Opto-Electronics Review 30 (2022) e141596

PAN

POLISH ACADEMY OF SCIENCES

journal homepage: https://journals.pan.pl/opelre

OPTO-ELECTRONICS

®
Pan

REVIEW

Opto-Electronics Review

The determination of the carriers recombination parameters
based on the HOT HgCdTe current-voltage characteristics

Tetiana Manyk®®, Jarostaw Rutkowski®®, Pawet Madejczyk?®®, Waldemar Gawron**®, Piotr Martyniuk®

* Institute of Applied Physics, Military University of Technology, 2. Kaliskiego St., 00-908 Warsaw, Poland
® VIGO System S.A., 129/133 Poznanska St., 05-850 Ozaréw Mazowiecki, Poland

Article info

Abstract

Article history:

Received 25 Feb. 2022

Received in revised form 7 Apr. 2022
Accepted 27 Apr. 2022

Available on-line 30 May 2022

Keywords:

HgCdTe; MWIR detectors; dark
current; I-V characteristics;
recombination.

A theoretical analysis of the mid-wavelength infrared range detectors based on the HgCdTe
materials for high operating temperatures is presented. Numerical calculations were
compared with the experimental data for HgCdTe heterostructures grown by the MOCVD
on the GaAs substrates. Theoretical modelling was performed by the commercial platform
SimuAPSYS (Crosslight). SimuAPSYS fully supports numerical simulations and helps
understand the mechanisms occurring in the detector structures. Theoretical estimates were
compared with the dark current density experimental data at the selected characteristic
temperatures: 230 K and 300 K. The proper agreement between theoretical and experimental
data was reached by changing Auger-1 and Auger-7 recombination rates and Shockley-
Read-Hall carrier lifetime. The level of the match was confirmed by a theoretical evaluation
of the current responsivity and zero-bias dynamic resistance area product (Ro4) of the tested

detectors.

1. Introduction

The development of a variable bandgap ternary
compound based on the mercury cadmium telluride
Hg;«CdyTe (HgCdTe) has started in 1959 by Lawson et al.
[1]. HgCdTe exhibits a zinc blende crystal structure. The
ability to vary the HgCdTe bandgap energy (Eg), by
changing the cadmium molar composition (x), makes it
possible to use HgCdTe for over the entire infrared
radiation (IR) range (by changing the Hg/Cd ratio):
short-wavelength IR (SWIR) with cut-off wavelength,
Jeut-off = 1-3 pm, mid-wavelength IR (MWIR) with
Jcut-off = 3—8 pm, long-wavelength IR (LWIR) with
Acut-off = 8—14 pm, and very long-wavelength IR (VLWIR)
with Acyt-oft = 14-30 pm [2—4]. The progress in the ternary
material — HgCdTe as the most important intrinsic semi-
conductor for IR technology has been well known. The
HgCdTe has been considered as the main optoelectronic
material/compound for IR detection exhibiting excellent
electro-optical properties, showing high detectivity (D)
and quantum efficiency (QF) [5]. The HgCdTe properties
allow for the devices design optimized for the SWIR,
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MWIR, and LWIR ranges [6]. The HgCdTe-based detec-
tors have been used for a wide range of applications
including military, industry, medicine, and broadly defined
science and technology [7]. Although the ternary HgCdTe
has been known and thoroughly researched for a long
period of time, that material still exhibits minor problems.
The most important and commonly present in the metal-
organic chemical vapour deposition (MOCVD) technology
are point defects resulting from the weak Hg—Te bonds,
causing residual acceptors on the surface [6].

The high optical absorption allows for the fabrication
of high OF HgCdTe-based IR detectors. Current research
efforts are focused on double-layer heterojunction
photodiodes where a narrow bandgap p-type base layer is
sandwiched between two highly doped contact layers
N*¥/p/P* (the capital letter denotes the wider gap regions,
sign + denotes the high doping level). The bandgap of the
N* and P* layers should be large enough to make thermal
generation low and to prevent electrons injection into the
absorber region. The main advantages of these detectors are
response time and high signal-to-noise ratio. In addition,
the detector performance in the long term/time stability
should be an important figure of merit.

For many years, the parameters of various photovoltaic
detectors, especially their current-voltage (/-V) character-
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istics, have been studied and analysed [8—10]. Many
concepts have been proposed to improve the HgCdTe
infrared detector performance and to reach high operating
temperature (HOT) conditions [11].

