27], Copyright 2006, The Chinese Physical Society

Therefore, the effect of zg on the band structure is likely to be relatively limited,
and is determined by the density of the interface charge. When the density of the
interface charge is low enough, the potential barrier or well can be eliminated by
optimizing the position of p-n junction. However, when the interface charge density
is greater than a certain value, fine-tuning the position of p-n junction can only
decrease the potential barrier or potential well. Additionally, a further change in the
position of the composition junction will generate other potential barriers or
potential wells. The optimal design of parameter zg and Q can be obtained from
Figs. 2.11 and 2.12. For the pN structure, when the interface charge is negative, the
position of the p-n junction should be near the narrow band gap material. For the Pn
junction, when the interface charge is positive, the position of the p-n junction
should be near the wide band gap material.

2.2.2.2 The Influence of Potential Barrier on the Device Performance

As above mentioned, the potential barrier of the heterojunction will degrade the
performance of the device. The influence of the potential barrier on the transport of
minority carriers in P*-on-n heterojunctions was studied by experimental and
theoretical methods [24]. It was discovered that when the height of potential barrier
was 2kT, the quantum efficiency decreased to 95 %, when the height of potential
barrier was 4.5kT, the quantum efficiency decreased to 50 %. However, only the
optical characteristic of the device was studied for the potential barrier of the
heterojunction. The electrical characteristics of the device were neglected. The
influence of the position of the pn junction in relation to the composition junction
on band structure was studied [26, 27]. In the above section, the change of graded
length of composition in heterojunction can produce the potential barrier.
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Therefore, this section will analyze quantitatively the influence of the graded length
of the composition on the device performance.

In the previous section, Eqgs. (2.7a, 2.7b) for carrier density has been established,
which is very suitable for HgCdTe material. The form of this equation is similar to
the Boltzmann approximation equation. Therefore, it is suitable for the analytical
model, as well as the numerical model. However, as this equation is a transcen-
dental equation, there are too many iterations in numerical calculation, which make
the convergence of the solution be worse and the computing time become longer. In
order to solve these problems, the approximation model of carrier density should be
proposed as a form of non-transcendental equation.

For a given ¢, many analytical approximation models have been reported to
solve the density of electrons [27, 38]. The revised Boltzmann approximation
model only considered the non-parabolic approximation, which is not suitable for
the degenerate case. The Ehrenberg model is not suitable for the highly degenerate
case, and the Sommerfeld model is only suitable for the highly degenerate case. The
results of these models and the accurate numerical Eq. (2.6) are shown in Fig. 2.13.
It illustrates that when ¢ < —2, the result of the Ehrenberg model is in agreement
with the numerical result, and when ¢ > 5, the result of the Sommerfeld model is in
agreement with the numerical result. In order to fit the result of the carrier
approximation model with that of numerical integral in the range of ¢ < 30, it is
very necessary to modify the Sommerfeld model and add it into Ehrenberg model:

L BNew(d) V2
14+0.75B;B;jexp(¢) 3/n

Nel(¢+19]) - (14 29))2 (2.26)
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Fig. 2.13 The curve of carrier density versus Fermi level calculated by several approximation
model of carrier density and numerical integral in a HgygCdy,Te and b Hgy ¢Cdy4Te at 80 K.
Open circle is solved by accurate numerical integral, open square is solved by the revised
Boltzmann approximation, open triangle is solved by Ehrenberg model, plus is solved by
Sommerfeld model, cross is the calculation of Eq. (2.3), solid line is the approximation of carrier
density solved by Eqgs. (2.10a, 2.10b)
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The results of Egs. (2.2), (2.3), and (2.26) are shown in Fig. 2.13. It illustrates
that Eq. (2.26) is fitted well with Egs. (2.2) and (2.3) in the range of ¢ < 30.
Therefore, Eq. (2.3) can be replaced by Eq. (2.26).

The hole density of HgCdTe can be expressed as:

2N,
p= ﬁFl/Z (= — &) (2.27)

where Fi,(#n) is 1/2 of Fermi level [39]:

Y
" 3y/ma38 + 4exp(—n)

Fip2(n) (2.28)

where a = 7 + 33.657{1—0.68exp[—0.17(5 + 1)*]} + 50. When # varies from —00
to +00, the relative error between the above analytical model and accurate calcu-
lation is not less than 0.4 %.

Since the form of Egs. (2.26) and (2.27) are not similar with that of Boltzmann
approximation equations, the equations are rewritten as [40]:

En — E;

= Riefr - Py * EXP (fT> (2.29)
E, — E;

P = Mieff * Vp - eXP( T fp) (2.30)

where y, and y,, is the function of #, and #,, respectively:

= P ) (231)
o=y o0 (=) 232)
My = Ef“k; L (2.33)
= % (2.34)

According to Eqgs. (2.29) and (2.30) of carrier density, a solution of the
one-dimensional HgCdTe pn junction is obtained by finite difference method. The
detailed process and method of one-dimensional simulation refers to the literature
[41-43]. In order to verify the validity of program, the calculated result was
compared with the solution obtained using the commercial software DESSIS. The
one-dimensional schematic of HgCdTe device is shown in Fig. 2.14, and the rel-
evant material and structural parameters are listed in Table 2.7.
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Fig. 2.14 One-dimensional

simulated schematic of

HgCdTe devi

gCdTe device P N

Table 2.7 Relevant material Composition x 0.22

and structure parameters of T (K

one-dimensional HgCdTe emperature (K)

device SRH lifetime 10 (ns)
Doping concentration of N region 1 x 10" (cm™)
Doping concentration of P region 8 x 10" (cm™)
Thickness of N region 1 (um)
Thickness of P region 9 (um)
Junction area 50 x 50 (umz)

The result of locally produced software is in good agreement with that of
DESSIS software, which demonstrates the validity of the program (Fig. 2.15).
However, only the thermal effects, namely diffusion current and generation—re-
combination current are considered in the dark current aspects of this program. In
narrow band gap semiconductors such as HgCdTe, the device performance is
usually limited by the tunneling mechanism. Therefore, to exactly calculate the
electrical characteristics of the HgCdTe heterojunction, the effects of trap-assisted
tunneling and band-to-band tunneling should be added into the numerical model,
where the two models are integrated into the continuity equation as generation—
recombination terms. This revised recombination rate in the continuity equation of
the numerical model is:

Fig. 2.15 Comparable

results of locally developed 1078 3
software and commercial E o self programming software
DESSIS software 10 [ DESSIS software

1/A
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U=Una+ Uaug + Usru + Utat + Upne (235)

where Uy, is the Radiation recombination, Uy, is the Auger recombination, and
Usry is the Shockley—Read—Hall (SRH) recombination [44]. U, and Uy, is the
recombination rate of trap-assisted tunneling and band-to-band tunneling respec-
tively. The analytical expressions of Uy, and Uy, are expressed as follows:

B,
Uit = At - E - exp <— %) (2.36)
2 Buir
Uppt = Appe - E” - €xp (— T) (2.37)
2 N, *MZ
At = TaTe (2.38)

C1.62- W (E, — Ey)

5 1.62 - v/3E2F (a)
tat — 8\/§qP

2 /zm*
Appy = — 2q 7 (2.40)
1.622 - 41312 | /E,

(2.39)

1.62 - “2E)?
By = myme/2Eg (2.41)

In the above equations, the electric field (E) of depletion region is the average
electric field because the depletion region approximation is considered in the
analytical model. However, the depletion region approximation is not suitable for
the numerical model. Therefore, a factor of 1.62 [45] is introduced for equivalent
calculating.

The R-V curve calculated by the analytical model compared with that calculated
by the numerical model is shown in Fig. 2.16, where Ry, is the dynamic resistance
of the numerical model. It is shown that the R—V curve of the analytical model is in
good agreement with that of the numerical model. However, the extracted param-
eters of these models are listed in Table 2.8 which illustrate that there is quite a
difference between them, mainly caused by the depletion region approximation.

In order to study the influence of the graded length of composition on the
performance of devices, a one-dimensional program is applied for the characteri-
zation of the pN and Pn structures (see Fig. 2.7). The parameters are listed in
Table 2.9. The R-V curves of pN and Pn structures with different graded lengths of
composition are calculated by 1D simulation program, as shown in Fig. 2.17. The
corresponding R—V curve of the homojunction is marked with the composition of 0.
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Table 2.8 Parameters of HgCdTe device in analytical model and numerical model

Analytical model Numerical model
Composition x 0.2323 0.2323
Temperature (K) 77.3 77.3
Doping concentration of P region (cm ) 9 x 10" 9 x 10"
Electron mobility (cmZ/V s) 20,000 20,000
Hole mobility (szlV s) 600 600
Hole effective mass 0.55 0.55
Thickness of N region 1 (um) -
Thickness of P region 9 (um) -
Junction area (pmz) 28 x 28 28 x 28
Doping concentration of N region (cm ) 2 x 10'° 2.044 x 10'°
SRH lifetime in neutral region (ns) 0.5 0.606
SRH lifetime in depletion region (ns) 0.5 0.602
Trap level (E,) 0.645 0.602
Trap concentration (cm73) 2 x 10'? 1.426 x 102
Series resistance () - 79.3

It demonstrates that the dynamic resistances of a pN structure with different
graded lengths are almost the same under a forward bias. However, the dynamic
resistance of a Pn heterojunction is bigger than that of homojunction. This is mainly
because that the minority lifetime of the p region is very short, and the dark current
is dominated by diffusion current under a forward bias. Diffusion current mainly is
produced in the p region, and has almost no dependence on the junction region.
Therefore, the length of graded composition has little effect on the dynamic
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Table 2.9 Parameters used in one-dimensional simulation program
Pn structure Pn structure
Temperature (K) 77 77
Junction area (umz) 28 x 28 28 x 28
SRH lifetime (ns) 5 500
Trap level (E,) E; E;
Trap concentration (cm73) 2 x 10" 2 x 10"
Hole effective mass 0.55 0.55
Composition of N region x 0.3 0.2
Composition of P region x 0.2 0.4
Doping concentration of N region (cm™>) 5 x 10" 1 x 10"
Doping concentration of P region (cm ) 5 x 10' 1 x 10"
Thickness of N region (pm) 1 9
Thickness of P region (um) 9 1
Electron mobility (cm*/V s) 1 x 10° 1 x10°
Hole mobility (cm*/V s) 600 600
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Fig. 2.17 R-V curve with different W.. a pN structure, b Pn structure. W, = O represents the result
of homojunction

resistance under a forward bias. However, for a pN structure, the minority lifetime
of the p region is long, and the dark current is dominated by recombination current
under a forward bias. Therefore, the length of the graded composition has a great
effect on the dynamic resistance under a forward bias. Moreover, the dynamic
resistance of these two structures both increase with the length of graded compo-
sition under a reverse bias. At present, infrared detectors usually work under a
reverse bias. Therefore, the longer the length of graded composition, the better is
the electrical performance. However, the detectivity of the detector is not only
proportional to dynamic resistance (R), but also to the quantum efficiency (7). In
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order to study the influence of the potential barrier on device performance, quantum
efficiency #, namely the optical characteristics, should be considered and calculated.

In the numerical model, the generation—-recombination rate in the continuity
equation can be expressed as:

U= U+ Uaug + Usru + Utat + Ut — Gphoto (242)

where the photogenerated term G 18:
Z
Gphowo(2) = Q- (1 — 1) - a(z) -exp | — / a(t)dt (2.43)
0

where Q is the power density of the incident light, and r is the reflectance coeffi-
cient, «(z) is the absorption coefficient.

The photoresponse curve of two heterojunction structures with different lengths
of grade composition is shown in Fig. 2.18, where the incident light power is
0.01 W/m? [27]. According to the electrical characteristics shown in Fig. 2.17 and
the optical characteristics shown in Fig. 2.18, the influence of the potential barrier
on the device performance can be analyzed quantitatively. It is known that the
detectivity of device is proportional to 1 - v/RA, so 1 - v/RA can be used to char-
acterize the performance of detectors. The normalized quantum efficiency () and
dynamic resistance (R) with the length of grade composition in two heterojunction
structures are shown in Fig. 2.19, where the bias voltage is —0.05 V. The nor-
malized 7 - v/RA in two heterojunction structures with the length of grade com-
position is shown in Fig. 2.20. For a pN structure, it demonstrates that the
performance of the heterojunction device is the best when the length of grade
composition is 0.2 pm. For a Pn structure, the performance of the heterojunction
device is the best when the length of grade composition is 0.4 pm. This conclusion
is consistent with the optimal design of band structure shown in Fig. 2.7.

2.2.3 Design of Long Wavelength HgCdTe Detectors

Currently, the study of Hg;_,Cd,Te detectors is mainly based on various
one-dimensional analytical models. Though the physical meaning of each variable
is clear, the description of the devices is not very accurate. The real device is always
a three-dimensional pn junction, where the lateral current and electric field cannot
be analyzed by a one-dimensional model. For Hg,_,Cd,Te devices with two con-
tacts on the same side, this problem is more complex, and is beyond the theoretical
framework of a one-dimensional analytical model. However, it is very complicated
to establish the integrated three-dimensional model. Lateral current and the electric
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field can be handled by using a two-dimensional model, which overcomes the
shortage of the one-dimensional model.

In this section, numerical simulation is used to study the relationship of RyA and
photocurrent with the thickness of p region, distance of contacts, doping concen-
tration, minority lifetime and trap-assisted tunneling effect, and the influence of
electron recombine lifetime and surface recombine rate on the spectral response.
The spectral response is investigated experimentally and theoretically, which pro-
vides a basic reference for the optimization of device design.

The related material parameters of HgCdTe in this calculation are listed in
Table 2.10, the composition of the p-type epitaxial layer is x = 0.224, the power
density of infrared radiation is 10 W/m?. In this calculation, the typical device
parameters are listed as follows: the acceptor concentration of the p region is 10"
cm >, the thickness (junction depth) of the n* region is 1 um, and the operating
temperature is 80 K. The definite mesh of device is carefully created, which is
shown in Fig. 2.21b.

Table 2.10 Related material parameters of Hg;_,Cd,Te (x = 0.224) in calculation (7 = 80 K)

Parameter Value Parameter Value
Band gap E, 0.122 eV Electron mobility f, 5.0 x 10*
cm?/(V s)

Absorption 2.15 x 10° Hole mobility u, 400 cm?/(V s)

coefficient o cm!

Effective electron 9.15 x 107 Auger recombination 3.54 x 1075

mass #i, mg rate Gap cm®/s

Effective hole mass my, 0.50 mg Radiative recombination 2.00 x 10710
rate Gg cm’/s

Refractive index n 3.54




2.2 Simulation and Design of HgCdTe Infrared Detectors 45

(b) 5}’&lWAWMIIWIIWWWH;!‘
!JMWWWWIMI I |
!J"QW!'WMWWMWWHMyglh‘i WMWWHWWWAM'WHW
iJd’uM!ii!IMAAiIWHIAMM;M! MMWAAlMWWMMMMH"‘
(a) !{MiiW’WWWWW’MA!‘Luu !hl!h!"hmIWIMWHIHA!'I"’!L
S &
Sum_ 10W/m? E = 3
m m l‘ul WY H qm
" F =
Substrate E 3 i
V v "MIA!V"HV&V&AMIMA
ey
ot :;;z;aaa:“m
P Hg, Cd T
e
G 810 1€ x=0.224
rd 0 50 100 150 200 250
N region contact P region contact X /um

Fig. 2.21 a N-on-p structure of HgCdTe infrared detector, b The finite mesh of device

2.2.3.1 RyA and Photocurrent

In the design of long wavelength devices, thickness of p region, distance of con-
tacts, minority lifetime, doping concentration, and trap-assisted tunneling effect in a
deep level have important influences on the RyA, photocurrent, and quantum effi-
ciency of device.

