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Using our computer programs, numerical simulations of photoelectric and
fluctuating phenomena were carried out in diode structures of the CdHgTe
mesa in the P+m(p)N+ configuration operating at 230 K and 300 K. These
phenomena were analyzed in structures where additional energy barriers at
the absorber boundary were applied. Exclusion and extraction of charge car-
riers in the absorber area after biasing the structures with reverse voltage
reduces their concentration by more than an order of magnitude. Reduction of
carrier concentration has a positive effect on the increase of the absorption
coefficient due to reduction of the Burstein–Moss effect, increases the resis-
tance and electro-optical gain, and effectively suppresses generation and
thermal recombination. It is possible to obtain 70% of quantum efficiency in
biased photodiodes. It was shown that a non-equilibrium long-wave photodi-
ode working at room temperature can have a normalized detectivity of over
109 cmHZ1/2W�1 for radiation with 10.6 lm wavelength. The results of our
calculations and their analysis are illustrated by numerous figures.

Key words: LWIR HOT HgCdTe photodiodes, two barrier detectors, G–R
mechanisms, exclusion and extraction effect

INTRODUCTION

In recent years we have been observing the
development of both technological and theoretical
research on long-wave infrared radiation (LWIR)
detectors operating at temperatures of 200–
300 K.1–11 These detectors, called high operating
temperature (HOT) detectors, achieve quite high
sensitivity and detectivity, which enables their use
without the need for cryogenic cooling. Their
responsivity and quantum efficiency are, however,
limited by the minority carrier diffusion length and
the absorber thickness for a given wavelength. High
thermal generation and recombination are the
causes of high generation–recombination (G–R)

noise. These are the reasons why the performance
of conventional p–n junction LWIR HgCdTe photo-
voltaic detectors operating at near room tempera-
ture is very poor. These problems can be
significantly reduced by using the phenomenon of
extraction and exclusion of charge carriers in the
absorber’s area.12–14 This can be achieved under
significant polarization of the P+m(p)N+ structure
with a reverse bias voltage. Figure 1 shows the
architecture of a reverse biased P+pN+ heterostruc-
ture with two optional barriers at the ends of the
absorber. The use of N+ and P+ areas with a wider
band gap decreases the rate of thermal G–R pro-
cesses; however, the lattice mismatch between the
absorber and those areas generates misfit disloca-
tions. An interesting case is the extension of the
energy gap at the absorber’s ends, which leads to
the lowering of the rates of G–R processes and
introduces barriers to the flow of majority carriers
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from electrical contacts. Dislocations constitute an
additional channel for Shockley–Hall–Read (SHR)
processes,15 which increases thermal generation
despite the suppression of Auger processes in the
absorber area. This phenomenon is analyzed in this
work. We additionally consider the impact of the
built-in electric field on the kinetics of SHR pro-
cesses (trap assisted tunneling and Frankel–Pole
effects) and band to band tunneling (BTBT). In this
article we consider the influence of various G–R
mechanisms on the parameters of the designed
photodiodes, including the photon reabsorption (PR)
effect, which significantly reduces the radiative (R)
recombination process.16 We investigate the optimal
molar composition and doping in the barrier area,
N+ and P+ areas to achieve the maximum possible
absorber depletion effect of charge carriers at the
lowest possible biased voltage. The photodiodes are
designed for the detection of radiation with a
wavelength of 10.6 lm and for working at 230 K
and 300 K. The parameters of photodiodes (without
barriers, with two barriers, and with different
absorbers of type p and type m) are calculated to
find optimal structures. In this article, we designed
barriers so that they do not hinder the effect of
exclusion and extraction of carriers from the
absorber area.

In addition to designing non-equilibrium HOT
detectors, the aim of this work is to examine the
contribution of individual G–R mechanisms in ther-
mal generation and recombination and the impact of

dislocations on these processes. Although the work
does not contain experimental data, our programs
have been experimentally verified many times in
many previous works on HgCdTe heterostructures
(for example in Refs. 17 and 18).

