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h i g h l i g h t s

� Theoretical and experimental response time in HOT LWIR HgCdTe photodiodes was done.
� 1 ns time constant is achieved for non-equilibrium operation mode.
� Low p-type doping of the absorber provides short time constant limited by the drift time of carriers.
� RC constant determines the response time of the practical devices.
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a b s t r a c t

The paper presents the theoretical investigation of the active region parameters, especially the influence
of thickness and doping, on the response time and current responsivity of high-temperature long wave-
length infrared HgCdTe photodiodes operating at 230 K in non-equilibrium mode. Results of theoretical
predictions of time constant were compared to the experimental data. The response time of the devices
have been characterized using Nd:YAG laser, optical parametric generator with pulse width <25 ps and
fast oscilloscope with suitable transimpedance amplifier as a function of detector design, temperature
and bias. The reverse bias applied to the photodiode causes Auger-suppression and improve the perfor-
mances of the devices. This way the response time decreases to the value below 1 ns at the good current
responsivity increased to the value of about 6 A/W and what is a promising parameter in view of poten-
tial telecommunication applications. Due to the series resistance of electrical connections, the response
time of the devices is mainly limited by RC constant while the calculations show that the time constant
of the Auger suppressed structures should be limited by the drift time of carriers.

� 2013 Published by Elsevier B.V.

1. Introduction

An ultimate goal for infrared (IR) photodetectors is achieving of
the perfect, quantum noise limited performance at near-room tem-
perature. Significant progress has been achieved with the use of
heterostructure design of the devices [1–5] in which the active re-
gion (absorber) is sandwiched between wide gap layers that pro-
tect it against parasitic thermal generation at contacts, surfaces
and interfaces. Moreover, the dark current in HgCdTe photodiodes
is usually determined by Auger generation processes at elevated
temperatures, because the low-doped absorber layer becomes
intrinsic and the carrier concentration is higher than the doping
level. The device structures with combination of exclusion (P+/p
or N+/m) and extraction (N+/p or P+/m) junctions in P+/m/N+ and
P+/p/N+ configurations have demonstrated suppression of Auger

mechanisms by reducing the absorber carrier density below ther-
mal equilibrium in reverse bias condition [1–5]. Practical HgCdTe
heterostructures for the devices have been grown with advanced
epitaxial techniques such as molecular beam epitaxy (MBE) [6]
and metal organic chemical vapor deposition (MOCVD) [7].

The response time is an important parameter of infrared detec-
tors especially used in telecommunication applications. There are
still continued investigations to optimize devices where compro-
mise between contradictory requirements of achieving high detec-
tivity and fast response time is necessary. The best way to achieve
a short response time of the detectors is a fast transport of photogen-
erated carriers to contacts. In this case, a special heterostructure de-
sign are developed, where p-type absorber is an advantageous
material for the fast response HgCdTe detectors. p-type material is
characterized by high ambipolar mobility, what is crucial to achieve
fast and efficient drift collection of charge carriers.

This paper presents the theoretical investigation of influence of
thickness and arsenic doping level of the active region on reverse
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bias dark current characteristics, current responsivity, and the
response time of long wavelength IR (LWIR) HgCdTe photodiodes
operating at near-room temperatures.

2. Method of analysis

An advanced numerical model is used for investigation of
HgCdTe LWIR photodiodes operated in time-dependent light illu-
mination conditions. The program based on the solution of the sys-
tem of the carrier transport equations in a Fourier space as well as
whole spectrum of various generation and recombination pro-
cesses including influence of radiative (RAD), Auger (AUG) and
Shockley–Read–Hall (SRH) mechanisms connected with structural
defects as well as band-to-band (BTB) and trap-assisted (TAT)
tunneling mechanisms. There is considered two types of
generation-recombination channels in the SRH mechanism: metal
site vacancies and dislocation related centers. We have used our
original model [8] to examine it in this paper. This two types of
centers are characterized by different ionization energies and cap-
ture cross-sections. The vacancy concentration is assumed at the
level of NT = 1 � 1014 cm�3 with ionization energy 0.75Eg above
the valence band and the electron and hole captures cross-sections
of rn = rp = 5 � 10�16 cm2. The bulk dislocations density is as-
sumed at the level of GDIS = 1 � 107 cm�2 and the mean energy of
the dislocation band is 0.1Eg above the valence band, with cross
sections equal to rn = rp = 2 � 10�14 cm2. Surface effects are also
considered by introducing the surface recombination velocity
parameter S. We have taken into account ohmic contacts with
S = 104 cm/s similar as in Refs. [9,10]. We have calculated numeri-
cally electron and hole mobilities caused by two scattering
mechanisms (ionised impurity scattering and polar optical phonon
scattering). The procedures were presented in Ref. [11].