The relationship between the thickness of the p region and RyA is shown in
Fig. 2.22. Radiation recombination, Auger recombination, and band-to-band tun-
neling effects are included in the calculation. The thickness of the n* region is about
1 pum. The n* region is the heavy doping region, where the resistance is very small.
In contrast, the p region is relatively thick and is the main absorption region under
back illumination, and the resistance of it is relative large. The determination of
thickness of the p region should consider both the light absorption and RyA. When
the thickness of the p region increases, the efficiency of absorption will also
increase. However, the photogenerated carriers are more difficult to diffuse into the
junction region, so the thickness cannot be too large. Additionally, the increase in

Fig. 2.22 Relationship Nr———-+—r7r—"———+7———+——
between RpA and the r ]
thickness of p region

R A /(Q-cm)

5 10 15 20
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the thickness of the p region will decrease the parallel resistance. Therefore,
RpA decreases with the thickness of p region. As known from the calculation, when
the thickness of the p region varies from 7 to 20 pm, the photocurrent will change
little. Therefore, the proper thickness of p region is about 10 pm. It should be noted
that in the 1D model, RyA will be nearly proportional to the thickness of the
p region, which is very different than the 2D model and is not in accord with the
real device. Actually, both vertical and lateral current exist in the device (see
Fig. 2.1), and the distribution of current density is not uniform (Figure 2.23a, b
shows the profile of current density in the device with thicknesses of 8 and 20 um
respectively). In the following calculation, the thickness of the p region is 10 um.

The contact size of the n* region with heavy doping has no effect on the device
performance. The resistance of p region is large. The calculated results show that
the device performance with different width of contacts in p region is the same.
However, the location of the contact has an important influence on both RyA and
photocurrent, as shown in Figs. 2.24 and 2.25.
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Considering all the resistances, RpA obviously increases with the distance of
contacts (Marked as case 1). One reason is the influence of series resistance in the
p region. If the whole device is set to a uniform p-type structure, series resistance is
calculated by the same way (Marked as case 0). This shows that the resistance is
approximately linear with the distance of contacts (Semi-log coordinate in
Fig. 2.24). The difference between them (case2 = casel — case() can be treated as
the RoA of the pn junction without series resistance. When the distance of contacts
is 100 pm, RpA increases with the distance of contacts. And when the distance is
more than 100 um, RyA tends to be stable. This is mainly due to the profile of the
electric field and current density and is related to the location of contact in the
p region. The current density with a contact distance of 10 um (see Fig. 2.26) is
different from that with a contact distance of 100 pm (see Fig. 2.23). The influence
of the contact distance on the electric field (in the junction area) and current density
is gradually weakened when the distance of contacts is great enough. Therefore,
RoA of pn junction tends to be stable.

The situation of photocurrent under zero bias is different from RyA. The pho-
tocurrent under zero bias decreases with the distance of contacts. As shown in
Fig. 2.25, when the distance of contacts is 100 pm, the photocurrent under zero
bias changes little, and when the distance is more than 100 um, the photocurrent
under zero bias is decreased notably. Photocurrent reflects quantum efficiency.
Therefore, the decrease in photocurrent illustrates the decrease of quantum effi-
ciency. Apart from the influence of electric field and current density due to the
change of the contact location, the main reason for the decrease of quantum effi-
ciency is that the collecting efficiency of photogenerated carriers to the contact
decreases with the distance of contacts. Assume that the gain is 1, quantum effi-
ciency (1) can be extracted from the photocurrent. As shown in Fig. 2.27, the trend
of quantum efficiency is similar to that of the photocurrent. The detectivity D", 7,
and RpA of device have the following relationship [46]:
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The relationship between 7(R,A)"* and the location of contact is shown in

Fig. 2.27. When the contact is about 100 pm from n*-type region, 7(RoA)"* will
reaches the maximum size. It is the optimal location of contact in p region.

The structure of a linear HgCdTe device is shown in Fig. 2.28. Two lines of pn
junction are staggered, the first line of pn junction is about 60 um away from the
common contact, and the second line is about 150 um. Based on the above dis-
cussion, different distances of contacts will produce the different dynamic resistance
and photocurrent, which leads to the difference of overall signal. A simple and
feasible solution is to set a symmetrical common contact in the p region, which can
eliminate the difference of signal caused by the geometrical structure of device. In
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addition, if the distance of two contacts is too large, the photocurrent will not
increase linearly and distinctly with the light power density. Therefore, the distance
of contacts should not be too large.

In the above calculation, it is assumed that an ideal abrupt pn junction is formed
at the interface between the n* region and the p region. In fact, there are different
distributions of donor impurity, which are dependent on the process technology.
HgCdTe-based pN junctions are usually formed by ion implantation. A p-type
epitaxial layer is changed into an n type in the ion implantation region. The profile
of donor impurity in the ion implantation region varies with the energy of ion
implantation. Moreover, the ion implantation damage defects can influence the
mobility and lifetime of HgCdTe material. In this section, the effect of ion
implantation damage defects is not considered. Only the distribution of donor
impurity in p-type region is discussed here.

For a pN junction formed by ion implantation, the distribution of donor impurity
is approximated by Gaussian functions with appropriate parameters [47]. It is
assumed that the distribution of donor impurity is described by Gaussian functions
with variance J, as shown in Fig. 2.29.
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The relationships of RyA and photocurrent under zero bias with the distribution
of donor impurity are shown in Fig. 2.30. RyA increases slowly with the broadening
of the donor impurity distribution. On the other hand, the photocurrent under zero
bias decreased slightly with the broadening of the donor impurity distribution.
Therefore, it is obvious that there is little influence of the distribution of donor
impurity on RpA and photocurrent. It illustrates that the conclusion drawn from the
abrupt junction can be applied in the graded junction.

For an n-on-p structure, light absorption mainly occurs in the p region, thus the
minority (electron) lifetime in the p region is very important for the device. In
contrast, the majority (hole) lifetime has little effect on device. The electron lifetime
of HgCdTe material is determined by three recombination processes: Radiative
recombination, Auger recombination, and SRH recombination. The prior two
recombination processes belong to the inherent properties of HgCdTe material
regardless of the fabrication processes. However, SRH recombination is closely
related to the fabrication processes. The defects, dislocations, and impurities of
material are likely to form the recombination center, which results in increase of
electron lifetime.

The relationship of RyA and photocurrent (i,) under zero bias with the electron
lifetime of SRH recombination is shown in Fig. 2.31. It demonstrates that device
performance decreases rapidly with the electron lifetime of SRH recombination.
The electron lifetime is short, which reflects a large density of recombination
centers formed by material defects, dislocations, impurities, etc. Therefore, RyA and
photocurrent are decreased. If the electron lifetime is long, photogenerated carriers
will have enough time to diffuse into the junction region. In order to obtain the
excellent device performance, the electron lifetime of SRH recombination should be
longer than 100 ns. RyA and photocurrent tend to be saturation when electron
lifetime is about 1 ps. For high-quality HgCdTe material, the density of recombi-
nation centers is very small, and the electron lifetime of SRH recombination is long.
The minority lifetime is an important parameter of device design.



2.2 Simulation and Design of HgCdTe Infrared Detectors 51

Fig. 2.31 RyA and 40 r T r 0.005
photocurrent (i,) under zero
bias with the electron lifetime <
of SRH recombination _ 30 0.004 ~
s :
o
S 2 0.003 £
(]
= 2
]
10 0.002 £
0 L L L 0.001
10° 10’ 10° 10°

Effective electron lifetime rgpyy ., /ns

The influence of the donor concentration in the n* region on device performance
is seldom mentioned in literatures. In the above calculation, the donor concentration
in the n* region is 10'7 cm™ (the effective doping concentration is about
1.6 x 10'°cm™) RoA and photocurrent with different donor concentration in the n*
region are discussed in detail. The acceptor concentration in p region is still 10"
cm " in the calculations. In general, the mobility of carriers and concentration of
recombination center vary with the doping concentration. However, there is no
reported qualitative explanation of this problem. Therefore, assume that other
parameters like carrier mobility and concentration of recombination center do not
vary with the doping concentration in calculation.

The calculated results are shown in Fig. 2.32, where the abscissa axis is the
effective doping concentration. The effective mass of electrons in HgCdTe is very
small. Therefore, the effective state density of conduction band is low (approxi-
mately 3.0 x 10> cm™ at 80 K). When the doping concentration is more than
1 x 10" em™, the conduction band will become degenerate, and impurity ion-
ization rate decreases rapidly, which results in the failure of high doping.
Figure 2.32 shows that both RyA and photocurrent increase with the donor con-
centration in n* region. RyA and photocurrent tend to be saturated when the donor
concentration is 2 x 10'® cm™. The increase of donor concentration in n* region
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can enhance the built-in electric field and widen the junction, which results in the
increase of RyA and photocurrent. The results show that the effective concentration
of n* region should be more than 1 x 10'® cm™.

The effective hole mass of HgCdTe is relatively large, the effective state density
of the conduction band is high, about 1.4 X 10" cm™ at 80 K. Therefore, apart
from a very high doping concentration, the conduction is usually in non-degenerate
state, and impurity ionization rate is very high. The acceptor concentration of the
p region in infrared HgCdTe photovoltaic the n region, mobility and the concen-
tration of recombination centers will vary with the acceptor concentration. Here the
device performance is discussed in a simple condition. Assume that other param-
eters like carrier mobility and concentration of recombination center do not vary
with the acceptor concentration in calculation.

The abscissa axis in Fig. 2.33 is the effective acceptor concentration. It shows
that RpA and photocurrent will increase with the acceptor concentration.
RoA and photocurrent tend to be saturated when the acceptor concentration is about
10'® cm™>. The acceptor concentration in p-type material is about 10'°-10'® cm™3,
this acceptor concentration can make photocurrent and RyA reach a maximum
value. The I-V curve illustrates that the band-to-band tunneling rate also increases
with the acceptor concentration in p region, and results in the increase of differential
resistance (Ry) at low reverse bias. The results show that the effective acceptor
concentration of p region is at the range of 10"°-10'® cm™.

When radiative recombination, Auger recombination, SRH recombination, and
band-to-band tunneling (BBT) effect are considered in the calculation, the dark
current is still smaller than in the real HgCdTe detector. Therefore, there must be
other physical effects, which contribute to the dark current of the device. Many
researchers have proposed different models to explain dark current. Nemirovsky
et al. [48, 49] proposed a trap-assisted tunneling model (TAT), Elliot et al. [50]
proposed an impact ionization model, Dosenfeld et al. [S1] proposed a TAT
described by segmented function. There are several free parameters that can be used
to adjust these models. Therefore, the measured dark current can be explained to
some extent. At present, there still is not an acknowledged model that can explain
the total dark current in the experiment. Therefore, Hurkx et al. proposed a revised
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Fig. 2.34 RyA with and without trap-assisted tunneling effect

model [52], which combines the TAT effect with the SRH recombination effect.
The recombination rate can be expressed as

pn — Rie
Li—prp [n + Rie exp(ETk;"Ei)] + 1 .inr" @ + Rje exp(ETk;Ei)]

Rrar 1 sru = (2.45)

where Er is the deep level of the trap, E; and n;. are the Fermi levels of intrinsic
material and carrier concentration respectively, 7, and 7, are the recombination
lifetime of holes and electrons respectively. Parameters I', and I', reflect the
trap-assisted effect. For a weak electric field, this model can be simplified as SRH
recombination. Lui et al. proposed a new model based on this current model, and
the expression is similar to Eq. (2.45).

RoA calculated by the Hurkx model varies with recombination lifetime and trap
density is shown in Fig. 2.34. In the calculation, the effective doping concentration
in the n* region is 10'® cm™>. It shows that RyA will decrease when the TAT effect
is added into the calculation, especially when the electron recombination lifetime is
very short. When the electron recombination lifetime is more than 100 ns, the TAT
effect is not significant. When the trap concentration is more than 10" cm™,
RoA will decrease rapidly. Figure 2.35 shows the relationship of quantum efficiency
with trap concentration. It shows that when the concentration is more than 10"
cm 3, quantum efficiency will decrease rapidly. Considering both RyA and quantum
efficiency, the trap concentration should be less than 10" cm™.

2.2.3.2 Spectral Response

Figure 2.36 shows the spectral response (quantum efficiency) under different values
of electron SRH lifetime. When the electron lifetime varies from 10 ns to 100 ns,
quantum efficiency is increased by 50 %, and when the electron lifetime varies from
100 ns to 10 us, the increase of quantum efficiency is limited, which is the same
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trend as Fig. 2.31. The device has relatively high quantum efficiency when the
recombination lifetime of electron is more than 100 ns. The cutoff wavelength of
the device is about 10.8 pm. Figure 2.37 shows the energy profile along the
thickness direction (the direction of incident light). It shows that the shorter the
wavelength, the radiation absorption is closer to the surface. Besides, the photon
whose energy is only below the band gap tends to be uniform absorbed.

The material discontinuity at surface or interface of semiconductor devices, leads
to a certain density of interface state, which results in the increase of the carrier
recombination rate. If surface tarnish, oxidation and adsorption exist, surface
recombination centers are possibly induced. In order to reduce the interface state,
the surface of a HgCdTe device is generally passivated, including anodizing or
prepared passivation film, such as ZnS and CdTe film. After the surface passivation,
the density of the interface state is greatly reduced. However, the surface recom-
bination effect still exists, which influences the dark current and photocurrent.
Research into the influence of surface recombination on device performance has
practical significance.
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The relationship between quantum efficiency with surface recombination rate is
shown in Fig. 2.38. The surface recombination rate is very low, and has little effect
on the quantum efficiency. When the surface recombination rate increases to 10°
cm/s, quantum efficiency begins to decrease. When it is more than 10° cm/s,
quantum efficiency decreases rapidly. In order to obtain high quantum efficiency,
the surface recombination rate for a long wavelength n*-on-p device should be
controlled below 10° cm/s, and preferably less than 10* cm/s.

Rosenfeld et al. have studied the responsivity of long wavelength devices with
an n-type absorber layer. The results show that the responsivity decreases rapidly
when the surface recombination is about 2 x 10 cm/s (about two orders of
magnitude different from the above conclusion 10° cm/s). The reason can be
explained as follows:
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The influence of surface recombination on responsivity is related to the factor vy

_sL T g [t
st\@,/kTs\/; (2.46)

where p and t are the (bulk) minority mobility and lifetime respectively. The
absorption region mainly contributes to the responsivity. The factor y represents
capacity of surface recombination. For the device with a p-type absorber layer,
electrons acting as the minority carrier have a short lifetime and large mobility.
Therefore, y is small under the same surface recombination rate, and has little
impact on the responsivity. For the device with an n-type absorber layer, holes
acting as minority carrier have a long lifetime and small mobility. Therefore, 7y is
large under the same recombination rate at surface, and has large impact on the
responsivity. Therefore, the device with the n-type absorber layer is a better choice
under the same surface recombination rate.

Figure 2.39 shows the experiment measurements (solid line) and theoretical
calculation (dot line) of spectral response of two n*-on-p detectors. The results are
in agreement with the experimental measurements near the cutoff wave band and
the short wave band. When the wavelength is shorter than the 1-2 pm wave band
(corresponding to the material band gap), the experimental data are lower than that
of theoretical calculation. This phenomenon happens in many long wavelength
devices. One possible reason is the nonuniform composition of material in the
device.

There are lateral and vertical profiles of components in HgCdTe material. For a
large material region, the lateral nonuniformity of composition may be obvious.
A detector grown by MBE with an active detection area of only 50 x 50 um? is
shown in Fig. 2.39. Therefore, the lateral nonuniformity of composition can be
neglected. The vertical nonuniformity of the composition is the main factor for the
spectral response.

The device is a GaAs/CdTe/HgCdTe multilayer structure. The diffusion of
composition is inevitable in the process of material growth and fabrication, which
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results in the vertical nonuniformity of HgCdTe material. Based on the theory of
graded components, the numerical simulations of detectors 1 and 2 are shown in
Fig. 2.39. From the interface to the surface of device, the components of detector 1
vary from 0.246 to 0.218, and the composition of detector 2 varies from 0.262 to
0.227. It shows that the results of the graded composition theory are more accurate
compared to those of the uniform composition theory.

2.2.3.3 Thickness of Absorption Layer and Interface Charge Density

As HgCdTe materials and device technology matures, HgCdTe detector structure
tends to become more complicated, such as heterojunctions, two-color detectors
[53-59], etc. The minority diffusion length in the base region of long wavelength
HgCdTe detectors is relatively small, but the absorption layer must be large, so it is
necessary to optimize the thickness of the base region and, due to bandgap nar-
rowing, the influence of the interface charge is more obvious so it is very necessary
to analyze the impact of interface charge.