NUMERICAL METHOD

To solve the problem of carrier transport and
photon reabsorption phenomena, we have added
additional equations to the standard set of carrier
transport equations. These equations, called the
transport equations for photons, were presented in
some of our previous works.16,19 The cited papers
contain a detailed description of these equations.
Transport equations for photons are related to the
carrier transport equations through the inter-band
radiative G–R mechanism and by the equation of
the energy balance. The equation of the energy
balance (Eq. 4) has been thoroughly modified and
extended to include the participation of photons.
The set of transport equations, including the inter-
action of carriers with photon field, reads:
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where the current density of i-kind photons reads
jqi ¼ qic=4g3

i , index p refers to holes and index n to
electrons, respectively, n denotes electron concen-
tration, p hole concentration, index 0 refers to
thermal equilibrium, c is the speed of light, g the

Fig. 1. The architecture of the half cross-section of cylindrical P+mN+

LWIR mesa structure (with two optional barriers). The line-AA¢
indicates the direction of calculated spatial distributions of different
parameters. The upper surface of a mesa is 1000 lm2.
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refractive index, r the gradient, �Eqi ¼
1
qi

0

REiþDEi

Ei
@q0 mð Þ
dm

hmdm is the average energy of photons

from the energy range DEi, @q0 mð Þ
dm

is the Planck

distribution function, density of photons

qi0 ¼
REiþDEi

Ei
@q0 mð Þ
dm dm, e is the elementary charge, CV

specific heat, and f is the coefficient of thermal
conductivity. G�Rð ÞNR is the total net non-radiative
generation rate determined by Auger 1, Auger 7 and
SHR processes, qs denotes the density of entropy, l
is the mobility and j is the current density. Solving
the set of transport Eqs. 1–6 by using the iterative
methods, we obtain a spatial distribution of quasi
Fermi energies Un and Up, electric potential W,
temperature T and density of photons q1 and q2.
Using these data, we can determine all physical
quantities occurring in the transport process in the
heterostructure. Here we have distinguished two
types of averages, �Eqi in energy ranges EG abs:ð Þ �
Eq1

<EG Nþ; Pþ� �
and Eq2

� EG Nþ; Pþ� �
, however

the number of averages may be increased depending
on one’s needs. EG is the energy gap, and index abs
denotes the absorber. Nþ; Pþ are regions presented
in Fig. 1. ai is the average absorption coefficient for
photons associated in the specified energy range.
Sample results of calculations as a function of
thickness along the axis of symmetry of a mesa
structure are shown in the figures below. The upper
surface of a mesa is 1000 lm2. The CdTe mole
fraction x in the absorber is selected so that the cut
off wavelength kco ¼ 1:24=EG in eVð Þ is equal 12 lm.

RESULTS OF CALCULATIONS

We have analyzed the LWIR P+mN+ cylindrical
mesa structures working at 230 K and 300 K. The
architecture of the half cross-section of these struc-
tures (with two optional barriers) is shown in Fig. 1.

We marked barrierless structures as A, and the
structures with two barriers as C. The detector
working at 230 K has an absorber with a thickness

of about 5 lm, and in 300 K a thickness of 2.5 lm.
Figure 2 presents assumed spatial distribution of
mole fraction x, donor concentration ND, acceptor
concentration NA and concentrations of metal
vacancies NT in structures C working at 300 K
(Fig. 2a) and 230 K (Fig. 2b). NT, the concentration
of metal vacancies, is a technical variable which
strongly depends on annealing conditions. Experi-
mental determination is possible only by indirect
methods, for example by measuring the lifetime of
carriers. The absorber in 300 K should be thinner
than that in 230 K. The effect of exclusion and
extraction of carriers in a thinner absorber covers
the entire area, whereas with a thicker absorber the
effect occurs only in part. The condition for sup-
pressing the Auger generation is to reduce the
carrier concentration. Both C structures have iden-
tical molar composition and dopant concentrations
and thicknesses of the N+ and P+ regions surround-
ing the absorber. They differ only in x, the mole
fraction of CdTe, and thickness of the absorber area.
At the boundaries of the absorber there are thin
layers with an expanded energy gap that act as
energy barriers for holes and electrons. These layers
must be strongly doped to fulfill their role; the same
applies to the N+ and P+ areas surrounding the
absorber. The absorber area is type m with a
concentration of donors ND = 2Æ1014 cm�3 and has
a resistivity much higher than the resistivity of the
surrounding areas. The A structure is a simpler
technological solution, which does not have energy
barriers at the absorber’s boundary. The use of
these barriers, however, improves the parameters of
the detectors, which will be presented in the
following figures. The simulations carried out by
us indicate that for such improvement to take place,
these barriers should be placed on the absorber’s
boundary. We also analyzed structures with a p type
absorber with a concentration of acceptors NA = 2
Æ1014 cm�3, obtaining very similar results as in the
case of an m type absorber (current–voltage charac-
teristic j(V) and quantum efficiency g). In our work,
we focus only on structures with m type absorber. In