Apart from photoconductive detectors and photodiodes
[6], photoelectromagnetic detectors [12] were an effective
solution. A significant improvement in the reduction of the
dark current was achieved by suppressing the Auger
thermal generation using nonequilibrium conditions of a
device operation [13]. New methods used to create HOT
detectors include barrier structures, for example nBn
[14, 15]. MOCVD allows for a controlled growth of
HgCdTe heterostructures with almost any doping, energy
bandgap profile, and precisely controlled graded interfaces.
The performance of HOT LWIR HgCdTe avalanche
photodiodes (APDs) is significantly limited by the
increasing dark current associated with the detector
operation at high temperatures. By coupling the structure
of the barrier layer in the APD, it is possible to effectively
reduce the carrier concentration in the absorption area [16].
The photodiode saturation currents suppression was
reached in various ways, mainly by the generation-
recombination (GR) processes reduction occurring in the
detector active areas. The problem of the contribution and
significance of individual GR effects for the HgCdTe-
based devices is still open and unsolved.

In this paper, a theoretical analysis of the MWIR
HgCdTe-based structures designed for the HOT conditions
is presented. The work shows the match between
experimental and theoretical data by implementation of the
corrected Auger and Shockley-Read-Hall (SRH) GR
coefficients. Theoretical modelling was performed by the
commercial program SimuAPSYS (Crosslight). That
platform supports numerical simulations and helps
understand the effects occurring within detector structures.

2.  Photodiode design and theoretical simulation

The HgCdTe heterostructure epitaxial growth was
performed in the AIX-200 Aixtron horizontal reactor by the
MOCVD method. A description of the MOCVD system
and the growth process was presented in the authors’ pre-
vious papers [17, 18]. The standard processing/technology
was applied to the fabrication of the HgCdTe IR
photodiodes on a GaAs substrate designed to work at
temperatures close to 300 K (HOT conditions). The
analysed samples consist of two contact layers (CL), two
transient layers (TL), and a p-type doped active (absorber)
layer (AL). The designed structure differs from the
classical photodiode (N*/p/P") by an extra transient layers
to shape an interface between the p-type and both contact
layers, preventing the formation of unfavourable potential
barriers in the valence band. The above-described layers of
the investigated detection structures were deposited in the
following order: CL/TL/AL/TL/CL.

In this paper, two structures designed for the MWIR
spectral range marked as Sample-1 and Sample-2 were
compared. The layers sequence is the same in both samples,
while the constituent layers differ in the thickness
and doping concentration (Cd molar composition varies
according to the assumed bandgap energy). For
Sample-1, Cd molar composition assumes x = (.22 and for
Sample-2, x = 0.29, contributing to the cut-off wavelengths

Acut-oft = 6.7 pm and 4.2 um at 300 K, respectively. Table 1
presents the parameters of the tested devices.

Table 1.
Structural parameters used in the simulation.
Region con]igtll)tlﬁigtion Thickness cd .
(cm?) (um) mole fraction
Sample-1
P*—Contact layer 2.0 x10"7 0.8 0.31
p — Transient layer 1.0 x10'6 0.7 0.30-0.22
p — Active layer 3.5x10" 5.1 0.22
n — Transient layer 1.0 %101 1.6 0.36-0.40
N* - Contact layer 2.0 x10"7 8.9 0.40
Sample-2
P*— Contact layer 5.0 x10'7 2.2 0.54
p — Transient layer 5.0 x10'3 0.9 0.37-0.29
p — Active layer 3.0x10" 4.0 0.29
n — Transient layer 1.0 %101 0.5 0.33-0.48
N* - Contact layer 2.0 x10'7 9.3 0.48

2.1. Experimental data

The current-voltage and spectral characteristics of the
tested photodiodes were measured within the temperature
range of 200-300 K.

Figure 1 shows the spectral current responsivity (R;)
experimental data vs. the wavelength at 300 K (the bias
voltage was U =-100 mV). Sample-1 exhibits 2 times
higher maximum responsivity than Sample-2 due to the
longer cut-off wavelength and higher quantum efficiency.
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Fig. 1. The spectral current responsivity (R;) experimental data
for Sample-1 and Sample-2 at 300 K (U=-100 mV).

The dark current density (J4) experimental data vs.
voltage for Sample-1 and Sample-2 at 300 K are shown in
Fig. 2. The reverse saturation current in the longwave
detector (Sample-1) is more than two orders of magnitude
greater than the saturation current in Sample 2. An increase
in the impact of Auger recombination vs. decreasing energy
gap (negative difference resistance for Sample-1) is an
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Fig. 2. The dark current density (J;) experimental data for Sample-1
and Sample-2 at 300 K.

interesting effect for the theoretical research to determine
the recombination parameters of the tested devices.