For a typical n-on-p HgCdTe detector, when the incident light is back illumi-
nated from substrate into the detector, the light is absorbed in base region. The
photogenerated carriers then diffuse to junctions, and are separated by the built-in
electric field in the junction to form a photoelectromotive force. Therefore, under
the same conditions, the thicker the base absorption layer, the more the light is
completely absorbed thus creating more photogenerated carriers, and higher
responsivity. On the other hand, the absorption of light is not uniform, but varies
along the length of the exponential decay path, i.e., absorption of light mainly
occurs at the beginning of the absorption path. The thicker absorption layer,
resulting in the main absorption region is further from the junction. Therefore, the
probability of the photogenerated carriers participating in the diffusion process is
greater, resulting in a lower generated responsivity. It is acknowledged that the
responsivity of the device, as a function of the light absorption layer thickness,
changes according to the two competing mechanisms. When the absorption layer is
thinner, the former mechanism dominates, therefore an increase in responsivity is
due to an increase in the absorption layer thickness. When the thickness absorption
of layer is large, the latter mechanism is dominant and therefore the responsivity
decreases with an increase in absorption layer thickness. So there is an optimal
absorption layer thickness in the middle.

The following is an example of a long wavelength detector in which the optimal
thickness of the absorption layer is obtained by simulation. Detailed material and
structural parameters are listed in Table 2.11. P region is the base region, so the
thickness of the p region is the absorption layer. According to the material
parameters, the minority diffusion length can be solved:
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Table 2.11 Material and
structural parameters of long
wavelength HgCdTe
photodetector

2 Design Methods for HgCdTe Infrared Detectors

Parameters Value Units
Cd composition (x) 0.211 -
Temperature 77 K
Electron SRH lifetime 5 ns
Hole SRH lifetime 5 ns
Doping density of N region 1 x 107 cm”?
Doping density of P region 8 x 10" cm™?
Thickness of N region 1 mm
Thickness of P region d mm
Width of N region 30 mm
Distance of unit center 40 mm

Reprinted from Ref. [22], with kind permission from Springer
Science+Business Media

Li=+vDy 1= (2.47)

The longer the diffusion length, the easier minority carriers diffuse to a junction.
So diffusion length is a very important parameter that directly influences the
responsivity.

Figure 2.40 shows the responsivity as function of the wavelength of incident
light. The peak responsivity occurs when the wavelength of incident light is
12.4 pm and the thickness of absorption layer changes from 5 to 21 pum.
Figure 2.40a shows, at the short wavelength range, the responsivity monotonously
decreases with the increase in the thickness of the absorption layer. The absorption
coefficient at the short wavelength range is larger than that of the long wavelength
range, thus the light is completely absorbed over a small fraction of the absorption
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Fig. 2.40 a Photo response as function of the wavelength of incident light with the thickness of
absorption layer changing from 5 to 21 pum, b when the wavelength of incident light is 12.4 pm,
photo response as function of the thickness of absorption layer. Reprinted from Ref. [22], with
kind permission from Springer Science+Business Media
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layer. Here, diffusion is the dominant mechanism of the responsivity causing the
monotonous decrease. It is also shown in Fig. 2.40a that the responsivity mono-
tonously increases with the increase of the thickness of the absorption layer, and
finally saturates, when the incident light wavelength is longer than the cut-off
wavelength. This is because the absorption coefficient in the long wavelength range
is very small, so the absorption length is equal to the thickness of the absorption
layer. Here, absorption is the dominant mechanism of the responsivity causing the
monotonous increase. When the thickness of absorption layer is close to the dif-
fusion length of the minority carrier, the absorption at one diffusion length distance
from the p-n junction can not affect the responsivity, consequently causing the
gradual saturation. It can be seen in Fig. 2.40b that, near the peak responsivity
wavelength, the responsivity increases with the increase of the thickness of
absorption layer first, and then decreases. The maximum responsivity, which is the
consequence of competing effects of the absorption and diffusion, is reached when
thickness of absorption layer is 11 pum.

Figure 2.41 compares the photoresponse for different minority carrier lifetimes
when the incident light wavelength is 12.4 um as a function of minority carrier
lifetime for 5, 10, 20, and 50 ns. The corresponding minority diffusion length for each
minority carrier lifetime is 21, 29.7, 42, and 66.4 um, respectively. The absorption
length, which is determined by the absorption coefficient, is 5.46 um. As shown in
Fig. 2.41, responsivity increases with an increase of the minority carrier lifetimes.
Therefore, the optimal d,,; increase with increasing of the diffusion lengths.

Figure 2.42 compares the responsivity for the different wavelengths of incident
light when the minority carrier lifetime is 5 ns. The corresponding absorption
lengths are 0.77, 1.97, 3.33, and 5.46 pum, respectively, and the minority diffusion
length is 21 pm. It is found that the responsivity increases with the increase in the
wavelength of the incident light. And the optimal thickness of the absorption layer

Fig. 2.41 When incident 4.8
light wavelength is 12.4 pum, r
responsivity versus the 46
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from Ref. [22], with kind = 1
permission from Springer T a0t
Science+Business Media i L
5 38
& L
2 36t
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32
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Fig. 2.42 Responsivity
versus the thickness of
absorption layer under
different incident light
wavelengths with the minority

4.0
35

3.0

lifetime of 5 ns. Reprinted —=— 2 um
from Ref. [22], with kind —e— 5 um
permission from Springer 9 um

Science+Business Media 20 _ 12.4 um

Responsivity/ A/W
N
(&)}
T

1.5 F

1.0 Minority lifetime:5ns

0.5-—, FFi‘.\.\'\'\'\'\'\-

2 4 6 8 10 12 14 16 18 20 22

Thickness of absorption layer /jim

increases as well. The reason for the absorption layer increase is that the absorption
coefficient decreases with increasing wavelength of incident light with constant Cd
mole fraction of HgCdTe material. Specifically, the absorption length increases
with increasing wavelength of the incident light. Therefore, the optimal thickness of
the absorption layer increases with increasing absorption length. When the wave-
length of incident light remains constant, the intrinsic absorption coefficient of
HgCdTe material decreases with increasing of the mole fraction. Consequently, the
optimal thickness of the absorption layer of mid and short wavelength devices is
smaller than that for long wavelength devices.

By discussion, the optimal absorption layer thickness when the minority carrier
lifetime is 5, 10, 20 and 50 ns, and incident light wavelength is 2, 5, 9, and
12.4 pm, a fitted empirical formula for predicting the optimal absorption layer
thickness as function of diffusion length and absorption length can be obtained:

d=1.72x L, InLy — 131 (2.48)

In Eq. (2.48), d is the optimal absorption layer, L, is absorption length, L, is
diffusion length, and the unit are all pm, as shown in Fig. 2.43.

Due to the lattice discontinuity and complex fabrication process, many traps will
be formed in the substrate and the passivation layer of HgCdTe device causing a
significant impact to device performance. Traps can be usually divided into two
categories: donor trap and acceptor trap. A full state of the trap is defined as the
state that is occupied by electrons, and an empty state of the trap is the state that is
occupied by holes. For a donor trap, it is neutral in full state, which can capture
holes or release electrons. Additionally, a donor trap is positively charged in the
empty state, and can capture electrons or release holes. Therefore, the interface of
donor traps is usually positively charged. An acceptor trap is negatively charged in
the full state and can capture holes or release electrons. Additionally, it is neutral in
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Fig. 2.43 Fitting curve of the optimal thickness of absorption layer as a function of absorption
length L, and diffusion length L4. Reprinted from Ref. [22], with kind permission from Springer
Science+Business Media

the empty state and can capture electrons or release holes. Therefore, the interface
of acceptor traps is usually negatively charged. In addition, the fixed charge and
moveable charge usually exist in the passivation layer. Here, they are all equivalent
as interface charges in calculations.

The structural and material parameters are the same with that of the device listed in
Table 2.11, and the thickness of the p region is 11 pum. The spectral response of the
device without interface charge and with interface charge is shown in Fig. 2.44. The
interface charge in Fig. 2.44ais 1 x 10'> cm™? and in Fig. 2.44bis—1 x 10'* cm™>.
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Fig. 2.44 Spectral response of the device without interface charge and with interface charge.
a The density of interface charge is 1 x 10'> cm ™, b the density of interface charge is —1 x
102 cm™
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As shown in Fig. 2.44, regardless if the charge is positive or negative, the
interface charge in the passivation layer has little effect on the device responsivity.
However, the positive charge at the substrate interface has a great effect on the
responsivity of device. The reason is that the energy band is changed by the charge
at the substrate interface. As illustrated in Fig. 2.45, the energy band is bent down
due to the positive interface charge, which results in the formation of an induced pn
junction at the interface. When the device is back illuminated, photogenerated
carriers are formed at the interface and some will be separated by the induced
junction, which ultimately reduces the responsivity of the device. When the
interface charge is negative, the energy band is bent upward, which results in the
formation of an accumulation layer at the substrate interface. This accumulation
layer has little effect on the responsivity of the device.

The analysis of the passivation layer is similar to the above situations. When the
interface charge is positive, the direction of the built-in electric field generated by
the induced junction is the same as that of the device. However, it is far away from
the light absorption region, so it has little effect on the device responsivity. If a
strong inversion occurs in the passivation layer, an n-type channel will be formed,
which results in an increase of dark current and a decrease in device performance.
When the interface charge is negative, a p-type accumulation layer at the interface
will be formed, which can also lead to the increase of tunnel leakage currents at the
surface.

The responsivity as a function of the positive substrate interface charge is shown
in Fig. 2.46, where the wavelength of incident light is 12.4 pm. It shows that when
the positive interface charge is more than 2 x 10’ cm ™2, the device responsivity
will begin to decrease; when the positive interface charge is more than 5 x 10"
cm 2, photo response will reach the minimum value. This phenomenon can be
explained by the theory of MOS devices. The energy band is bent downward due to
the positive interface charge, which results in the depletion of the p-type region at
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interface. When the density of the interface charge is 2 x 10'® cm™2, an inverted
n region will be formed at the interface, which results in the formation of an
induced junction. The depletion width of the induced pn junction increases with the
charge density. Photo-generated carriers generated in this area will be separated by
the induced junction, which drastically reduces the device responsivity. When the
density of the interface charge is 5 x 10'! cm™2 a strong inversion layer will be
formed at the substrate interface. The depletion width of the induced pn junction
will stop increasing. Therefore, the responsivity of the device remains stable with
the density of the interface charge.

Based on the theory of MOS devices [15], the interface charge density of a
device with nominal inversion and strong inversion is expressed as follow:

(2.49)

where W is the width of depletion region, V is the interface potential, & is the
relative permittivity of HgCdTe. When the composition of HgCdTe is 0.211, the
relative permittivity of HgCdTe is 17.5. The surface potential of a device with the
nominal inversion and strong inversion are expressed as follows:

kKT (N,
Vs—inversion = ? -In <_) (250)

nj

kT . [N,
Vx—stronginversion =2-—-In <> (251)
q i
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The concentration of p region is 8 x 10" cm™>. Integrating Egs. (2.50) and
(2.51) with Eq. (2.49), shows the calculated charge density of device with the
inversion and strong inversion to be 8.05 x 10'®cm™ and 1.14 x 10" ecm™
respectively. The magnitude of the calculated results is the same as that in simu-
lation. The difference between them is due to the depletion layer approximation in
MOS theory.

Equation (2.49) shows that the critical density of the interface charge is related
to the concentration the p region. The greater the concentration, the greater the
critical density of interface charge. Therefore, the influence of the interface charge
on the responsivity of device can be reduced by increasing the concentration of the
p region. Figure 2.46 also shows the responsivity of the device varies with the
interface charge, when the concentration of p region is 5 x 10" cm™>, 1.2 x
10'® em™ and 2 x 10'® cm™. The simulated results are very consistent with that of
formula (2.49). In Fig. 2.46, the responsivity of a device with a concentration of
p region 5 x 10" cm™ is less than that of a device when the concentration of
p region is 8 x 10" cm ™. This is mainly because series resistance decreases with
an increase of the p region concentration. When interface charge density is rela-
tively small, the responsivity of a device with the p region concentration of 5 X
10'® cm™ is smaller than that of device with the of p region concentration of 8 x
10" em ™. This is mainly because an increase of p region concentration will reduce
the minority lifetime. When the strong inversion of device occurs, the responsivity
of a device with high of p region concentration will be slightly decreased. Instead,
there is a relatively high responsivity in a device with a high density of interface
charge. It is noted that an increase of the p region concentration can reduce the
influence of the substrate interface charge on the responsivity of device, however,
as concentration increases, the built-in electric field will also increase which results
in an increase in tunneling current. At the same time, the decrease of carrier lifetime
will lead to an increase of diffusion current, which also degrades the device
performance.

2.2.4 Design of Two-Color HgCdTe Detector

With the development of infrared imaging technology, single wave band
(monochromatic) imaging systems are increasingly being perfected. There is now
an urgent demand for multiband (or multicolor, including two-color) imaging
systems. Multicolor systems are designed to provide multiband data to reduce the
complex background of a target. In terms of target recognition, signal identification
and antijamming performance, a multicolor system is superior to monochromatic
detectors. Research into multicolor systems has important application to many
applications, such as earth observation, environment sensing, target discrimination
and identification [60]. At present, many agencies in the world have carried out
research work into multicolor infrared detectors [61-67]. HgCdTe two-color
detectors have two working patterns: “sequential” pattern and “uniform” pattern
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[68]. For a “sequential” pattern [69, 70], each unit has only one output electrode,
the diode detecting band is determined by selecting an offset voltage, each band
works in time-sharing and the device structure is relatively simple. Although two
bands cannot be synchronously detected in space and time by varying the bias
voltage to select the working band, it is useful for removing false signals and
improving detection efficiency. For the “uniform” pattern [71, 72], each unit has
two output electrodes, the two bands operate at the same time, but the device
structure is more complicated than that of the device with “sequential” pattern.
However, the two working bands are fully synchronous in space and time, which
greatly expands functionality over monochromatic devices. Compared to mono-
chrome devices, two-color devices are more difficult in the aspect of structure,
process, and performance control [73—77]. Simulation calculations have become an
effective means to predict the performance of two-color devices and reduce the
device cost. Simulation can provide an important reference value for research into
device manufacturing techniques.

2.24.1 Typical Two-Color HgCdTe Detectors

At present, there are mainly four types of typical two-color HgCdTe detector
structures [61-77]: (D The n-p*-n structure originally reported by the Hughes
Research Laboratory (HRL); @ The p-n-n-n-p structure reported by the Lockheed
Martin company (now called BAE Systems); @) The n-p-p-p-n structure reported
by the French LETI/LIR; @ The p*-on-n structure reported by the French
LETILIR. This section will compare the photoelectric properties of four
MWI1/MW2 two-color detectors, and investigate the optimal structures that meet
the demand of applications and the existing technology platform.

@ HRL Structure. As shown in Fig. 2.47, this structure overcomes the short-
comings of the two-color detector with “sequential” pattern does not permit
two photodiodes to operate at the same optimum bias thus causing an increase
in spectral cross talk. However, each unit consists of two electrodes, and
readout circuit to separate and read out two band signals at the same time. The
theoretical spectral curve of this structure is shown in Fig. 2.48, and its
structural parameters are listed in Table 2.12.

Fig. 2.47 The n-p*-n D

schematic structure of

two-color detector reported by nMW2 absorption layer
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nMW 1 absorption layer
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Fig. 2.48 The theoretical spectral curve of n-P*-N two-color detector reported by HRL

Table 2.12 The structural parameters of n-p*-n two-color detector reported by HRL

Component | Doping (cm > Thickness | Bandgap SRH
(nm) wavelength (um) | lifetime
nMW1 0.342 n-type 1 x 10 |6 4.0 1 ps
absorption layer
p-barrier 0.4 p-type 1 x 10"
nMW2 0.304 n-type 1 x 10" |7 5.0
absorption layer

® BAE Structure. As shown in Fig. 2.49, an n-n-n barrier is introduced to this
kind of structure between two photoelectric diodes, which can stop the dif-
fusion of minority carrier hole between two wave bands, thus reducing the
spectral cross talk. The theoretical spectral curve of this structure is shown in
Fig. 2.50, and its structural parameters are listed in Table 2.13.