The Fourier analysis method for investigation of spectral char-
acteristic was applied after illuminating biased photodiode by
small harmonic optical pulse in the form of U(x) = U0 exp(ixt),
where U0 is the amplitude of photon flux, i is the imaginary unit,
x is the frequency, and t is the time. When the photodiode is illu-
minated, all photoelectric parameters of the heterostructure have
changed. The changes proceed with the same frequency as a fre-
quency of the incident light. The complex amplitude of photocur-
rent as a function of frequency J(x) = J0 exp(ixt) is the output
parameter of calculations. The normalized photocurrent J(x)/J(0)
describes the frequency response of the photodiode. The cut-off
frequency fT, defined by �3-dB line, is inversely proportional to
the time constant s of the device:

2pfT ¼
1
s
: ð1Þ

The wavelength of the incident light in all calculations was
assumed kinc = 7.5 lm and the power Pinc = 0.1 W/cm2. The detailed
description of the method is in our previous paper [12].

3. Device structure

The investigated device is a photodiode based on HgCdTe mul-
tilayer heterostructures grown by MOCVD. Fig. 1 shows the high
operation temperature (HOT) mesa geometric structure of ana-
lyzed HgCdTe photodiode. The architecture consists of three layers.
At the bottom, about 3-lm thick highly n-type doped with iodine
(ND = 1 � 1017 cm�3) wider-gap (x = 0.4) contact layer was formed.
Then, the absorption p-type layer was grown with a composition
xabs = 0.19 for a cut-off wavelength of 9.6 lm at 230 K. The thick-
ness of active region should be shorter than minority carrier diffu-
sion length. Generally, the thickness of the absorption layer is a
compromise between requirements of high absorption efficiency,

low thermal generation [13], as well as short response time of
the device. For nonequilibrium devices this compromise formu-
lates more precisely to the trade-off between absorption efficiency
and Auger suppression [14,15]. The acceptor doping should be at
possible low level just to overcompensate the donor background
concentration of the material, which varied from 3 � 1015 to
6 � 1015 cm�3 in the MOCVD grown. Finally, highly p-type doped
with arsenic (NA = 3 � 1017 cm�3) contact cap layer with a thick-
ness of 1 lm and composition x = 0.38 was grown. In the p–P+

and p–N+ junctions are the x-graded regions and represent the real
structure which profile is shaped by interdiffusion processes dur-
ing Hg1�xCdxTe growth at 350 �C.

Structural parameters such as absorber doping and thickness
were changed in calculations (Table 1) to obtain optimal working
conditions of the device. In our calculations the thickness of the
absorption layer was changed from 3 to 7 lm and acceptor concen-
tration of the absorber material was changed from 1 � 1015 to
2 � 1016 cm�3 assuming donor background concentration at the
level of ND = 3 � 1015 cm�3.

The theoretical composition and doping concentration profiles
for P+/p/N+ HgCdTe heterostructure with absorber thickness of
tabs = 5 lm and arsenic dopant concentration NA = 8 � 1015 cm�3

are presented in Fig. 2.

4. Results and discussion

The assumed composition and doping concentration profiles
permit us to calculate the bandgap structure which is presented
in Fig. 3. The calculations is performed for the device operating
at 230 K using zero and the 0.8 V reverse bias voltage.Theoretical
and experimental response Fig. 4 presents the electron and hole
concentrations at zero and 0.8 V reserve bias at 230 K. Under
reverse bias, the electrons are extracted from the absorber region
by positive electrode connected to bottom N+-layer. The electrons
are also excluded from the absorber near the p–P+ junction

Fig. 1. The cross-section of mesa structure of the N+/p/P+ LWIR HgCdTe photodiode.
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