The analysis of J; vs. temperature shows the activation
energy (E,) dependence estimated according to the
expression

Jd,\,e*(Ea/kBT)’ (1)

where T is the temperature and kz is the Boltzmann
constant. Arrhenius plot, presented in Fig. 3 for Sample-1
and Sample-2, shows that activation energies at high
temperatures equal E,-146 meV and E,=182 meV,
respectively. At high temperatures, the device (Sample-1)
exhibited a thermal activation energy close to that of the
bandgap energy demonstrating a significant suppression of
SRH contributions (confirming that the dark current at
higher temperatures is mostly due to the diffusion compo-
nent). In the case of Sample-2, the value of the thermal
activation energy is close to 0.7 E,. It means that the GR
current is mostly generated by the SRH recombination
process.
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Fig. 3. Arrhenius plot for Sample-1 and Sample-2.
2.2. Theoretical simulation

Numerical simulations of the HgCdTe multilayer
heterostructure were performed by the commercial
platform SimuAPSYS (Crosslight Inc.). The numerical
model implemented in the APSYS platform uses GR

mechanisms in HgCdTe. All equations describing GR
models and parameters as intrinsic carrier concentration,
bandgap energy, carrier mobility, dielectric constants used
in the simulations were taken mainly from the Capper’s
monograph and the APSYS manual [19, 20].

Figure 4 shows the energy band structure of the
investigated device (Sample-1) under the reverse voltage
U=0.2V (Er, E, E, are the Fermi level, conduction band,
and valence band energies, respectively). For Sample-2, the
shape of the band structure is similar.

0.6

CL TL AL B

Energy [eV]

0 2 4 6 8 10 12 14 16
Layer thickness [um]

Fig. 4. The energy band structure for Sample-1 vs. device profile
under reverse voltage U=0.2 V.

The linear gradients of the Cd molar composition and
doping were assumed allowing to eliminate the barrier
arising in the valence band (at zero voltage). This approach
was used to suppress undesirable discontinuities in energy
bands influencing the carrier transport. In fact, the
gradients in the transition layers stemming from the Hg
interdiffusion during the MOCVD deposition of the
consecutive layers are not exactly known. The detectors
were illuminated from the N* side layer (wider bandgap
material) with the light power at the level of
P =50 W/m? (the wavelength light for Sample-1 is 4 um
and for Sample-2 equals 6 pm).

The non-fundamental carrier lifetime in the
semiconductor structures is an important parameter related
to the diffusion length and diffusion coefficient (structural
quality/uniformity) which affects detection parameters of
the photosensitive device. Defects reduction in the epitaxial
heterostructures leads to the need to analyse GR effects and
the non-fundamental carrier lifetime [21-23].

Assuming bulk processes only, there are three main
thermal GR mechanisms: SRH [24, 25], radiative, and
Auger [26, 27]. The SRH mechanism occurs via levels in
the energy bandgap being responsible for the carrier
lifetimes in a lightly doped HgCdTe. The role of the
radiative mechanism is reduced by the reabsorption of
photons in the absorber layer so that GR processes are
not important, especially for a longer wavelength (for
Sample-1) [28]. The Auger effects are very important in
narrow bandgap materials, since the probability of these
processes increases sharply when the bandgap decreases. It
is important to consider two components of the Auger
mechanisms to include Auger-1 and Auger-7. The
following formula is used to determine the net GR rate
(considering Auger-1 and Auger-7 GR contribution):
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RAug = (Cnn - Cpp)(np - nzz)g

2

where n is the electron concentration, p is the hole
concentration, »; is the intrinsic carrier concentration, C,
and C, are the Auger recombination coefficients (Auger-1
and Auger-7, respectively) which can be written by the
equations [29, 30]:

_ 8- (2m)* 'C]4 Ty (m./my) - |F12|2
n h3 i (4758085)2 ”12 . (1 +ﬂ)0'5 . (1 + 2/1)

L5 1+2u E,
(kB_T> .e(_T:'EgT)’ 3)

g

Cp,=Cpfy, 4)

where ¢ is the electron charge, my is the free electron mass,
F1, is the Auger overlap parameter (Bloch overlap
integral), kg is the Boltzmann constant, 7 is the tempera-
ture, E, is the energy bandgap, m. is the electron effective
mass (conduction band), my is the heavy-hole effective
mass (valence band), u is the electron to the heavy-hole
effective mass ratio, ¢o and ¢, are the dielectric and static
frequency dielectric constants. The y parameter describing
the Auger-7 to Auger-1 intrinsic times ratio is highly
uncertain. Typical values are within the range of 3 <y <6
[31] and for the purpose of this paper it was assumed at the
level of y = 5.