Fig. 2.49 The p-n-n-n-p Electrodes
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Fig. 2.50 The theoretical spectral curve of p-n-N-N-P two-color detector reported by BAE

Table 2.13 The structural parameters of p-n-n-n-p two-color detector reported by BAE
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Component | Doping (cm™>) | Thickness | Bandgap wavelength SRH
(pm) (um) lifetime
MWI1-p |0.42 p-type 2 x 107 | 1.2 2.86 1 ps
MW1-n |0.342 n-type 1 x 10'° |6 4.0
Barrier | 0.4 n-type 5 x 10" | 0.2 3
MW2-n |0.304 n-type 1 x 10"° | 6.0 5.0
MW2-p | 0.4 p-type 2 x 107 | 1.0 3.0

® LTEI Structure. As shown in Fig. 2.51, the structure of MW?2 photoelectric
diode is designed as an injected planar junction, and the MW1 diode is in situ
a mesa junction. There is a high duty cycle in the LTEI structure. The theo-
retical spectral curve of LTEI structure is shown in Fig. 2.52, and its structural
parameters are listed in Table 2.14.

MW2-n

MW2-p

Electrodes

Barrier layer

MWI1-p

MWI1-n

Substrate

Fig. 2.51 The n-p-p-p-n schematic structure of two-color detector reported by LETI
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Table 2.14 The structural parameters of n-p-p-p-n two-color detector reported by LETI

Component | Doping (cm ™) Thickness | Bandgap SRH
(um) wavelength (um) lifetime
MWIi-n | 0.42 n-type 2 x 107 1.2 2.86 10 ps
MWl1-p |0.342 ptype 1 x 10° |6 4.0
Barrier 0.4 p-type 5 x 10 0.2 3
MW2-p | 0.304 p-type 1 x 10" |7 5.0
MW2-n | 0.304 n-type 2 x 107 1.2 5.0

n-cap <

n-MW?2 absorption <—

g
. [ P region
n-MW1 absorption <—

N-Window et

Fig. 2.53 The schematic structure of two-color detector based on p*-on-n reported by Rockwell

@ Rockwell Structure. As shown in Fig. 2.53, this structure is actually made up
of two vertical integration p*-on-n planar diodes, which is formed by twice ion
implantation in n-n-n heterogeneous material. Due to the directions of two
wavelengths photoelectric diodes are the same, two light signals does not need
to be separated. Therefore, its readout circuit structure is relatively simple. The
theoretical spectral curve of Rockwell structure is shown in Fig. 2.54, and its
structural parameters are listed in Table 2.15.
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Table 2.15 The structural parameters of two-color detector based on p*-on-n reported by

Rockwell
Component | Doping Thickness | Bandgap SRH
(em™) (um) wavelength (um) | lifetime
n-window 0.42 n-type 1 x 10" | 1.2 2.86 1 ps
nMW1 absorption | 0.342 n-type 1 x 10" |6 4.0
barrier 0.4 n-type 1 x 10" |1 3
nMW2 absorption | 0.304 n-type 1 x 10" | 6.2 5.0
n-cap 0.4 n-type 1 x 10" [0.8 3.0
p-implant - p-type 1 x 10'7 | 1.0 -
Table 2.16 The quantum Quantum Spectral cross talk
efficiency and spectral cross efficiency
talk of four structures MW1 MW2 Co Cor
(%) (%)
HRL structure 64.2 52.7 0.02 7.76
BAE structure 66.3 56.4 0.02 8.12
LETI structure 64.2 55.7 0.02 8.14
Rockwell 48.1 38.9 0.02 7.5
structure

In conclusion, the quantum efficiency and spectral cross talk of these various
structures are listed in Table 2.16. Cy, is defined for the cross talk of MW1 to MW2
(incident light wavelength is 4.8 pm). C,; is defined for the cross talk of MW2 to
MWI1 (incident light wavelength is 3.8 pum). It is obvious that the cross talk of
MW?2 to MW1 can be ignored, but MW1 to MW?2 is too large. The main reason is
that the absorption layer of MW1 is not thick enough, so that too much light is
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allowed to enter MW2 through MWI1. A possible solution is increasing the
absorption layer thickness of MW to reduce the optical cross talk. However, this
may reduce the quantum efficiency of MW1 and RoA at the same time. Therefore, it
is very necessary to design the best absorption layer thickness of MW 1by theo-
retical calculation.

The performance of BAE structure is proved to be the best, according to the
calculation results of the quantum efficiency, but this kind of structure is strongly
dependent on the growth of the material. Therefore, the LETI structure may be most
feasible, considering the requirements of device fabrication. If there are no specific
notations, the two-color HgCdTe infrared detectors discussed in this section refer to
the LETI structure.

2.2.4.2 Numerical Simulation of Spectral Photoresponse

Integrated as a single pixel in a focal plane array, a two-color detector has the ability
to detect two spectral bands separately and independently, with high temporal and
spatial coherence. When used to acquire infrared images, this type of detector
provides an additional dimension of contrast that is available for signal processing
and serves as a visual aid in scene interpretation, allowing determination of both
absolute temperature and unique signatures of the objects from the background [78].
Several research groups have already presented interesting results on two-color focal
plane arrays over the entire 2—12 um wavelength region [67, 78-80].

HgCdTe two-color n—p—p—p—n photodetector arrays have recently been reported
in Ref. [72, 81]. At 78 K, the measured SWIR and MWIR photodiode cut-off
wavelengths are consistent with the expected configuration of the device. The
calculated full width half maximum (FWHM) of the short wavelength
(SW) spectrum is quite small, with the shape of the SW photoresponse being
narrow and sharp. This phenomenon is also known as the ‘short wavelength narrow
effect’.

Figure 2.55 is the schematic of the n*-p-p-p-n two-color infrared detector. Under
back-illumination, the bottom pn junction (x = 0.4) absorbs SW radiation for
wavelengths up to its cut-off value. This pn junction also acts as a transparent
window for mid-wavelength light to pass through and be absorbed by the top n*-p
junction with the MW cutoff. The specific details of the detector, such as the doping
densities, composition, thickness of each epilayer, etc., are listed in Table 2.17.

The spectral responsivity of the two-color infrared detector was measured with
the samples held at 78 K using an NEXUS 670 FTIR spectral measurement system
with a specific external optical path setup. Figure 2.56 shows the spectral pho-
toresponse for the integrated HgCdTe two-color infrared detector illustrated in
Fig. 2.55 where the corresponding two spectral bands with cut-off wavelengths of
3.04 and 5.74 pm are evident. Firstly, it can be observed that the cut-off wavelength
of the SW photovoltaic diode is close to the cut-on wavelength of the MW pho-
tovoltaic diode. This effectively enables the SW photovoltaic diode to not only
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Fig. 2.55 Schematic of n*-p-p-p-n HgCdTe two-color infrared detector

Table 2.17 Material and structural parameters of the two-color Hg,_,Cd,Te photodetector

Parameters (SW) Value (Units) | Parameters (MW) Value (Units)

Cd molar fraction (x) of 0.4 Cd molar fraction (x) of 0.285

N region N region

Cd molar fraction (x) of 0.4 Cd molar fraction (x) of 0.285

P region P region

Temperature 77 (K) Temperature 77 (K)

SRH lifetime for electron and | 7 (ns) SRH lifetime for electron and | T (ns)

hole hole

Doping density of N region 1 x 107 Doping density of N region 1 x 107
(cm73) (cm73)

Doping density of P region 9 x 10' Doping density of P region 9 x 10%
(em™) (cm™)

Thickness of N region 4 (um) Thickness of N region 1.2 (um)

Thickness of P region 4 (um) Thickness of P region 3 (pm)

absorb and respond to the SW radiation,
radiation.

To further study the physical mechanism of the spectral response,
two-dimensional numerical simulations using Sentaurus Device was carried out.
For plain drift—diffusion simulation, the well-known Poisson equation and conti-
nuity equations are used. The carrier generation—recombination process consists of
Shockley—Read—Hall, Auger and optical generation-recombination terms.
Additionally, tunneling effects such as band-to-band and TATSs are included in the
continuity equations by incorporating them as additional generation—recombination
processes. Comparison of the simulation results with different interface generation—
recombination velocities and carrier lifetimes in the highly doped n region are
presented in Fig. 2.57. The value of minority carrier lifetime in the bottom n-SW

but also acts as a window for any MW
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Fig. 2.56 Experimentally measured spectral photoresponse of preliminary integrated HgCdTe
two-color infrared detector
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Fig. 2.57 Spectral photoresponse of a newly proposed integrated HgCdTe two-color infrared
detector employing a heterostructure SW pn junction in place of the homostructure SW pn
junction. The unfilled circles represent the experimental data and the solid lines with symbols
represent the simulation results. 7 is the maximum carrier lifetime, and s, is the surface
recombination velocity in the bottom n layer

layer is assumed as 0.1 ns in the simulation. The simulated photoresponse with high
interface generation—recombination velocity and short carrier lifetime is in good
agreement with the experimental data, reaffirming the validity of the above analysis
as well as providing an additional avenue for further device performance
improvement through simulations.
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Due to the high generation-recombination velocity at the buffer interface and
short carrier lifetime of the highly doped n region, photogenerated carriers undergo
significant recombination at the interface region which induces the short wave-
length narrow effect of the integrated HgCdTe two-color infrared detector.
A reasonable solution is to change the bottom pn junction from the homostructure
to a heterostructure. This should enable SW radiation to transmit through the highly
doped bottom n region and be absorbed in the low-doped P region which is further
away from the buffer interface, hence reducing undesirable interface effects on the
photo-generated carriers. Figure 2.58 illustrates a schematic of the proposed

MW contact SW & MW contact
p—MW)FO.iSS N,=9x10"cm™ =3.0um
Y )  Barriera=0.5

P-SWG=0.425 N,=9+10"cm =4.0pm Common contact
A A

.54 N~10"7em? =4.0

MW radiation SW radiation

Fig. 2.58 Schematic of proposed heterostructure n*-p-p-p-n HgCdTe two-color infrared detector
incorporating a SW pn heterostructure in place of the SW pn homostructure
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Fig. 2.59 Spectral photoresponse of a newly proposed integrated HgCdTe two-color infrared
detector employing a heterostructure SW pn junction in place of the homostructure SW pn
junction. The unfilled circles represent the experimental data while the solid and dashed lines
represent the simulation results. The maximum carrier lifetime in the simulation for the solid line is
0.1 ns for the bottom n layer and 10 ns for the other layers. The maximum carrier lifetime in the
simulation for the dashed line is 10 ns for the bottom »n layer and the other layers
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structure where the heterostructure of the bottom pn junction consists of a bigger
energy gap n region with high doping density and a smaller energy gap P region
with low doping density. Figure 2.59 shows the spectral photoresponse of the
newly proposed integrated HgCdTe two-color infrared detector with a
heterostructure SW pn junction with device parameters given in Fig. 2.58. The
proposed integrated HgCdTe two-color infrared detector with a heterostructure SW
pn junction has a much larger FWHM than that of the initial integrated HgCdTe
two-color infrared detector, resulting in an increase in device performance.

High temporal and spatial coherent simultaneous long wavelength/mid-
wavelength (LW/MW) two-color focal plane array (FPA) infrared detection is
the cutting-edge technique for third-generation infrared remote sensing [82-84].
HgCdTe LW/MW two-color infrared detectors were designed and fabricated [82].
The top long wavelength and bottom mid-wavelength infrared planar photodiodes
are processed by selective B*-implantation after etching the long wavelength epi-
layer into a curvature and exposing the mid-wavelength layers for the implantation
of the n region of the MW photodiode by a micro-mesa array technique. Non-planar
boron ion implantation and metallization are developed by using photoresist spray
coating technology for the two-color HgCdTe IR detector. Figure 2.60a shows the
schematic of two-color LW/MW HgCdTe photovoltaic detector with an n-p;-p-po-n3
architecture. Under back-illumination, the bottom p,-n3 junction absorbs MW
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Fig. 2.60 a Schematic of grooved HgCdTe two-color infrared detector. b Equilibrium energy
band diagram cut at A-A’. ¢ Equilibrium energy band diagram cut at B-B’
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radiation for wavelengths up to its cut-off value. This p-type layer junction for MW
light also acts as a transparent window for LW light to pass through and be absorbed
by the horizontal nj-p;-P-p, junction with LW cutoff, as shown in Figs. 2.60b, c.

Figure 2.61 shows the spectral photoresponse for the HgCdTe two-color infrared
detector with the proposed structure from the numerical simulations. The cut-off
wavelengths of the LW and MW diode are 4.8 and 9.7 pum, respectively. It can be
observed that the cut-off wavelength of the MW diode is close to the cut-on
wavelength of the LW diode. This effectively enables the MW diode to not only
absorb and respond to the MW radiation, but also acts as a window for any LW
radiation. The simulated spectral photoresponse is also compared to that of
experimental results showing that the simulation and experiment are
self-consistently in good agreement. The calculated peak detectivity is 3.2 x 10"
and 4.3 x 10" cmHz"? for the MW and LW photodiodes, respectively. The
proposed LW/MW HgCdTe two-color structure is very promising for
third-generation intelligent infrared imaging.

2.2.4.3 The Relationship of Spectral Response with Minority Carrier
Lifetimes

Integrated HgCdTe two-color infrared device, with multilayer heterojunction
structure, is developed based on monochromatic infrared device. Composition,
doping concentration distribution and thickness of each layer are needed to be
designed precisely. This type of device technology is more complicated than for a
monochromatic device, greatly increasing the difficulty of device performance
control. Ballet [80], Ferret [85], Baylet [86], etc. studied the fabrication process and
performance characterization of two-color devices. Jozwikowski and Rogalski [87]
calculated the photoelectric gain and the noise of two-color devices. The spectral
responses of a two-color device as a function of temperature are simulated by
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Bellotti et al. [88]. However, in addition to the device response and noise charac-
teristics of the specific structure, the other key material factors and structure
parameters on the devices also require in-depth research. This research can provide
a theoretical guide for optimizing device performance and fabrication control
parameters such as the relationship between the performance of a HgCdTe
two-color device and the lifetime of minority carriers, the components of the barrier
layer for inhibiting electrical cross talk, etc. The basic structure of HgCdTe
two-color device is shown in Fig. 2.60.

The spectral response and quantum efficiency characteristics of a two-color
device with different SRH lifetimes are shown in Fig. 2.62a, b. Under the same
SRH recombination lifetime, the quantum efficiency of the MW2 band is signifi-
cantly below that of the MW 1 band The main reason for this is that the duty ratio of
MW?2 (75 %) is lower than that of MW1 (nearly 100 %). Figure 2.62c illustrates
the relationship of quantum efficiency to SRH recombination lifetime under the
typical wavelengths of MW 1, MW2 band. It is shown that the quantum efficiency is
strongly dependent on the SRH recombination lifetime. When the SRH lifetime is
less than 10 ns, the quantum efficiency drops quickly with the SRH lifetime, the
quantum efficiency of MW1 band is reduced by more than 30 % when the SRH
lifetime drops from 10 to 1 ns, while the quantum efficiency of MW2 band is
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Fig. 2.62 The spectral response of two-color detector varies with the SRH electronic lifetime in p
zone. a Spectral response R;, b Quantum efficiency #, ¢ The relationship between the quantum
efficiency and the SRH electronic lifetime (Dotted lines represent the results of simulation
calculation, solid lines represent the fitting results using formula (2.52))
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reduced by almost 50 %; when the SRH lifetime varies between 100 and 10 ns, the
quantum efficiency of MW1 and MW2 bands are both little changed.

According to the SRH recombination lifetime, the total life 7. and diffusion
length L. of the electron can be calculated as:

11 1 1
LI + (2.52)

Te Te_R Te__Auger Te_SRH

kT
L= ?,uere (2.53)

where ¢ g, Te_auger are the Radiation recombination lifetime and Auger recombi-
nation lifetime, y. is the electron mobility, and K, T, g are the Boltzmann’s con-
stant, temperature, and basic charge respectively. The Radiative and Auger
recombination lifetime of HgCdTe material are the function of temperature and
components, and have nothing to do with the technology process. However, the
recombination lifetime of SRH is closely related to the technology process.

