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Abstract—In mid- and far-infrared HgCdTe photodetectors,
the maximum operating temperature is determined by the dark
current, which in turn depends on charge carriers lifetimes. The
ability to reduce dark current and operate at the radiative limit
allows for significantly higher operating temperature, but in this
new scenario some approximations, commonly and historically
applied in the literature to estimate and optimize lifetimes and
dark current, in some cases should be avoided.

Index Terms—minority carrier lifetime, focal plane arrays,
HgCdTe, dark current, diffusion current, incomplete dopants
ionization

I. INTRODUCTION

A promising material for third-generation infrared (IR)
detectors is mercury cadmium telluride (Hg; —, Cd, Te), whose
outstanding properties [1]-[3] allow to fabricate large for-
mat multi-waveband focal plane arrays (FPAs) IR detec-
tors. HgCdTe-based heterostructures can achieve background-
limited photodetection performance at near-room temperatures
by using sophisticated chemical compositions and doping
profiles.

Fig. 1 shows two possible architectures suitable for High
Operating Temperature (HOT) detectors, pBn barrier detectors
[4] and full-depleted detectors [5].

The dark current density Jq. k receives contributions mainly
from Auger and Shockley-Read-Hall (SRH) generation mech-
anisms. The Auger generation rate usually outweighs the SRH
in quasi-neutral regions (QNR) unless the dopant concentra-
tion is greatly reduced, while in depleted regions the SRH
often limits the device (for definitions of QNR and depleted
regions, see [6, Ch. 1-2]). In this work, we mainly focus on the
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Fig. 1. (a) Qualitative band diagram of a typical pBn barrier detector [4] and
(b) of a full-depleted or Auger-suppressed photodetector [5].

contribution to Jg,,x coming from the diffusion current in the
QNR, i.e., charge carriers diffusing to contacts (they don’t drift
because there is negligible electric field surrounding them).

Jaark determines the maximum operating temperature and it
depends on the electron and hole density n and p, both directly
and through the lifetime of the minority carriers 7 [7]-[10].
Thus, predicting detector performance requires calculating n
and p as functions of temperature and doping, which is not
a trivial issue. In this paper, we discuss some of the simplest
approaches used in the literature to this end, and show that
the widely used approximation which assigns the donor Np
and acceptor N4 concentrations respectively to n and p is not
always appropriate.

II. LIFETIME AND CARRIER DENSITY

The SRH lifetime 7sry is connected to defect density and
carrier capture cross sections [11], and it can be considered
a technological parameter. The ensuing SRH diffusion current
can be expressed in a simplified form as [8], [10]

2
7

Tsru(n +p+ 2n;)

qtn

Jdift, SRH =

where ¢ is the QNR width, ¢ is the elementary charge and n;
is the intrinsic density.
The Auger lifetimes are given by [7], [9]
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where Tj\L A7 are the intrinsic Al, A7 Auger lifetimes [12].
The ensuing generation rate
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determines the Auger diffusion current according to [5], [8],
(9], [13]

Jaiff, A = qtGa = qt(n +p) < Tt 11> :
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We can notice that Jgi sru decreases for increasing car-
rier density, whereas Jqifr, o increases. As a result, in QNR
Jaigr, sre can become negligible with respect to Jgig, o if n
and/or p is large, differently from what happens in depleted
regions.



= = = .Al +SRH, ToRH 100 ps
AL+SRH, 7 =10 pis

| i-MWR  p-MWIR

[ |T=240K

AL+SRH, 7 =1 s

n-MWIR, 7=140K

gy a> A CM

ALSIM ]
- - - Al FullDI ||
* AlLTneDI ||
A7, SIM
- - - A7, FullDI |{

O A7.IncDI

2 L 250200 150 100 80
107 107
A nIWIR  p-LWIR ALWIR FullDI
\ - - - -IncDI
) e S o SIM
107 107 e
w ~— N =3
5. 0 N,=10" em®
E10° g
3 B
ko] =107
g) 107 T4 SIM . gn
z2 7 FullDI < 10° e ety
- = =7, IncDI S
8 ~a
10 ...-.,“U.SHVI 10»‘ - —
® 7 Ref[l] N, =510 cm?
7, Ref[1] (b) &
-9 O ; DS L Ny . 1078 . ;
1o 1013 1016 107 1018 6 9 12 15
3 1000/ T.K
. .
N DA® cm

10 1017 10

Fig. 2. (a) Auger lifetime vs. doping for n- and p-LWIR, at 77 K. Symbols are taken from [1, Fig.3]. (b) Auger lifetime versus 7" for n-LWIR. (c) Auger
diffusion current for n- and p-MWIR, at 240K. (d) Total diffusion current (Auger Al and SRH) vs. donors concentration in n-MWIR at 140K (IncDI

approximation), for three values of Tgry.

Lifetimes and diffusion current contributions depend on the
way we calculate n and p for given Np and N4. Three
approaches with increasing complexity can be considered:
a) simple approximation (SIM), where it is assumed n =
Np and p = Ny; b) the full dopants ionization (FullDI),
where n and p follow from the mass-action np = n? and
the electroneutrality n + N4 = p + Np equations; c) the
incomplete dopants ionization (IncDI), where n and p are
selfconsistently calculated from the electroneutrality equation
n + Ng = p + N, the Fermi levels Er,, Er),, and the
ionized dopant concentrations [N, and NB (see definitions in
[6]), with activation energies according to [14], [15].

We selected two examples of HgCdTe QNR from the
literature, described in [1], [13], at equilibrium: LWIR
Hg,_,Cd,Te, z 0.23; MWIR Hg;_,Cd,Te, x 0.294
(MWIR stands for mid-wave IR, cutoff wavelength A\, €
[3, 5] um, and LWIR stands for long-wavelength IR, A. €
[8, 12] pm).

In Fig.2(a) the calculated Auger lifetimes are shown as
functions of doping for the n- and p-LWIR at 77 K. The SIM
or FullDI approximations adopted in [1] seems not the best
choice for the highest doping. As for the behavior vs. temper-
ature, Fig.2(b) shows that the SIM approximation becomes
increasingly inappropriate with increasing 7" and FullDI tends
to deteriorate when higher doping is considered. Fig. 2(c) plots
the Auger diffusion current versus dopant concentration for
T = 240K for a 5pm thick n- and p-MWIR in the SIM ,
FullDI, and IncDI approximations.

In short, the simple approximation pursued e.g. in [1],
[13] cannot be extended to other cases, e.g. to low-doped
materials and high-7', or to high-doped materials and low-T7',
before having compared the obtained results with the IncDI
approximation.

An interesting feature is represented by Fig.2(d), where
the total diffusion current (Auger and SRH) is plotted vs.
doping for the n-MWIR QNR at 140K. It appears that
obtaining minimal dark current requires an intermediate value
for Np rather than the lowest possible doping, at least when
SRH-related defect density cannot be significantly reduced,

a characteristic already noticed in [13] for a very similar
material.

III. CONCLUSIONS AND FUTURE WORK

The performance of a detector can also be studied, at least
in part, with simple models where carrier density, lifetimes and
current density are expressed in closed forms, provided we use
approximations within their range of validity. The interesting
result shown in Fig.2(d) deserves a deeper investigation by
exploiting more sophisticated numerical simulations as in [16],
which are unavoidable when dark current versus reverse bias
are desired for detectors as in Fig. 1.
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