Fig. 2. Spatial distribution of mole fraction x, donor concentration ND, acceptor concentration NA and concentrations of metal vacancies NT in
structures C at 300 K (a) and at 230 K (b). Structures A differ from the structures C by the lack of barriers at the absorber boundaries.
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a forthcoming work, we intend to simulate current
noise and the response speed of structures with m
and p type absorbers to ultimately determine which
solution is better.

Figure 3 show the distribution of energy band
edges in four photodiodes analyzed after biasing
with reverse voltage � 0.4 V (continuous lines), and
low voltage � 0.02 V or � 0.04 V (dashed lines).
Structures C are practically free of band off-set. In
both structures A and C, the applied voltage is
deposited in the absorber area. After biasing with
� 0.4 V voltage there are conditions for BTBT.
BTBT generation rate in structures C is lower than
in A, especially in T = 300 K, due to the smaller
overlap of the EC and EV band. Figure 4 show the
spatial distribution of the electric field intensity
under conditions of weak and strong biasing in the
reverse direction. Accompanied by the increase in
polarization voltage, the increase in the electric field
intensity occurs practically only in the absorber.
This is a very beneficial phenomenon that causes
the extraction and exclusion of electrical charge
carriers from the absorber area.

Figure 5 shows that in both structures A and C
the largest concentrations of charge carriers occur
in the area at the border with the N+ layer.
Exclusion of carriers from this area (especially at

300 K) is much more effective in C structures.
Extraction occurring at the border with the P+ area
is more effective in structures A than in C. There-
fore, the concentration of carriers at the P+ bound-
ary is smaller in structures A than in C.

The rate of recombination is more strongly depen-
dent on the concentration of charge carriers than on
the recombination rate. Figure 6 shows spatial
distribution of thermal generation rate caused by
different G–R processes at 230 K in structure A
(Fig. 6a) and in structure C (Fig. 6b). Figure 7 show
the recombination rate in these structures. Reverse
bias voltage that causes the exclusion and extrac-
tion of charge carriers is the reason for suppression
of thermal generation determined by the mecha-
nisms A1, A7 and R (solid lines). In the case of SRH
generation, the polarization rate increases slightly.
Spectacular reduction of A1 and A7 generation
because of carrier extraction is observed in the
absorber’s area on the border with the P+ layer. The
extraction effect in structure A is stronger than in
C. Near the border with the N+ layer in the
structure C we have a reduction in generation rate
of the A1 mechanism by an order of magnitude after
polarization with � 0.4 V. Suppression of genera-
tion in this area is approximately twice lower in the
structure A. Similar results can be observed for

Fig. 3. Spatial distribution of the band structure with an arbitrarily chosen bias voltage at 230 K (a, b) and at 300 K (c, d) in structure A (a, c) and
C (b, d). Band to band tunneling is possible for A and C structures working at 300 K after biasing with � 0.4 V voltage.
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recombination rates. Polarization in the reverse
direction suppresses recombination much more
strongly than generation. The rate of recombination
is more strongly dependent on the concentration of
carriers than the generation rate.6–20 Similar con-
clusions can be made by analyzing Figs. 8 and 9 for
structures A and C working at 300 K.

Decreasing the concentration of carriers in the
absorber area leads to an increase in the resistivity
of the structures and thus affects the characteristics
of j(V) and dynamic resistance of photodiodes. This
is shown in Fig. 10. At 230 K (Fig. 10a) character-
istics of j(V) in structures A and C are very similar,
but for larger bias voltages one can observe

Fig. 4. Distribution of the electric field in structures A and C at the polarization voltage � 0.02 V (dashed lines) and � 0.4 V solid lines at 300 K
(a) and 230 K (b). Increasing the bias voltage causes a significant increase in the intensity of the electric field in the absorber.