2.2.4.4 The Relationship of Cross Talk with the Barrier Layer

As can be seen from the response in Fig. 2.62, the cross talk of MW 1-to-MW?2 is
greater than that of MW2-to-MW 1 under the different carrier lifetimes. There are
two formation mechanisms of the cross talk: optical cross talk and electrical cross
talk. Optical cross talk is caused by the absorption of MW1 radiation in the MW2
area. The optical cross talk has been discussed in detail in Chap. 1, therefore the
focus here is to study the electrical cross talk problem.

The spectral responses of the two-color device (see Fig. 2.63) with different
barrier layer components (Ax,) are shown in Fig. 2.64. Ax;, is defined as the
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Fig. 2.63 The structure of two-color detector. a The structure of n-p-p-p-n Hg,-,Cd, Te two-color
detector, b Device component x, forbidden band width E, and the cutoff wavelength A varies with
the direction of thickness
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Fig. 2.64 The spectral response (quantum efficiency) of two-color device with different difference
of component. a Spectral response; b Quantum efficiency varies with the difference of barrier layer
components Ax,

difference between the highest composition x;, of barrier layer and that of p-MW1
area. It is evident from Fig. 2.64 that the component of the barrier layer has an
important effect on the quantum efficiency of MW1 band (3.0-4.0 um): the
quantum efficiency of MW1 increases with the component of barrier layer, while
the quantum efficiency of MW2 decreases with the component of barrier layer. The
quantum efficiency changes when Ax;, varies from 0 to 0.02 although it remains
unchanged when Ax, exceeds 0.03; when Ax;, varies from 0 to 0.032, the quantum
efficiency of MW1 is increased from 49 to 72 % at the radiation wavelength of
4.0 pm, while for MW?2 it is decreased from 28 to 10 %. The output ratio of MW2
to MWI1 is known as the cross talk of MW1 to MW2. For incident light in MW2
band (4.4-5.0 pm), the spectral response has nothing to do with the component of
barrier layer. Therefore, the design of the barrier layer is only related to the incident
light in the MW1 band.

As mentioned previously, incident light in MW1 band is absorbed in the p-MW1
area and the photogenerated electrons may diffuse into either the MW1 junction or
MW?2 junction. If the photogenerated electrons diffuse into the MW?2 junction, this
results in the electrical cross talk of the MW1 to MW?2 signal. However, if there are
any barrier layers, the diffusion of electrons from p-MW1 to p-MW?2 area will be
restrained, and cross talk is reduced. That is why the barrier layer is introduced in
the middle of a two-color device (see Fig. 2.62). The different components of the
conduction band barrier layer are shown in Fig. 2.65 under the equilibrium state.
The barrier height is calculated:

AVb ~ AEg = Egvb — Eg,pMWl (254)

where AV, is defined as the difference of the conduction band between barrier layer
and p-MW!1 diffusion zone, and AE, is the difference of the band gap between
barrier layer (E, ,,) and p-MW1 diffusion zone (E,_,.mw1)- Therefore, AV}, and AE,
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are obviously dependent on the different components between the barrier layer and
p-MW1 area (Ax,,). For HgCdTe material, AV, and AE, are approximately linear to
Axp,. In the device simulation, the transition of components is introduced at the
interface between the barrier layer and p-MW1, p-MW?2 area, which is consistent
with the actual device. The thickness in the barrier layer is 0.2 pum in the simulation.

In order to accurately study the relationship of cross talk with the barrier layer’s
components (xp,), the cross talk with different barrier layer’s components is calcu-
lated in detailed under laser illumination with the representative wavelength of 3.5,
4.0 pm in MWI1 band. As shown in Fig. 2.66, the barrier height AV, with each
component in the barrier layer is obtained. Figure 2.65 shows the formation of the
barrier in the conduction band with different components of barrier layer under
equilibrium state.

To ensure the cross talk caused by carrier diffusion is maximally suppressed,
theoretical results show that the component of barrier layer x;, should be at least
0.03 higher than that of p-MW1 area for the two-color device (see Fig. 2.63). For
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the design of the barrier layer’s components in the actual device, the only applied
standard is that the electrical cross talk should be far less than the optical cross talk.

2.2.4.5 The Optimum Thickness of the Absorption Layers

Compared with monochromatic devices, multicolor detectors are unique from the
performance indicators to the device structure. Absorption layers of p-MW1 and
p-MW?2 are the locations where the incident light is absorbed and translated into
electrical signals. The parameters of the absorption layers directly affect the per-
formance of the device, including the material and device parameters such as
components, minority carrier lifetime, the thickness of absorption zone, etc.

According to the previous discussion, as long as the components of barrier layer
are appropriately designed, the electrical cross talk can be greatly reduced, even
negligible. In this case, the optical cross talk becomes the component of the total
cross talk. The thickness of the absorption zone has an important influence on the
optical cross talk and the quantum efficiency of two-color device. This section
mainly studies the optimization of the absorption area from two aspects: the
quantum efficiency and cross talk (optical).

The optimization of the absorption area is analyzed under an ideal condition: the
lifetime of SRH recombination is assumed to be very long, so that the main process
of recombination is determined by the Radiative recombination, and Auger
recombination. In this simulation, the barrier layer is high enough (Ax, = 0.058) so
that the electrical cross talk is completely suppressed. The spectral efficiency of the
two-color device with different thickness of p-MW1 absorption area is shown in
Fig. 2.67. For the back-illuminated n-p-p-pn two-color structure, shortwave radia-
tion passes from p-MW1 to p-MW2 area. It is first absorbed in the p-MW1 area,
and then the remainder is absorbed in p-MW?2 area.

It is observed that with an increase in the thickness of p-MW1, more light is
absorbed and a larger the signal from the MW1 is obtained. However, less infrared
radiation reaches p-MW?2, and a smaller signal of MW?2 is obtained. The quantum
efficiency of MW1 gradually moves closer to 100 % with the increase of the
thickness of p-MW1 under the laser wavelength of 3—4 pum in the MW1 band, as
shown in Fig. 2.67c. When the thickness of p-MW1 is about 8 um, the rate of
increase in quantum efficiency of MW1 slows until it becomes static. Therefore, in
order to ensure that the internal quantum efficiency of MW1 is above 90 %, the
thickness of p-MW1 should be 8-10 pum.

The spectral efficiency of the two-color device with different thickness of
p-MW2 absorption area is shown in Fig. 2.68. According to the previous theoretical
analysis, the thickness of MW1 is chosen as 10 pm in the calculation. Compared
with the case of p-MWI1 zone, the thickness of p-MW?2 zone only affects the
quantum efficiency of MW2, and makes little impact on the quantum efficiency of
MWI. It is found that the greater the thickness of p-MW2, the larger the quantum
efficiency of MW2. When the thickness of p-MW?2 zone varies from 4 to 7 pm, the
quantum efficiency of MW2 will increase quickly; when the thickness of p-MW?2 is
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about 8 pum, the increasing trend of quantum efficiency will slow down. However,
in addition to part of the transverse junction, the MW2 zone also owns part of
longitudinal junction (see Fig. 2.63). Actually, the illumination area is greater than
the pn junction area. Therefore, the right side of diode in the MW?2 zone also has a
contribution to quantum efficiency, and the quantum efficiency of MW2 may finally
be more than 75 %.

On the other hand, for the MW2 diode, medium wave radiation is mainly
absorbed in the p-MW?2 area near the substrate region. The greater the thickness of
the p-MW?2 area, the more the absorption center is further away from the junction
area, and the minority carrier (electrons) are easier to be lost due to the recombi-
nation, which results in the decrease of quantum efficiency of MW2 with the
thickness of p-MW?2 area.

The relationship of cross talk to the thickness of p-MW2 zone is shown in
Fig. 2.69. The cross talk of MW1-to-MW?2 increases slightly with the thickness of
pP-MW?2 zone, the reason is that the quantum efficiency of MW2 increases slightly
with the thickness of p-MW?2 under the laser wavelength of MW1 band. On the
other hand, the cross talk of MW2-to-MW 1 decreases with the thickness of p-MW2
zone, the reason is that the quantum efficiency of MW1 has nothing to do with the
thickness of p-MW2 under the laser wavelength of MW2 band, but, the quantum
efficiency of MW?2 increases with the thickness of p-MW2 zone. Therefore, the
ratio of the former to the latter (cross talk) decreases with the thickness of p-MW2
zone.

Taken as a whole, the cross talk of MW1-to-MW2 and MW2-to-MW1 both
changes little with the thickness of p-MW2 zone. In conclusion, the optimization of
p-MW?2 thickness can be based on the quantum efficiency of MW2. According to
the above analysis, together with the principle of reducing device thickness as far as
possible, p-MW2 with a thickness of 8 um is a reasonable choice. The quantum
efficiency of MW2 is over 70 %, the monochromatic cross talk of MW1-to-MW2
and MW1-to-MW?2 are less than 3.9 and 2.4 %, as shown in Fig. 2.70.
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2.3 Methods of Extracting Parameters from HgCdTe
Materials and Chips

2.3.1 Extracting Device Parameters by Electrical Method

Either a current-voltage (I-V) curve or a resistance—voltage(R—V) curve is a stan-
dard characterization to quantify the dark current performance of a HgCdTe pho-
tovoltaic detector. One can obtain R—V characteristics by mathematical differential
calculations from /-V characteristics which are measured by experiments, and also
can obtain R-V characteristic directly by implement differential signal from the
experiment. As is known, the properties of HgCdTe photodiodes can be improved
by minimizing dark current. Therefore, it is important to quantitatively analyze
I-V or R-V curves to obtain device parameters and reveal roles of the different
physical mechanisms of the parameters in HgCdTe photodiodes.

2.3.1.1 Extract Device Parameters for Long Wavelength HgCdTe
Photodiodes

At present, the typical fitting process for the I-V or R-V curves are empirically
made to extract parameters in a sequential mode [89-91]. Various dark current
mechanisms are used in different bias regions in which they have the dominant
effect on the fitted curve. However, many HgCdTe photodiodes have more than one
mechanism in most bias regions having comparable effects on the fitted curve. Then
the extract parameters by the sequential mode will have large error. A method that
could fit the R-V curves simultaneously in all bias regions will be valuable to
device designers. Few studies on the simultaneous fitting approach have been
reported on R—V curves analysis, owing to its time-consuming procedure and the
multi-minimum problem in mathematics. Moreover, the errors of the extracted
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parameters have not been analyzed in the previously published works, although it is
very important for the estimation of the quality of HgCdTe photodiodes. In this
chapter, a data processing technique in the simultaneous mode [92] has been
developed. It is shown that this method can be used to fit the R—V curves of long
wavelength HgCdTe n-on-p photodiodes for the determination of the device
parameters and their errors.

The measured I-V curves generally include photocurrent due to the background
illumination. Based on the assumption of low photon injection, the photocurrent
can be regarded as bias-independent [93]. The R-V curves of illuminated photo-
diodes are the same as those of unilluminated ones. Therefore, the R—V curves are
taken to be the fitting object in our fitting process. Then the effects of the current
offsets in the device will be eliminated in our fitting procedure. The measured
R-V curves of HgCdTe photodiodes are fitted by a dark current model including
diffusion current (lyi), generation—recombination current (I,,), trap-assisted tun-
neling current (/;,), and band-to-band tunneling current (/). The bias voltage is an
effective bias V, = V4 — I x R, corrected by the series resistance R,. Here, Vjy is the
applied voltage, I is the total dark current, and R; is the series resistance. The total
dynamic resistance is given as:

1 1 1 1\!
R = (— +—+—+ —) +Rq (2.55)

At present, the mainstream of HgCdTe focal plane detector design is n-on-p
diodes. These diodes are fabricated using n-type boron ion implantation on mercury
vacancy doped HgCdTe material. For planar n-on-p HgCdTe photodiodes, there are
six fitting parameters to be extracted from R-V curves as follows: the dopant
density Ny in n-region, the ratio of mobility to lifetime of electrons pu,/t, in
p-region, the effective lifetime t, in the depletion region, the relative energy
position of trap level E/E, and its density N, in the depletion region, and the series
resistance R,. A theoretical R—V curve can be obtained from substituting a set of the
six parameters into Eq. (2.55). In our fitting procedure, the algorithm is to minimize
the function value of F = va: | [10g(Rﬁt(Vd i) — log (Rexp(Vd i))]z, where Rey,, is
the experimental data, and N is the number of data. An initial value should be input
first, and then the parameters vary in the their corresponding range to minimize the
fitting variance F by using a standard nonlinear gradient search method combined
with the algorithm of reconstruction of the whole-region-minimum for N-dimen-
sional function [94]. Figure 2.71 is the flowchart of the fitting procedure. Through
such a process, we can obtain a theoretical R—V curves which correspond to the
experiment as well as a set of fitting parameters. The range of error is difficult to
determine due to the fact that F is a multi-valued minimum function consisting of
six parameters in six dimensional space and the fitting parameters will change when
the initial value is varied through this method. Moreover, the range of these
parameters is large, and the fitting time also increases accordingly, so looking for a
quick and accurate fitting approach is necessary.
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Fig. 2.71 Flow chart of the fitting procedure

For the first step in the fitting process, one must determine the initial values of
the fitting parameters carefully. According to Eq. (2.55), the following equation
comes into existence for each bias value:

1 1 1 1\!
Rexp - <— + e + . + —> _RS = 0 (256)

There are six unknown variables in this equation, namely six fitting parameters.
A set of six variable equations is obtained by choosing six characteristic points on
the measured R-V curve. The initial values of the six fitting parameters can be
determined by solving these equations set with the method of iteration based on the
Taylor series expanded nonlinear terms. A given set of initial values is still needed
for the iteration. A fault-tolerant problem in the iteration may lead to a divergent
solution once these initial values deviate from the solution to a certain extent.
Therefore, it is impractical to directly solve the equations set.

In order to solve Eq. (2.56) for initial values, we use the sequential mode
algorithm because it is well known that the four dark current mechanisms have
different contributions to the dark current under different biases. Generally, for long
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wavelength HgCdTe diodes, Iy dominates the dark current under a large forward
bias; I, becomes dominant near zero forward bias; I, has the largest contribution
under middle reverse bias; and I;,, dominates under large reverse bias. The series
resistance Rg, which is comparable to the junction resistance only under a large
forward bias, can be omitted in the initial value determination. Then, Eq. (2.56) can
be solved as follows.

First, Iy is only related to the dopant density Ny in n-region. In the large reverse
bias region, I, dominates the dark current. Equation (2.56) can be replaced by

Rexp — Ryt =0 (257)

Substituting a measured point in the large reverse bias region into Eq. (2.57)
with one variable, the initial value of N, is obtained.

Likewise, for the large forward bias region, Iy, which depends on N4 and u,/t,,,
is the dominant dark current. Equation (2.56) can be simplified as

Rexp — Raitr = 0 (2.58)

Substituting Ny and a measured point in the large forward bias region into
Eq. (2.58) with one variable, the initial value of w,/t, is obtained.

For the small forward bias region, the combination of /4 and I, dominates the
dark current. Equation (2.56) is approximated as

1 1\
Rexp — < T > =0 (2.59)

Ryt Ry

I, is related to Ny and the effective lifetime 7o in the depletion region.
Substituting Ny, t,/7, and a measured point in the small forward bias region into
Eq. (2.59) with one variable, the initial value of 7, is obtained.

Finally, for the middle reverse bias region, the combination of Iy, Ity and Iy
dominates the dark current. From Eq. (2.56) one has

1 1 1\!
Rsp—|(—+—+—) =0 2.60
P (Rgr Rtat Rbbl) ( )

Iy 1s related to Ny, the relative energy position of trap level E/E,, and the trap
density N.. So Eq. (2.60) is a two-variable equation, which can be solved using a
joint method of search and iteration. In the search process, for each value of E/E, in
the reasonable range (0.2-0.8) with the interval of 0.01, two values of N, are
obtained from Eq. (2.60) for two of the measured points in the middle reverse bias
region. The searched value of E/E,, for which the difference between the two
values of N, is the smallest, is assigned to be the initial value for the iteration
method. Then in the iteration process, at step-1, N, is obtained by substituting Ny,
70, E/E; and one measured point in the middle reverse bias region into Eq. (2.60).
At step-2, a new E/E, is obtained by substituting Ny, 7o, N, and another measured
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point in the middle reverse bias region into Eq. (2.60). Then the step-1 is repeated
by taking the new E/E, obtained in the previous step-2 as a new initial value. This
iteration loop does not stop until the solution comes to convergence. By so doing,
the initial values of both E/E, and N, are obtained. Now we have obtained all the
initial values for the six fitting parameters. Accordingly, the variation range for each
parameter can be assigned. Typically, the upper limit of the variation range is twice
of the initial value, and the lower limit is half of it.