Using formulas (3) and (4) presented above, the C, and
C, coefficients were assessed to be used for the device
performance simulation. A theoretical analysis of the
Auger and SRH GR contribution in the absorber layer on
the HgCdTe-based devices performance was performed.

The theoretical results of the research on the Auger
coefficients and the SRH carrier lifetime influence are
presented based on the /-7 characteristics fitting the
procedure for Sample-2. Table 2 shows the selected Auger
coefficients (C, and C,) and the SRH carrier lifetime (7,
and 7,) used in the theoretical calculations.

Table 2.
SRH carrier lifetime and Auger coefficients used in the
theoretical simulation (Sample-2) at 300 K.

2 SRH carrier lifetime Auger coefficients

S T (us) 7 (us) Cn (cm®s) Cp (cm%/s)
a 1.51 0.151 1.6x1073% 3.2x107%

b 1.31 0.131 1.2x107%8 24x107%

c 1.23 0.123 1.0x107%8 2.0x107%°

d 1.20 0.120 0.9x10738 1.8x107%°

e 1.00 0.100 0.8x10738 1.36 x107%

The theoretical simulations show that the SRH lifetime
significantly affects the photodiode saturation current
density, while the Auger GR factor determines the shape of
the I-V curves near U—0 V. Figure 5 shows the I-V
characteristics vs. reverse voltage for the HgCdTe detector
(Sample-2) for selected Auger and SRH GR coefficients at
300 K.

The Auger GR coefficients and the SRH carrier lifetime
were selected to reach the saturation current density at the

0.050

0.045

a
b
0.035 c
e
0.030
-0.10 -0.05 0.
Voltage U [mV]

/)

0.040

Current density J; [A/cm?2]

00

Fig. 5. Sample-2 /-V characteristics vs. reverse voltage for the selected
Auger and SRH GR coefficients at 300 K (see Table 2).

experimental level of 0.045 A/cm?. The analysis of the GR
coefficients influence on the /-V characteristics allows to
conclude that the Auger suppression increases when the
Auger and SRH GR rates are comparable. When the SRH
GR rate is the highest (lifetime is the shortest — case “e”),
the Auger suppression effect is invisible on the I-V
characteristics. Auger suppression in HOT HgCdTe
devices translates into a unique negative differential
resistance in the reverse bias /-V characteristics, and in
order to control it, the correct ratio between the Auger and
SRH GR should be maintained.

The GR rates are shown in Fig. 6. The Auger processes
play a major role in limiting the HgCdTe performance of
infrared photodiodes at the low reverse voltage. At a
reverse bias higher than 70 mV, SRH processes become the
limiting mechanisms.

BESS
T N

Auger \
—— SRH

Rad

Recombination rate [10-36cm-3s-1]

0 l

-0.20 -0.15 -0.10

Voltage U [mV]
Fig. 6. Theoretically calculated GR rates for SRH, radiative, and

Auger processes at 300 K vs. reverse voltage for Sample-2
for GR coefficients denoted by the symbol “d” in Table 2.

-0.05 0.00

The GR rates corresponding to the SRH, radiative, and
Auger processes vs. device profile for Sample-2 at 300 K
are shown in Fig. 7 (U=-0.2 V). It can be seen that a
recombination occurs in the region of the absorber and
transition layer, and the rate of SRH is higher than that
of Auger. In the junction area, a slight increase in the rate
of SRH GR compared to the area of the absorber is
observed. The dependence between SRH and Auger GR for
Sample-1 is similar.
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Fig. 7. Theoretically calculated SRH, radiative, and Auger GR
rates for Sample-2 at 300 K for GR coefficients denoted
by the symbol “d” in Table 2 (U=-0.2 V).