Fig. 5. (a–d) Spatial distribution of electron concentration n and hole concentration p in the analyzed structures in thermal equilibrium and after
polarization with the voltage marked with the curves. Biasing in the reverse direction leads to strong decreases in electron and hole
concentration. Particularly strong changes in electron concentration are caused by the effect of exclusion at the absorber boundary with the P+

area.
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approximately twice lower current density in C, and
thus a greater dynamic resistivity. Negative values
of dynamic resistance in the voltage range from
� 0.75 V to � 0.1 V are shown in the Fig. 9a. The

current density in the C structure at � 0.4 V is
about 3 A/cm2. We observe much larger dark
currents for structures at 300 K (Fig. 10b). The
lines in red refer to structure C having an absorber

Fig. 6. Distribution of generation rate caused by the mechanism A1, A7, SHR caused by mercury vacancies and dislocations, radiative (R)
generation including the phenomenon of photon reabsorption at 230 K in the structure A (a) and C (b). Decreases of electron and hole
concentration shown in Fig. 5 reduce the generation rate for all mechanisms except SHR mechanisms.

Fig. 7. Distribution of recombination rate determined by various G–R mechanisms at 230 K in structures A (a) and C (b). The suppression of the
recombination rate is much stronger than the suppression of the generation shown in Fig. 6.

Fig. 8. Distribution of generation rate determined by various G–R mechanisms at T = 300 K in structure A (a) and structure C (b). BTBT stands
for the generation rate caused by band to band tunneling.
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with a thickness of 5 lm, which is too large for the
phenomenon of exclusion and extraction to effec-
tively reduce the concentration of the carriers in it.

The current density after polarity with blocking
voltage above 0.1 V is above 200 A/cm2 and the
dynamic resistance has positive values. Decreasing
the absorber thickness to 2.5 lm radically changes

Fig. 9. Distribution of recombination rate determined by various G–R mechanisms at T = 300 K in structure A (a) and structure C (b).

Fig. 10. Normalized current–voltage characteristics (in A/cm2)—continuous lines and normalized dynamic resistance (in X=cm2)—dashed lines
as a function of the reverse bias voltage for structures A and C operating at 230 K (a) and 300 K (b).

Fig. 11. Quantum efficiency for radiation with 10.6 lm wavelength in structure A and C at 230 K (a) and at 300 K in structures C with absorber of
thicknesses 2.5 lm and 5 lm (b).
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the shape of the j(V) curve. In structure C for
voltage � 0.4 V, the current density is around 20 A/
cm2; in structure A it is more than five times
greater.

Figure 11 shows the dependence of quantum
efficiency for radiation with a wavelength
k = 10.6 lm from the bias voltage. At 230 K, quan-
tum efficiency in C and A structures has a similar
course. First it grows, with the voltage reaching its
maximum around � 0.25 V. For this voltage, we
observe minimal values of dynamic resistance. An
increase in resistance with increasing supply volt-
age reduces the quantum efficiency of photodiodes
working in short-circuit conditions as a current
source. In both structures there is a photo-current
gain;21 despite a weak absorption coefficient of
about 1000 cm�1 in the absorber area, the quantum
efficiency in the C structure reaches over 70%. The
absorption coefficient calculation is based on Ander-
sson’s work.22 We have also considered absorption
in the Urbach’s tails using the Finkman and
Nemirovsky model.23 At 300 K photo-current gain
in the structure of absorber C, a thickness of 2.5 lm
causes the effective quantum efficiency has a max-
imum of over 70%. In the C structure with a 5 lm
thick absorber, quantum efficiency is only around
10%. When calculating quantum efficiency, we
consider the total reflection of radiation from the
upper contact. Continuous lines refer to bias voltage
U = � 0.4 V, dashed lines to U = � 0.04 V. Dotted
lines represent the density of dislocations. The black
line refers to structure C without dislocations.