To evaluate the fitting accuracy, the errors of the fitting parameters should be
analyzed. The error of the dynamic resistance can be expressed by AR =
|R6(Va) — Rexp(Va)|. Assuming that this error is effectively resulted from one of the
six fitting parameters, this parameter’s error can be given as,

-1

= AR (2.61)

ORg;
ox (j

where, x; is the six fitting parameters, and oy, is the error of the parameter x;. This
value reflects the upper limit of the error for the fitting parameters to a certain
extent.

The R-V curves of HgCdTe photodiodes, however, have the feature that the four
types of dark current mechanisms have different contributions to the dark current
under different biases. The error of p,/t,, for example, will be magnified if it is
analyzed when I, dominates the dark current. This error will be even infinitely
enlarged under large reverse bias. Therefore, the simple averaging of a,, over the
whole bias range is meaningless for evaluating the accuracy of the fitting param-
eters. The different bias regions at which each fitting parameter has the largest

influence to the R—V curve should be ascertained. We define n = DR?)"E_V“) R (1Vd)
j it

a criterion of the sensitivity. The larger the value of 7 is, the greater the influence on
AR from the corresponding fitting parameter is. The average of a,, for those biases
is taken as the theoretical estimation error for the specific parameter x;, where 7 is
larger than half of its maximum.

To demonstrate the determination process of the fitting parameters errors and to
verify its applicability, some artificial R—V curves, derived with the combination of
the generated noise current and the calculated current with preassigned fitting
parameters, are fitted as the experimental data by our fitting program. The differ-
ences between the fitting parameters obtained from the fittings and the preassigned
parameters are defined as the real errors. The fitting results given in this work are
the averaged results from ten fits in different fitting paths. Figure 2.72 shows the
fitting results of the artificial R—V curves whose noise level is 1, 2, and 3 %,
respectively. The material and device parameters, which are not used as fitting
parameters, are summarized in Table 2.18, where x is the Cd composition, T is the
measurement temperature, A is the junction area, N, is the dopant densities at
p-region, and py, is the mobility of excess holes. The voltage range for the fitting

as
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Fig. 2.72 Fitting results of the artificial R—V curves with the generated noise level of 1 % (a), 2 %
(b), and 3 % (c). Reprinted with permission from Ref. [92] © 2006, American Institute of Physics

Table 2.18 Input parameters for the fitting program

X

N, (cm™)

s (sz/Vs)

A (pm®)

T (K)

0.233

8 x 101

633

28 x 28

7.4

Reprinted with permission from Ref. [92] © 2006, American Institute of Physics

Table 2.19 Comparisons of the assigned values of the six fitting parameters and the fitting results

of the theoretically generated R—V curves whose noise level is 1, 2, and 3, respectively

Ny (em ™) o/ Tn (cm*/V 8% | 7o (ns) | EJE, N, (cm™3) R, (Q)
Assigned | 1.676 x 10" |9.51 x 10" 0.207 0.491 1.968 x 10" | 200
Noise 1 % | 1.683 x 10'® |1.05 x 10" 0.192 0.4889 [1.988 x 10'? |205.2
6 x 10" 1 x 10 0.001) | (0.0004) | (1 x 10'0) 0.2)
Noise 2 % | 1.676 x 10'° [9.92 x 10" 0.1834 |0.4866 |2.028 x 10" |204.2
(5 x 103 9 x 10'h 0.001) | (0.0003) | (9 x 10%) 0.2)
Noise 3 % | 1.667 x 10'° |1.008 x 10" 0.1843 |0.4869 | 1.962 x 10'? |204.6
(3 x 10" (3 x 10 0.0003) |(0.0001) | (3 x 10%) 0.1)

Data in brackets are the standard errors of the results from ten fits in different fitting paths)
Reprinted with permission from Ref. [92] © 2006, American Institute of Physics

is —0.48-0.12 V. The assigned values and the fitting results of the fitting parameters
are listed in Table 2.19.

Figure 2.72 shows the fitting results of the artificial R—V curves. It can be seen
from Table 2.19 that when the noise level is smaller than 3 %, both the deviation of
the fitting results from the assigned ones and the discreteness among the results
from the ten fits in different fitting paths are very small. In this noise level, our data
processing approach can give a good fitting precision for quantitative analysis of the
R-V curves. Since the noise level is generally smaller than 3 % under regular
experimental conditions, our fitting method is feasible in practice.
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Fig. 2.73 Normalized
sensitivity criterion (1) versus
the bias for the six fitting
parameters. Reprinted with
permission from Ref. [92]

© 2006, American Institute
of Physics
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Figure 2.73 shows the dependence of the normalized sensitivity criterion # on
the bias. As one can see the largest # for each fitting parameter is located at a
different bias region where its related dark current mechanism dominates the dark
current. Accordingly, the estimation error for each fitting parameter can be
obtained. The error range of the fitting parameters can be defined as follows: the
standard error of the ten fits in different fitting paths (in Table 2.19) is regarded as
the minimum possible error in the data processing procedures. Therefore, it is taken
as the lower limit. The estimation error by Eq. (2.61) is regarded as the maximum
possible error—the upper limit. The error ranges and the real errors for the fitting
results of the artificial R-V curves, whose noise level are 1, 2, and 3 %, respec-
tively, are listed in Table 2.20. All the real errors drop between the upper and lower
limits. This indicates that the estimation errors calculated using this method can be
used to represent the accuracy of the fitting parameters.

Table 2.20 Error ranges of the six fitting parameters of the theoretical R—V curves whose noise
level is 1, 2, and 3 %, respectively

Error ANy (cm ™) ANTIVE Aty (ns) | AE/E, AN, (cm ™) AR,
ranges (cm?/V %) Q)
Noise 1 % | (7 x 10'%) 1 x 1013 0.015) | (0.002) (2 x 10' 5)
6 x 10" 1 x 10" 0.001 0.0004 1 x 10'° 0.2
~9 x 10" ~3x10% | ~0022 |~0.0051 |~24x 10" |~538
Noise 2 % | (<1 x 10%) |4 x 10'?) 0.024) | (0.0044) | (6 x 10'%) 4)
5 x 10"? 9 x 10" 0.001 0.0003 9 x 10° 0.2
~2.6 x 10 | ~3 x 10" | ~0.038 |~0014 |~75x10" |~54
Noise 3 % | (9 x 10'%) 6 x 10" 0.023) | (0.0041) | (6 x 10%) 3)
3 x 10'2 3 % 101 0.0003 | 0.0001 3 x 10° 0.1
~72 % 10" | ~3 x 10" | ~0.081 |~0.034 ~2.0 x 10" | ~53

Data in brackets are the real errors). Reprinted with permission from Ref. [92] © 2006, American
Institute of Physics
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Table 2..21 Input materials Sample | X N, (em™) Lo A@Em) | TK)
and device parameters of the (cm/V s)
R4V fitting procedure for the 5
. . A 0.233 | 7.69 x 10 1290 784 774
fabricated devices A, B, and C X s 9
B 0.2323 /9.03 x 10 622 784 77.3
C 0.224 892 x 10" | 828 784 71.0
Reprinted with permission from Ref. [92] © 2006, American Institute
of Physics

To verify the applicability of the above developed fitting procedure, the R—V
curves of three long wavelength devices A, B, and C with different Cd composition
have been studied. The material and device parameters, which are not used as fitting
parameters, are summarized in Table 2.21. Their experimental measurement pro-
cess is the same as that described in Ref. [95, 96]. The fitting voltage range is —0.48
to 0.12 V. Figure 2.74 shows the fitting results. The fitting parameters and their
error ranges are listed in Table 2.22.
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Fig. 2.74 Measured R-V curves of three real devices and their fitting results for Samples A (a), B
(b), and C (c). Reprinted with permission from Ref. [92] © 2006, American Institute of Physics

Table 2.22 Six fitting parameters of Ny, pin/ty, o, E/Eg, N, and R and their error ranges extracted
from the measured R-V curves of the real devices A, B, and C

Sample | Ny (cm™>) ol Tn 1o (ns) | EJE, N, (cm™3) R (Q)
(cmle sz)

A 1.79 x 10 |4.258 x 10" |0.0796 |0.4524 3.68 x 10'* | 3955
2 x 108 (3 x 102 (0.001 0.0007 |4 x 10%° (1~14.8)
~3x 10" | ~6x10%) | ~0.02) |~0.006 |~3x 10"

B 1.701 x 10" [1.238 x 10'* |0.1248 |0.5008 231 x 10" [388.2
(5 x 102 2 x 102 0.0007 | (0.0003 |1 x 10%° 0.4
~45 % 10" | ~1.2 x 10" | ~0.04) | ~0.005) | ~2.3 x 10')) | ~18.1)

C 2.109 x 10'® [1.024 x 10 [0.0325 |0.4601 8.49 x 10" [498.7
(3 x 102 2 x 10" (0.003 (0.005 (5 x 10° 2.1
~9 x 10" | ~1.3 x 10'%) | ~0.005) | ~0.006) | ~1.9 x 10')) | ~41.6)

Data in brackets are the error ranges. Reprinted with permission from Ref. [92] © 2006, American
Institute of Physics
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In Table 2.22, compared to the value of the corresponding parameter, the lower
limits of the error ranges are very small for all the samples. The maximum lower
limit in Sample A is less than 10 % of the value of the corresponding parameter
(pa/74); and that of Sample B < 2 % (for N,); and that of Sample C < 20 % (for p,/
7,)- These data indicate that the discreteness among the results from the ten fits in
different fitting paths is very small. The upper limit of the error ranges is less than
40 % of the value of the corresponding parameter, except for the parameter N, (in
Sample C) and pu,/t, (in all three samples). The upper error limits of u,/t, in all the
three samples are almost equal to the value of w,/7, itself because the diffusion
current mechanism, which is strongly correlated with p,/7,, fails to become dom-
inant under forward biases. As shown in Fig. 2.74, when I4g has only a small
amount larger contribution to the dark current than I, after V4 > 0.05 V, the effect
of series resistance increases and enlarges the estimation error (the upper limits of
the error ranges). Likewise, the upper limits of the error ranges of N, for Sample C
is twice as much as the value of N, since the trap-assisted tunneling current
mechanism, which is correlated with the parameter N, fails to become dominant
under any biases. Nevertheless, one can see in Fig. 2.74 that the calculated R-V
curves accurately fit the measured curves for all the three samples. Moreover, our
fitting method can also correctly fit the specific case like Sample C, for which both
the diffusion current mechanism and the trap-assisted tunneling current mechanism
fail to be the dominant dark current at any bias in measured R-V curve. For
Sample C, the parameters’ multi-valued phenomena in the ten fits with different
fitting paths do not exist. However, the upper limits of the error ranges are mag-
nified. This only effects correctly estimating the accuracy of the fitting parameters.
Therefore, we conclude that the fitting method developed in this work has highly
fault-tolerant capability and could be expected to be an effective tool to analyze the
R-V curves of long wavelength HgCdTe n-on-p photodiodes.

2.3.1.2 Temperature Dependence for Long Wavelength HgCdTe
Photodiodes

The working temperature of a HgCdTe detector is generally around 80 K, this is
mainly in order to allow the system to work in the scope of background limitations,
so that the signal from background radiation is greater than the thermal noise.
Background radiation signals are associated with the quantum efficiency and carrier
lifetime, the thermal noise is associated with the working temperature and doping
concentration of the base area. Therefore, determining the detector’s carrier life-
time, carrier concentration and the working temperature limit becomes very
important [97]. In addition, the nonuniformity of the temperature from the detector
array can also produce different performance between different samples. These
problems can be analyzed through research of the temperature dependence of the
device’s dark current. Analysis of the dark current characteristics under different
operating temperatures is rather useful for determining the dark current mechanism.
Many researchers on the analysis of HgCdTe devices have used the temperature
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dependence of dark current [98—101] to obtain detailed operational information. In
this chapter, we measured the variable temperature data of the dark current of
HgCdTe detectors, and then used the fitting procedure that was introduced in the
previous chapter to analyze the data [101].

The experiment set up 31 measurement points between 30 K and 300 K. We
measured the I-V curve of the HgCdTe long wave detectors for each temperature in
order to obtain the temperature dependence characteristics. Additionally, the
experiment tests four samples on the same chip in order to ensure the repeatability
of experimental results. The first step for the initial value in the analysis method is
to find the initial carrier concentration of the n region under a large reverse bias. The
carrier concentration of the n region is associated with a direct tunneling. Therefore,
we want to measure the -V curve in the bias region where the direct tunneling
mechanism dominated the dark current, so that the reverse bias voltage should be
appropriately large. Here, the range of measurement bias is —0.8 to 0.3 V, the bias
interval is 5 mV. Sample C1, C2, C3, and C4 are tested from one chip C. The
parameters of the chip C are shown in Table 2.21.

Figure 2.75a shows the temperature dependence of the RoA product of n*-on-p
LW HgCdTe photodiodes for the four selected samples from 30 to 300 k. RpA
products of the four samples in the same chip show very good repeatability indi-
cating the stability of the process. Figure 2.75b gives the property of the R—V curves
for the sample C1 from 40 to 150 k. As the Fig. 2.75b shown: (1) the dynamic
resistance decreases monotonously with the increasing of the temperature at the
near zero-bias region; (2) the peak value of the dynamic resistance moves to the
reverse bias region with increasing temperature. The peak value decreased with
increasing temperature when the temperature is lower than 70 K. As the temper-
ature is increased from 70 to 110 K, the peak value increased with increasing
temperature. For temperatures above 110 K, the value again decreased with
increasing temperature; (3) in the reverse bias region, the dynamic resistance
increased with increasing temperature until 120 K, and then decreased.
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Fig. 2.75 a Temperature dependence of the RyA for the four selected samples in the same
chip. b Diode dynamic resistance versus bias for the sample C1 at different temperatures.
Reprinted with permission from Ref. [101] © 2009, American Institute of Physics
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To explain the experimental phenomena, we analyzed the experimental results
with the fitting procedure. Figure 2.76 gives the fitting results of the R—V curves at
some typical temperatures. As the fitting results show: (1) under a small forward
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Fig. 2.76 Measured R-V curves and their fitted current components for the sample C1 at the
temperatures of 40 K (a), 70 K (b), 80 K (c), 100 K (d), 120 K (e), and 140 K (f). Reprinted with
permission from Ref. [101] © 2009, American Institute of Physics
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bias, diffusion current is the dominant mechanism and the region dominated by
diffusion will expand as temperature increases. For the forward bias region, Iy,
dominates the dark current at low temperatures, while Iy¢ dominates the dark
current in high temperatures. Both Iyt and Iy, which linearly increase with the
increasing temperature, are the thermal current components. This result explains the
first phenomenon observed in the experiment. (2) The peak value of the R—V curves
is decided by the TAT mechanism in low temperatures. As the temperature is
increased to 70 K, the I, begins to jointly dominate the peak value. For temper-
atures above 100 K, the I, completely becomes the dominant mechanism.
However, as the temperature rises further, I4;# dominates the peak value to replace
the I,,. When the temperature is increased to 140 K, the TAT mechanism again
dominates the peak value of the R—V curves. In this process, RTAT decreased, then
increased, and then decreased with the increasing of the temperatures. The resis-
tance of the thermal mechanism decreased and moved to the left, so the peak value
of the R-V curve tends to move to the left with the increasing temperature, it
corresponds to the second point of experimental phenomenon (3). In the reverse
bias region, the resistance of the TAT mechanism increased with increasing tem-
peratures at low temperature, and was unchanged when the temperature is larger
than 100 K. As the temperature increases, the region which is dominated by the
TAT mechanism is moved to the large reverse bias side. So with increasing tem-
perature, the dynamic resistance increased, but then the resistance began to decline
when the temperature was higher than 120 K.