2.3.  Theoretical fit of current-voltage characteristics

The proper selection of the GR rates allows fitting
to the experimental /-V characteristics. Figure 8 shows
the fitting of the theoretically simulated /-7 curves of
Sample-2 to the experimental characteristics at 300 K,
obtained for the GR coefficients marked by the symbol “d”.
The fitting procedure assumed a detector series resistance

100

T=300K~"

T=23OK/

Current density J; [A/cm?2]

0.1
-0.20

-0.10 -0.05
Voltage U [mV]

-0.15 0.00 0.05

Fig. 9. Theoretically calculated and measured /-V curves of
Sample-1 for HOT temperatures: 230 K and 300 K.

the Auger overlap parameter F» increases within the range
from 0.22 for Sample-2 to 0.30 for Sample-1) and the
influence of recombination through SRH centres decreases
(SRH carrier lifetime increases).

Table 3.
SRH carrier lifetime and Auger coefficients used in the
simulation.

) K) SRH carrier lifetime Auger coefficients
at the level of R4 = 0.05 Q-cm”. & T(K]
" 3 m(us) 7 (us) Cn (cm®s) Cp (cm/s)
10 . 230 1340 134 180107 359x10%
/ “\\ 300 13.40 1.34 4.00x1073%  8.01x1073°
o 230 1.20 0.12 1.37x1073% 2,73 x107%
. T=300K.
§ 10 j 2 300 1.20 0.12 8.39x10% 1.68x107%
< J
= . .
o 9 The theoretical analysis allowed to assess the zero-
£ 10-3 P bbb N . .
z /' voltage dynamic resistance area product (Rod) (see
3 T=230K Table 4). The quality of the fit was confirmed by the proper
= u agreement of the theoretical and experimental Ro4 product
E 10 J data.
O
Table 4.
107 Theoretically and experimentally determined RoA4 product.
-0.20 -0.15 -0.10 -0.05 0.00 0.05
R Q 2
Voltage U [mV Sample  T'(K) i (€ em)
oltage U [mV] theor. exp.
Fig. 8. Theoretical fit of Sample-2 /-V characteristics at 7=230 K 230 4.11 3.96
and 7 =300 K for GR coefficients denoted by the symbol “d” 1
in Table 2. 300 1.23 1.27
o . . . 230 41.2 38.1
A similar fitting between theoretical and experimental 2 300 18 45

characteristics was performed for Sample-1. Figure 9
shows dependence of the I-V curves (matching of theory
and experiment) for HOT conditions. The proper
agreement between theory and experiment was achieved in
the analysed temperature range (circles depict the measured
data and lines present the theoretical simulations,
respectively).

The GR coefficients used for device simulations are
presented in Table 3. The Auger GR coefficients (C, and
C,) were determined assuming £, = 0.10-0.30. The Auger
overlap parameter F1, decreases vs. bandgap energy. When
the absorber energy bandgap decreases, the Auger GR
contribution increases (C, and C, coefficients increase and

Sample-1 and Sample-2 current responsivities vs.
voltage are shown in Fig. 10. Theoretical dependence
(solid line) was compared with the experimental data
(circle). In the case of Sample-2, the responsivity is
practically constant and does not depend on the voltage. On
the other hand, Sample-1 responsivity reaches its
maximum at a reverse bias of 0.1 V and decreases strongly
for unbiased conditions. Shapes of the theoretical and
experimental curves shown in the figure are similar.

Sample-1 was designed for longer wavelengths than
Sample-2 what contributes to the stronger Auger
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Fig. 10. Theoretical and experimental current responsivities vs.
reverse voltage for Sample-1 (4=6 um) and Sample-2
(A=4 um) at 300 K.

suppression and the observed increase in current respon-
sivity vs. reverse bias. Small potential barriers in the
valence band in the transition layers should be considered,
inhibiting the flow of charge carriers and, thus, reducing
the detector QF. Those barriers decrease vs. voltage and the
detector current responsivity increases.

3. Conclusions

The theoretical analysis of the MWIR HgCdTe
detectors operating at HOT conditions was presented. Two
samples with cut-off wavelengths within the MWIR range
were selected for analysis and comparison. Theoretical
simulation was performed by the commercial program
SimuAPSYS. Numerical calculations were compared with
the experimental data for the HgCdTe photodiodes.
Theoretical estimates of the dark current were combined
with the experimental data at 230 K and 300 K. The proper
agreement of the theoretical and experimental data was
reached by selection of the GR coefficients (C,, C,, and
SRH). The method presented in the paper allows to
determine the GR parameters of the analysed devices by
the theoretical /-V curves fitting to the experimental data.
The simulation results presented in the paper can provide
theoretical support for further research on the HgCdTe
detectors considering LWIR avalanche photodiodes.
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