Figure 12 shows the dependence of quantum
efficiency on wavelength in structures A (dashed
lines), and C (solid lines) in the 6–11 lm range. The
curves were obtained for different bias voltages
(marked on curves). The thickness of the absorber in
both structures is 5.5 lm. An increase of the bias
voltage in the reverse direction results in an
increase in quantum efficiency. For � 0.4 V voltage,
it exceeds 100% for radiation with a wavelength less
than 8 lm. This is the result of the existing
photoelectric gain, which depends both on the

voltage applied and on the place of the carrier
generation by photons.21 In the C structure for
voltages near � 0.3 V, we observe the oscillating
nature of spectral characteristics of quantum
efficiency.

Figure 13 presents value of the absorption coeffi-
cient a of radiation of wavelength k = 10.6 lm in the
absorber in structure C. Reduction of the carrier
concentration in reverse bias reduces the Burstein
Moss effect, which helps to increase the absorption
coefficient. We observe about a two-fold increase in a
when biasing the structures with � 0.4 V voltage.
Further increase in voltage slightly affects the
growth of a. Figure 14 shows the total net thermal
generation rate considering the impact of disloca-
tions. We assumed dislocation density in the struc-
ture equal to 106 cm�2, which seems realistic. In the
areas where the molar composition gradient occurs,
the density of dislocations is calculated according to
the dependence proposed by Yamamoto et al.24 and
exceeds 108 cm�2. If we do not consider the impact
of dislocations, the net thermal generation rate is
several times smaller. Counting the parameters of
the presented diodes, we assumed the existence of
dislocations with a distribution as in Fig. 14.

Figure 15 shows calculated noise currents at
Df = 1 Hz in structure C at 300 K as frequency
functions. At this temperature G–R noise domi-
nates. The increase of the bias voltage in the reverse
direction reduces the generation and recombination
rate, and the spectral density of this G–R noise,
which is proportional to the sum of the generation
and recombination rates. Noise currents are derived
by numerically solving the system of transport
equations for fluctuation. These equations and the
appropriate procedures are described in our earlier
works.25,26 Suppression of heat generation and
recombination allows for a significant increase in
the normalized detectivity D*. Biasing structure C
with the reverse voltage in the range � 0.3 V to
� 0.2 V, we can obtain D* greater than 109 cmHZ1/

2W�1.

CONCLUSIONS

Enhanced numerical analysis of photoelectric and
fluctuating phenomena in heterostructures allows
for the design of HOT detectors with high normal-
ized detectivity D*. By applying heterostructures in
P+mN+ or P+pN+ configurations to non-equilibrium
LWIR photodiodes, we can obtain the values of D*
that enable their technical application without the
cryogenic cooling. The use of the two additional
barriers at the absorber boundaries improves the
detection parameters of non-equilibrium detectors.
It enhances the effect of carrier exclusion and
electro-optical gain. This is especially visible for
detectors working in 300 K. In this case, strong
electro-optical gain allows achieving effective quan-
tum efficiency of up to 70% despite the low values of
the absorption coefficient and the small thickness of

Fig. 12. The dependence of quantum efficiency on wavelength for
structure A (dashed lines) and C (solid lines) at 300 K. The numbers
on the curves indicate the values of the bias voltage.
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the absorber. Calculation results indicate that the
optimal range of polarizing voltages is in the range
� 0.4 V to � 0.2 V. Extraction and exclusion of
carriers caused by these voltages effectively sup-
presses generation and thermal recombination,
which allows around 100-fold reduction of G–R
noise currents. The calculations show that the rate
of generation and thermal recombination at tem-
peratures close to 200 K is strongly influenced by
dislocations. If these were to be eliminated, the G–R
thermal processes would be reduced several times.
A much smaller impact of dislocations occurs at
300 K. The calculated value of the D* for a two-
barrier structure at 300 K exceeds the value of
109 cmHZ1/2W�1. Further work will continue calcu-
lations aimed for optimization of the presented
structures, including structures with a p type
absorber as well. We will also carry out the calcu-
lation of the response speed and present a map of
the generation of current noise taking into account
the share of individual types of noise sources.
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18. K. Jóźwikowski, M. Kopytko, A. Rogalski, and A. Jóźwi-
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