In the process of fitting, we also obtained a set of fitting parameters corre-
sponding to each temperature. Figure 2.77 gives the characteristic parameters as
function of the temperature for the four samples. It is important to note that the
concentration of holes in the sample is measured from the Hall effects measure-
ments at liquid nitrogen temperature, and the frozen effect [102] of acceptors in
p-type HgCdTe material must be taken into account in the low temperature. Thus,
according to the research results from Scott [103], shallow acceptor ionization
energy and hole concentration at the temperature of 77 k have a simple relationship:

Ex = Ey — aP}’ (2.62)

where Ep = 17 meV, o = 3 x 10-8 eV-cm, and Py is the hole concentration in the
temperature of 77 k.

Figure 2.77a shows the dopant density in the n region (Ny) as a function of the
temperature. Note that N4 is not monotonously increased with increasing temper-
ature, but decreased with increasing temperature less than 60 K and increased with
increasing temperature at a temperature lager than 60 k. These phenomena can be
explained as follows. The ion implantation damaged n-type donors are completely
ionized. Figure 2.77b shows the electron lifetime in the p region (t,,) as a function
of the temperature. Because fitting procedures can only fit the ratio of electron
mobility to lifetime (p,/t,), we must use an empirical formula to calculate the
electron mobility u,, then obtain 1, Figure 2.77c shows the temperature
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Fig. 2.77 Temperature dependence of the fitting parameters for the four samples. a the dopant
density in the n region (Ng), b electron lifetime in the n region (t,), ¢ effective lifetime in the
depletion region (,), d relative energy position of trap level (E/E,) and (e) trap density (N,) in the
depletion region, and f series resistance (R;). Reprinted with permission from Ref. [101] © 2009,
American Institute of Physics

dependence of effective lifetime in the depletion region (tp). As the g-r current
dominates the dark current for the forward bias at the low temperature, the fitting
results of t, below 100 K, where the fitting error of 7, is very large, are not shown
in Fig. 2.77b. Similarly, the diffusion current dominates the dark current for for-
ward bias at high temperature, magnifying the fitting error of ty. Therefore, the
fitting results of 7, above 110 K are not shown in Fig. 2.77c. As the two figures
show, minority carrier lifetime increased with increasing temperature, the qualita-
tive temperature dependency of 7, is in agreement with the reported in literatures
[104-105].

Figure 2.77b shows the temperature dependence of t,. The value of 7, is
comparable to that reported in [106], about 3—150 ns. Note that the fitting value of
the effective lifetime in the depletion region (in Fig. 2.77c¢) is smaller than that of
normal one. We attribute parts of the deviation to the screening effect reduction and
resonance scattering enhancement from deep level trap and charged trap in the
depletion region in the high voltage field.

Figure 2.77d shows the relative energy position of the trap level (E/E,) as
function of temperature. From the figure, there are two stable stages: 0.45E, for 90—
130 K and 0.55E, for temperature lower than 60 K. Therefore, we can consider that



96 2 Design Methods for HgCdTe Infrared Detectors

HgCdTes have two stable characteristic trap levels. The trap level of 0.55E,
dominates the TAT mechanism when the temperature is lower than 60 k. When the
temperature is increased to 60 K, the 0.45E, begin to jointly dominate the TAT
mechanism. For temperature above 90 K, the 0.45E, completely becomes the
dominant trap. Thus, we can also speculate that there is a trap level in 0.25E, at
high temperature. Figure 2.77e shows the temperature dependence of the trap
density (E,), trap concentration increased exponentially with the increasing of the
temperature. Figure 2.77f shows the temperature dependence of the series resis-
tance (R;), the series resistance decreased with increasing temperature.

2.3.1.3 Statistical Analysis of Long Wave HgCdTe Photodiodes

At present, the processing of HgCdTe material and devices is much less mature
than that of Si and GaAs due to the sensitive nature of HgCdTe material. Therefore,
HgCdTe IRFPAs still suffer severely from temperature and photo related defects
and nonuniformities in the performance of individual elements. In order to thor-
oughly understand the performance of HgCdTe material, a feasible method is to
obtain the basic parameters of HgCdTe material from statistical analysis. However,
the characteristics research of a single device can’t meet the needs of such statistical
requirement. For example: (1) the physical parameters obtained by the analysis of
I-V characteristics from one unit cannot be applied to the whole chip; (2) the
physical parameters obtained by the analysis of single chip cannot be applied to
another chip even under the same process technology. An efficient approach is to
study the /-V characteristics of many units between different chips under the same
process technology. Then, the statistical results of basic physical parameters can be
extracted by the proposed physical model. These statistical results of HgCdTe
devices associated with the process condition have a great significance for the
design and optimization for HgCdTe devices, especially for the next generation of
focal plane devices such as HgCdTe two-color detectors.

In order to obtain the statistical parameters of a long wave HgCdTe device, the
R-V curves of 392 HgCdTe diodes are analyzed and fitted. The Cd components of
these devices are different from 0.223 to 0.238, which are tested at liquid nitrogen
temperature (77.0-80.9 K). According to the fitting results, the diffuse current cannt
be the dominant current all the time at liquid nitrogen temperature so that its
contribution to the dark current can be ignored. Therefore, the fitting parameter y,/
7, related to the diffuse current is unbelievable, and the size of p,/7, is not listed in
this section.

The statistical range of each parameter obtained by fitting method is as follows:
the dopant density in the n-type region is varied from 3 x 10" to 3 x 10'® cm™;
the effective lifetime (t() of the depletion region is varied from 0.01 to 0.2 ns; the
energy level (E,) of the trap is varied from 0.4Eg to 0.6Eg; the concentration of the
trap (V) is varied from 1 x 102 to 1 x 10" cm™3; the size of series resistance (R,)
is about 500 Q. 1, is smaller than the lifetime of the neutral region due to the
enhanced scattering from trap in high field. The other parameters are consistent with
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the typical experiment results, which demonstrate the accuracy of the statistical
method.

In order to obtain the distribution of parameters associated with the different
process technologies, the performance parameters of HgCdTe devices manufac-
tured by MBE and LPE process is studied for comparison. Figures 2.78, 2.79, 2.80,
2.81 and 2.82 show the distribution of the parameters from these two technologies
(Black lines represent the MBE device, gray lines represent the LPE device, Ry is
the responsivity of current, D* is the detectivity, R, is the average value of the
current responsivity, and Dy* is the average value of detectivity). In the figure, the
responsivity and detectivity of current are the experimental measurement data. The
results show that the parameters obtained from MBE device are close to that of LPE
device.
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Fig. 2.78 a The statistical distribution of the responsivity with the dopant density in n-type
region. b The statistical distribution of the detectivity with the dopant density in n-type region
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Fig. 2.79 a The statistical distribution of the responsivity with the effective lifetime of the
depletion region. b The statistical distribution of the detectivity with the effective lifetime of the
depletion region
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2.3.1.4 Statistical Analysis of Mid-Wavelength HgCdTe Photodiodes

In order to obtain statistical parameters of medium wave HgCdTe device, the R—V
curves of 206 HgCdTe diodes are analyzed and fitted. The Cd components of these
devices are different from 0.2927 to 0.314, which are tested at liquid nitrogen
temperature (77.0-78.3 K). The parameters of HgCdTe devices manufactured by
MBE process are studied. According to the fitting results, the diffuse current cannot
be the dominant current all the time at liquid nitrogen temperature so that its
contribution to the dark current can be ignored. In addition, the direct tunneling
cannot be the dominant current in a large reverse bias region all the time at liquid
nitrogen temperature so that its contribution to the dark current also can be ignored.
Therefore, the fitting parameter p,/t,, and Ny related to the diffuse current and the
direct tunneling current respectively are unreasonable, and the values of u,/t,, and
Ny are not listed in this section.

The statistical range of each parameter obtained by the by fitting method is as
follows: the effective lifetime () of the depletion region is varied from 0.01 to 1 ns;
the energy level (E,) of the trap is varied from 0.45Eg to 0.7Eg; the concentration of
the trap (N,) is varied from 1 x 10" to 1 x 10" ecm™3; the size of series resistance
(Ry) is about 1000 Q. The parallel resistance (RSh) is varied from 108 to 109 Q. 1, is
smaller than the lifetime of the neutral region due to the enhanced scattering from
trap in high field. The other parameters are consistent with the typical experiment
results, which demonstrate the accuracy of the statistical method.

2.3.2 Extracting Device Parameters by Photoelectric
Method

2.3.2.1 Photon-Generated Minority Carrier Lifetime

Minority carrier lifetime is one of the basic parameters of performance for semi-
conductor devices. For a conventional semiconductor, measuring the lifetime of
minority carriers has become a routine technology. Even though HgCdTe has been
studied extensively for infrared detectors, there is still a great deal of ambiguity in
some issues, such as the minority carrier lifetime and its dominating recombination
mechanisms. This is because of the instability of HgCdTe, in which the material
property may be changed during the formation process of pn junction. Therefore,
the parameter of the raw material can not be applied to estimate the properties of pn
junction devices. Moreover, there are great differences between the actual param-
eters and the design parameters such as trap concentration, carrier concentration, the
junction depth, the junction width in conventional techniques. These factors have a
lot of unpredictable effects on the minority carrier lifetime in a pn junction device.
In order to determine the minority carrier lifetime and the dominating recombina-
tion mechanisms of electron in a HgCdTe photodiode, measurements must be
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carried out on the actual devices then the extracted parameters can be applied in
devices design and simulate.

Many measurements have been developed to determine the minority carrier
lifetime for other material devices such as: short-circuit current, open-circuit voltage
decay (OCVD), pulse recovery technique, etc. However, the minority carrier life-
times of HgCdTe material are in the nanosecond range, and these methods are not
suitable to measure such short lifetime. In this chapter, we measure the minority
carrier lifetime using an improved photo-induced OCVD measurement technique
which compensates the effects of the junction equivalent capacitor and the trap
center on the measurements. In order to minimize the effect of the junction
equivalent capacitor and series resistance on the measurements, we used an
Oriel QTH lamp as the steady-state bias light source. By recording the OCVD and
fitting to the exponential decay curve, the minority carrier lifetime can be extracted.

The incident pulse laser having wavelength tuning range 2.3-10 um was pro-
vided by a commercial optical parametric oscillator and a difference frequency
generator which were pumped by a picosecond Nd: YAG laser. The structure of the
machine is shown in Fig. 2.83. The laser delivered a pulse of 30 ps in duration at a
frequency 10 Hz. Therefore, the influence of the laser pulse on the falling time was
avoided.

As shown in Fig. 2.84, all HgCdTe samples were grown by MBE on GaAs
substrates with CdTe buffer layers and an abrupt n*-on-p structure were formed by

tungsten halogen lamp Infiniium 548328
storage oscilloscope

A

signal

Nd: YAG
pluse laser

!

parametric generator

| sample
attenuation slices

liquid hydrogen Dewar

Fig. 2.83 The diagrammatic map of the experimental facility for measuring the lifetime of
HgCdTe p-n junction use pulse laser open-circuit voltage decayed method
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the ion implantation of B* in p-type Hg,_,Cd,Te. As ZnS films were formed on the
Hg,_Cd,Te surface for passivation, the measured lifetime values were not influ-
enced by the surface treatment. The detectors were processed into 50 x 50 pm?
area mesa structures. The photogenerated voltage has been recorded by a storage
oscilloscope.

In the experiments, according to the intensity of the injected carrier, the decay
curve of photovoltage in the p-n junction can be divided into three different areas:
strong injection, medium injection, and the low injection. If the bias light source is
strong enough, the influence of n*p junction and impurity deep energy level to the
photovoltage decay behavior can be ignored. Then the lifetime can be determined
by analyzing the result of the photovoltage decay curve. The lifetime of minority

2kT 1
q |dv,./ds

minority carriers in p region is much higher than the equilibrium minority carrier
but less than the equilibrium majority carrier at the condition of medium injection.
ﬂ‘ 1
q |dv,./ds
Here, k is the Boltzmann constant, T is the absolute temperature, g is the electron
charge, ¢ is the time. We can see, in strong and medium injection, the photovoltage
(Vo) linearly decays. The concentration of excess minority carriers in the p region
is less than the equilibrium minority carrier in low rejection, and the curve of the
photovoltage exponentially decays.

Voe :%T [exp (%f)) - 1] exp(—%) (2.63)

. The concentration of excess

carriers in strong injection is given by: t =

The lifetime of minority carrier in medium injection is given by: 7 =

where V(0) is the open-circuit voltage when the light stops. In order to make the
measured minority carriers reflect the actual working state of the device, we must
take the non-equilibrium carriers in a state of low injection.
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When the HgCdTe photodiode is excited by the pulsed laser, the photo-response
shows a rapid increase and slow decay process. Depending on the intensity of the
excitation source, the device is in a low injection condition. Figure 2.85 gives the
pulsed photoresponse profiles from a photodiode illuminated with laser pulses at
zero bias light intensity. The curve is an exponential decay to visual inspection.
However, when the decay tail of the photoresponse was analyzed, we were not able
to fit the measurement data with a suitable first-order exponential decay. Instead, a
good fit is realized with a second-order exponential decay function with two dif-
ferent time constants: Vo. = Aexp(—)+ Bexp(—;). Here, 1, ~ 2 ps and
1, ~ 35 us. Neglecting the detailed photo-generation and recombination mecha-
nisms, we describe the decay curve profiles as dominated by the RC time constant
and trap energy level effects on excess carrier’s relaxation. Therefore, neither of the
two time constants is the lifetime of minority carriers.

Figure 2.86 gives the OCVD curves at different intensities of bias light in the
condition of the photodiode illuminated with a background. The steady-state
photovoltage of the photodiode increases with the rising of the bias incident
intensity. The decay time constants of photovoltaic response induced by the pulsed
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laser are becoming shorter and shorter and the peak amplitude decreases with the
increase of incident intensity, which is given in Fig. 2.86. This phenomenon can be
attributed to the compensating of the junction equivalent capacitor and the trap
center energy level effects under the bias light condition.

When the steady-state photovoltages do not increase with an increase in the
background intensity, the photogenerated carriers recombination will dominate the
decay time constant which is related to the minority carrier lifetime. Since the
values of the resistance and the carrier lifetime are much larger in the p region than
in the n* region. In addition, the photogenerated carriers in the emitter are about
one percent of the carriers generated in the base; therefore, we can assume that the
carriers stored in the base play a dominant role in the OCVD process. The com-
pensated photoexcited OCVD decay curve is fitted with the exponential decay
function, and the lifetime magnitude of the minority carrier in p region is deter-
mined to be 190 ns, which is shown in Fig. 2.87.

Using the method mentioned above, the minority carrier lifetime of the HgCdTe
photodiode with different compositions can be obtained and is shown in Fig. 2.88.
The results show that the carrier lifetimes are in the range of 18—407 ns at 77 K for
the measured detectors of four compositions. With increasing composition, the
minority carrier lifetimes have an increasing tendency, and the lifetime of the
shortest wavelength infrared detectors are the longest compared to other detectors.
The results of the same composition came from different units of one array. The
basis of distinction between the different units within the same array is that the
HgCdTe raw material is non-uniform or the growing process can not be mastered.
The electron lifetimes extracted from the experiments are reasonable because of the
lifetime magnitude consist with others results. Generally, there is a certain difficulty
to measuring minority carrier lifetime precisely. Even for the silicon material, the
accuracy scope of the minority carrier lifetime is 135 % in different laboratory in
American Society for Testing and Materials (ASTM). Therefore, it is acceptable
that there is some difference in the lifetime experiment measuring of HgCdTe
photodiode.
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2.3.2.2 Laser Beam-Induced Current Microscopy for HgCdTe
Photodiodes

Laser beam-induced current (LBIC) microscopy has proven useful for quick and
non-destructive measurement of the junction performance of each pixel in large
arrays at an early stage in the fabrication process. Therefore, significant cost savings
and processing improvement would be expected in FPAs. Two-dimensional LBIC
microscopy, also generally called photocurrent mapping (PC mapping), can provide
spatially resolved information about local electrical properties and p-n junction
formation in photovoltaic infrared photodetectors from which it is possible to
extract material and device parameters such as junction area, junction depth, dif-
fusion length, leakage current position and minority carrier diffusion length, etc. To
date, LBIC as a nondestructive method has been widely used for infrared photo-
diode array characterization. The big challenge is to quantify the relationship
between LBIC mapping and parameters that influence the electrical performance of
devices. The main issue of this section is the application with respect to extracting
material and device parameters [110].

(1) LBIC setup

In preparation for the LBIC experiment, only two shorted Ohmic contacts would
be constructed at remote positions on either side of the device(s). The principle of p-
n junction array LBIC testing is schematically represented in Fig. 2.89. He—Ne laser
irradiance at a wavelength of 632.8 nm is focused onto the surface of the semi-
conductor, and stepped incrementally across the sample in the horizontal direction.
When the laser spot is more than a few carrier diffusion lengths from a built-in
electric field, the photogenerated electron—hole pairs recombine without reaching a
junction region and therefore no current signal will be induced. In contrast, if the
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Fig. 2.89 The principle of a single n*-on-p pixel LBIC testing. Reprinted with permission from
Ref. [111] © 2014, American Institute of Physics

photogenerated electron—hole pairs can diffuse and be separated by the built-in
electric field, the separated carriers seek to recombine via returning current paths,
which could be both the internal and external closed circuits; resulting in an induced
current that can be measured.

The LBIC profile presents a positive and negative bimodal distribution
according to the three typical positions of a laser spot on the surface of the sample.
This is explained by assuming the direction from right to left of device as being the
direction of negative current flow.

Case 1: Illumination on the left of p-type region close to the junction

If the laser is focused onto the surface of the p-type region close to the junction,
the photogenerated carriers that are separated by the built-in electric field would
provide excess electrons (denoted by “-”) into the n-type region while excess holes
(denoted by “+”) remain in the p-type region. Since the conductivity of the n-type
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region is nearly two orders of magnitude more than that in the p-type region, the
excess electrons can quickly redistribute themselves over the region uniformly.
A reinjection of electrons can occur in the underlying p-type region. Finally, the
presence of these excess holes and electrons constitutes a localized forward bias of
the junction (direction from left to right), that drives the excess carriers to seek any
possible returning current paths for recombination. Among these paths, the
returning current via the external circuit contribute to the LBIC’s negative signal.

Case 2: Illumination on the right of p-type region close to the junction

This situation is similar to the previous analysis; the photogenerated carriers
diffuse and are separated by the built-in electric field, resulting in excess electrons
passing into the n-type region while excess holes pass into the p-type region.
However, a localized forward bias of the junction in the opposite direction (from
right to left) is formed. Therefore, a positive LBIC signal can be obtained.

Case 3: Illumination on the surface of n-type region

A unique feature in the situation where the laser is focused onto the surface of
the n-type region was the appearance of two types of returning current flows in the
opposite direction. If the laser spot is exactly located in the middle of n-type region,
two opposite return current flows will cancel each other, producing a zero net LBIC
signal.

Two different structures of the laser beam induced current (LBIC) test system are
shown in Fig. 2.90. The test system typically consists of a laser light source, CCD
camera, computer, temperature controller, and an induced current measuring system
with a lock-in amplifier. The sample is placed in a temperature controlled Dewar of
liquid nitrogen. The He-Ne laser is focused to a spot of 1-1.5 um in diameter
which is stepped across the sample. The induced current is recorded by a
SR830 DSP lock-in amplifier as a function of x-y scanning coordinates to provide a
spatial LBIC map. The main difference between the two LBIC test systems is the
method used to scan the samples. In Fig. 2.90a, the sample is scanned on a
two-dimensional computer controlled mobile platform. Another method is the use
of a two-dimensional scanning galvo system to precisely control the direction of the
laser beam by the computer, as shown in Fig. 2.90b.

(2) Junction depth and length extraction

The temperature dependence of the peak-to-peak LBIC measurements on a p-n
junction was first examined by Redfern et al. [112], indicating that a saturation state
can be reached under low temperatures. Under the saturation conditions, the
junction resistance may be enough to dominate the resistance of each of the possible
current paths. Therefore, the peak-to-peak magnitude of LBIC is independent of the
bulk material properties. Other parameters, including the junction geometry, can be
examined by the LBIC peak-to-peak magnitude, greatly reducing the complexity of
the analysis. Simulated LBIC peak-to-peak magnitudes as a function of temperature
in HgCdTe photodiodes with different components are shown in Fig. 2.91 [113].
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Fig. 2.90 Two different structure frames of laser beam induced current (LBIC) test system.
a Scanning is performed by changing position of sample under control of a two-dimensional
mobile platform. b Scanning is performed by changing the direction of the laser beam under

control of a scanning galvo system

The condition of threshold temperature for Hgg ¢0Cdg 3, Te is below 200 K. The
effects of junction depth and length on LBIC profiles in Hgy 60Cdg 3, Te photodi-
odes at 170 K below the threshold temperature are shown in Fig. 2.92. It has been
found that there is a linear relationship between the magnitude of the LBIC peak
and the value of the junction depth and length. For photodiodes with greater depth,
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Fig. 2.91 Simulated LBIC peak-to-peak magnitudes as a function of temperature in Hg;_,Cd,Te
photodiodes. Reprinted from Ref. [113], with kind permission from Springer Science+Business
Media
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Fig. 2.92 a LBIC profiles with different depths of HgggCdg3;Te p-n junction and b LBIC
profiles with different lengths of Hg( 69Cdy 31 Te p-n junction. Reprinted from Ref. [113], with kind
permission from Springer Science+Business Media

more photogenerated electrons in the p-type region can be swept across the junc-
tion, which results in a stronger LBIC signal. On the other hand, loop circuit
resistance is reduced by shortening of the distance between the contact and junction
in the photodiodes with longer length. Therefore, the LBIC current also becomes
larger when the junction length becomes larger [113].

(3) Minority carrier diffusion length extraction

The minority carrier diffusion length is a key indicator of material quality and
device performance. The dependence of laser beam induced current (LBIC) on
minority carrier diffusion length of n-on-p HgCdTe photodiode has been investi-
gated earlier [114, 115]. In the standard diffusion length (L;) test method, the
procedure may bring about damage to the p-n junction. The test structure is also
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difficult to fabricate because of the need for electrical contacts on the p-n junction
unit as shown in Fig. 2.93a. In contrast, the LBIC test structure consists of only two
Ohmic contacts at remote positions on either side of the device(s). The decay of the
LBIC as the laser spot is scanned away from the edge of p-n junction is related to
the diffusion length in p-type region. The characteristic diffusion length (L) can be
obtained by fitting a simple exponential function to the LBIC curve. The expo-
nential formula for the attenuation curve in p-type region is given by [116]:

d

[ILpic(d)| =k -t (2.64)

where k is the proportional coefficient, d is the distance from the laser spot location
to the boundary of p-n junction, and L is the characteristic diffusion length.

In two characteristic ways of diffusion length, the attenuation curves in p-type
region are both related to the minority carrier diffusion length. When the laser spot
is near the carrier diffusion length from a built-in electric field, the photogenerated
electron-hole pairs can diffuse and be separated by the built-in field. The only
difference is that the separated carriers recombine via return current paths, i.e., the
internal and external closed circuits (two electrodes are both in p region). A LBIC
signal can be measured in an external closed circuit of LBIC in this phenomenon.
However, the separated carriers are directly collected by the electrodes in p region
and n region of the standard protocol. Therefore, there may be a negligible
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Fig. 2.94 The LBIC test for 1.5x107
characteristic diffusion length

(L) in HgCdTe photodiodes

with different doping 1.0x107 |-
concentrations. Reprinted
with permission from Ref.
[115] © 2009, Chinese 5.0x10°%
Physical Society

N_:1.0x10"%, N :1.0x10"

0.0
<
- 15 . 17
-5.0x10° | |:8.4x10", N:1.0<10
i :8.4x10"%, N :5.0x10"
-1.0x107 |
X N,:8.4x10'%, N:1.0x10'
-1.5x107 |

-100 -75 -50 25 0 25 50 75 100
Position/um

difference between the size of L and L. One can extract the ratio of L/L, from the
experimental results using two different methods.

The standard diffusion length (L,) and the characteristic diffusion length
(L) tested by LBIC in HgCdTe photodiodes with different doping concentrations
are shown in Fig. 2.93 and Fig. 2.94, respectively [115].

The diffusion lengths extracted by both these methods are listed in Table 2.23
[115]. It is found that the L/L, ratio is close to 1 and is independent of the doping
concentration distribution. At the same time, the ratio of L/L, remains the same,
irrespective of the size of SRH carrier lifetime and mobility. Therefore, the char-
acteristic diffusion length by LBIC can be considered equivalent with the standard
diffusion length.

Table 2.23 Extracted L/L,, under different N, and N,

N/ 10" cm™? Ny/10"7 cm? Characteristic diffusion Standard diffusion L/L,
length L (um) length L, (um)

1.0 1.0 8.34 7.81 1.07

4.0 1.0 6.09 5.73 1.06

8.4 1.0 5.34 4.97 1.07

8.4 5.0 541 5.02 1.08

8.4 1.0 5.40 5.06 1.07

Reprinted with permission from Ref. [115] © 2009, Chinese Physical Society
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(4) Localized junction leakage characterization

The effect of localized defects is one of the main limitations in the performance
of HgCdTe infrared focal plane arrays. Such defects, including voids; line dislo-
cations; and triangles, may influence the overall integrity of the p-n junction and
significantly degrade the performance of the photodiodes due to the localized
junction leakage. LBIC, as an efficient and nondestructive tool, is used for the
localized junction leakage characterization in the photodiodes. Redfern et al. [117,
118] studied the LBIC profiles when a small localized leakage region was intro-
duced at various positions along the horizontal portion of the junction. The leakage
current was simulated by including a small piece of metal that was Ohmic to both
sides of the junction [119]. The model structure of the p-n junction with localized
junction leakage path is shown in Fig. 2.95.

It was shown that when the leakage point is asymmetric inside the device, an
asymmetry in the LBIC line profile induced by the small metallic region can be
obtained by this leakage model. However, the assumption of bringing in metal with
large conductance in the HgCdTe photodiodes is not very practical.

On the basis of this data, an improved leakage model including a small HgCdTe
region with extremely short carrier lifetime instead of the metallic region is pro-
posed [120]. Many factors, such as trap-assisted tunneling, generation—-recombi-
nation (g-r) and diffusion current, can influence the junction leakage current. Dark
current dominant mechanisms change with the operating temperature. The tem-
perature dependence of the LBIC profiles is shown in Fig. 2.96.

The asymmetric LBIC profile can indicate that there is localized leakage some-
where inside the sample structure. The localized defects reduce the resistance of the
return current path crossing the junction via localized leakage, and most current flows
through the leakage current path and fails to contribute to the external circuit current.
In addition, the temperature dependence of symmetry in the LBIC profile reflects the
change in the dominating mechanism of dark current from a certain degree.

It can be observed that the LBIC profiles have different distributions for different
temperatures. Below 170 K, the diffusion and generation—recombination dark
currents are very small. However, with increasing the temperature, the deep level
traps are activated that lead to a lower SRH lifetime. The LBIC profile tends to be
more asymmetric with increasing temperature. When temperature is above 170 K,
the diffusion current component becomes dominant. Then, the leakage current is
relatively reduced with the diffusion current being dominant at higher temperatures.

Fig. 2.95 The model Laser beam {§

structure of the p-n junction Contact _ Contact
with localized junction | : - ' :
leakage path along the

horizontal portion of the HgCdTe

junction p-type

N
Leakage current path
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The LBIC profile becomes more symmetric with increasing temperature above
170 K. However, when the localized leakage point is situated at the center in the
device, it is very difficult to confirm whether there is leakage in the diode because
the distribution of LBIC profile is symmetrical. Therefore, in most situations, the
asymmetric LBIC profile may indicate that there is localized leakage somewhere
inside the sample structure.

(5) Electrically active defects-related junction transformation

Recent study [111, 121-125] shows that the phenomenon of extended defects
induced by semiconductor manufacturing process always exists in HgCdTe infrared
arrays, such as in B* ion implantation and pulsed laser drilling for the formation of
a p-n junction. Those defects may be sensitive to temperature and laser excitation
intensity and play a very significant role in the junction transformation. Hu et al.
[121, 126] first observed that B ion implantation damage-induced defects can
potentially produce a deformation of the LBIC in As-doped long wavelength
HgCdTe infrared detector pixel arrays. This discovery unveiled an application of
LBIC for the corresponding implant-induced defects analysis and characterization.
Correlated theoretical models for trap-related p-n junction transformation have been
proposed to analyze the deformation of LBIC curve induced by the extended
defects.

The model structure of the p-n junction transformation in As-doped long
wavelength Hg; ,Cd,Te (x ~ 0.224) infrared arrays under different temperatures is
shown in Fig. 2.97, When the temperature is relatively high, the deep levels
(acceptor-type) induced by the ion implantation damage are fully activated and can
trap significant numbers of free electrons, which are temperature sensitive. It makes
the B™ ion implantation region become n” -type or p-type as shown in Fig. 2.97b, c.
Furthermore, the laser beam intensity is another key factor that determines the
reversion. The photo-generated carriers are comparable to the temperature induced
intrinsic carriers, and create an n*-type to n -type reversion [121]. At cryogenic
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temperatures the implantation damage-induced traps in the n* region are almost
inactivated, therefore, a typical n*-on-p junction is formed.

In addition, the mixed conduction effect for p-type narrow band gap HgCdTe
materials must be taken into account. This effect is mainly caused by the higher
electron mobility compared with that of holes and the temperature increase gen-
erated large number of intrinsic carriers. Therefore, the narrower the forbidden
bandgap, the more obvious is the mixed conduction effect. The mixed conduction,
together with As-doping amphoteric behavior, makes the p-type absorption layer
transform to an n-type layer at near room temperature. At moderate temperature, the
coupling n-n*-on-p junction is formed.

Ion implantation traps, As-doping amphoteric behavior, and the mixed con-
duction effect, are the main reasons for inducing the polarity reversion coupling of
LBIC at different temperatures. Figure 2.98 shows the experimental results of the
polarity inversion and coupling of the LBIC in As-doped long wavelength HgCdTe
infrared detector pixel arrays.

In summary, accompanied by the technological development and extensive
applications of infrared focal plane arrays, position-dependent LBIC or PC mapping
has triggered a wave of research interest for device characterization in the early
stages of the fabrication process. LBIC or PC mapping technologies rely on a
scanning laser system that is close to the diffraction limit, making them highly
sensitive to spatially resolved electric fields and localized nonuniformities in
infrared materials. The spatially resolved information about electrical properties
makes the extraction of performance parameters in infrared materials easier and
more efficient through the establishment of accurate simulation models. The high
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flexibility, low operational costs, and excellent spatial resolution properties of LBIC
enable this method to be a highly useful tool for the characterization and opti-
mization of future photovoltaic studies.

2.4 Summary

During the rapid development of HgCdTe infrared detector technology, many new
models and methods have been proposed and developed. In this chapter, those
models and methods, which are associated with the process of materials and
devices, have been introduced. First, to improve the accuracy of device modeling,
the influences of non-parabolic conduction bands and carrier degeneracy on dark
currents are studied systematically. The analysis method of the HgCdTe dark
current is established. At the same time, statistical results of characteristic param-
eters are extracted. Second, a feasible numerical method is achieved to optimize the
thickness of the absorption layer and reduce the influence of the interface charge on
device performance. In addition, the optimized structure of HgCdTe infrared
detectors with low cross talk is proposed. Thirdly, the dependences of material and
device parameters on actual HgCdTe devices are discussed comprehensively.
Simulation methods for the structure characteristics, temperature effects, and cross
talk of HgCdTe two-color detection are proposed. Finally, the lifetime of minority
carriers in actual HgCdTe photodetector is extracted. The LBIC analytical method,
which is accepted as a nondestructive tool and has been widely used for infrared
photodiode array characterization, is introduced in detail. The application of LBIC
with respect to extracting material and device parameters is systematically
summarized.
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