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Poland. 3.—e-mail: piotr.martyniuk@wat.edu.pl

In this paper, the performance of sequential dual-band mid-wavelength N+-n-
p-p-P+-p-p-n-n+ back-to-back HgCdTe photodiode grown by metal-organic
chemical vapor deposition (MOCVD) operating at room temperature is pre-
sented. The details of the MOCVD growth procedure are given. The influence
of p-type separating-barrier layer on dark current, photocurrent and response
time was analyzed. Detectivity without immersion D* higher than
1 9 108 cmHz1/2/W was estimated for kPeak = 3.2 lm and 4.2 lm, respectively.
A response time of ss � 1 ns could be reached in both MW1 and MW2 ranges
for the optimal P+ barrier Cd composition at the range 0.38–0.42, and extra
series resistance related to the processing RSeries equal to 500 X.
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INTRODUCTION

One of the key problems presently being solved in
infrared technology is the fabrication of multispec-
tral detectors. Both civilian and military programs,
environment sensing and monitoring, and target
discrimination and identification require simulta-
neous and independent detection of two, or more,
different spectral ranges in the same pixel of the
detector matrix. The idea for first multi-color detec-
tor matrices was to build mechanically assembled
detectors operating in different spectral ranges. In
such a way, dual-band detectors using HgCdTe were
demonstrated in the early 1970s.1

HgCdTe is an ideal material for fabrication of
dual-band structures. The particular advantages of
this material system are the direct energy gap,
ability to obtain both low and high carrier concen-
trations, high mobility of electrons and low dielec-
tric constant. The extremely small change of lattice
constant versus composition makes it possible to
grow high-quality layered and graded gap struc-
tures.2 The multilayer approach has been usually
utilized in metal-organic chemical vapor deposition

(MOCVD) and molecular beam epitaxy (MBE),
allowing the growth of those structures with excel-
lent control of composition and doping profiles.3–8 It
was shown that HgCdTe multilayer structures offer
multicolor capability in the shortwave (SWIR),
midwave (MWIR) and longwave (LWIR) ranges or
at two different wavelengths within the same
band.9–14

In this paper, the performance of sequential dual-
band mid-wavelength N+-n-p-p-P+-p-p-n-n+ back-
to-back HgCdTe photodiode grown by MOCVD
operating at room temperature is presented. The
influence of a p-type separating-barrier layer on
dark current, photocurrent and response time was
analyzed. Detectivity without immersion
D* � 1.8 9 108 and D* � 1 9 108 cmHz1/2/W was
estimated for kPeak = 3.2 lm and 4.2 lm, respec-
tively. A response time of ss � 1 ns could be reached
in both MW1 and MW2 ranges for optimal P+

barrier Cd composition at the range 0.38–0.42, and
the extra series resistance related to the processing
RSeries = 500 X.

DESIGN OF A DUAL-BAND STRUCTURE

The demonstrated sequential (bias-selectable)
dual-band multilayer (111) B orientation HgCdTe
detector was grown by MOCVD on GaAs substrate.(Received November 14, 2017; accepted February 24, 2018;
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The dual-band detector’s design assumes that the
longer-range photodiode is placed directly behind
the photodiode at shorter wavelength in a multi-
layer structure. The cross-section scheme of a dual-
band device is presented in Fig. 1. The detector
consists of two back-to-back photodiodes. Both
photodiodes operate in the MWIR spectral band,
with peak response kPeak = 3.2 lm for the first wave
band (MW1) and kPeak = 4.2 lm for the second band
(MW2) at room temperature. The dual-band detec-
tor is made of N+-n-p-p-P+-p-p-n-n+ layers (where
lower-case letters refer to the absorber region, while
upper-case letters refer to higher-Cd-mole-fraction
layers), with single contact per pixel. Both MW1 and
MW2 diodes were realized during epitaxial growth
by doping with As. The p-type-doped,
adjustable thickness and composition barrier is
included between the MW1 and MW2 active layers.
The additional gradient layers (interfaces) between
absorbers and contact layers and P+ barrier were
added. Both MW1 and MW2 absorbers were
assumed to have doping gradients (MW1 0.1
towards the P+ barrier and MW2 0.001 towards
the P+ barrier) in order to prevent energy disconti-
nuities between active layers and the P+ barrier.
The two photodiodes are contacted and biased
through one contact on the top and a second on
the substrate side. That diode operates in sequential
mode. By switching the bias voltage from a positive

to a negative value, it is possible to detect the signal
in the first (MW1) or second absorber (MW2). The
specific details of the detector assumed in simula-
tions, such as the doping densities, composition and
thickness of each constituent epilayer are listed in
Table I.

MOCVD GROWTH TECHNIQUE

The dual-band back-to-back HgCdTe device’s epi-
taxial growth (111) B was performed in an Aixtron
AIX-200 horizontal reactor shown in Fig. 2. AIX-200
is made of horizontal rectangular reactor cell
enclosed in an external quartz tube. The Hg tem-
perature is controlled by an external heater moni-
toring of the reactor temperature profile. The AIX-
200 system operates in the laminar flow regime with
process pressures from 50 to 1000 mbar. A pressure
of 500 mbar was used in the reactor and controlled
by butterfly valve during dual-band HgCdTe
growth. H2 was the carrier gas, dimethylcadmium
(DMCd) and diisopropyltelluride (DIPTe) were used
as precursors, ethyl iodine (EI) was used as a donor
and TDMAAs were used as acceptor dopants. DMCd
and EI were delivered through one channel, while
DIPTe and TDMAAs through other channels. The
substrate (AIX-200 gas foil technique) rotation
technique was applied for better composition uni-
formity (35–40 rpm). There are two temperature
zones in the reactor: the Hg source zone and the
growth zone with a graphite susceptor. High-tem-
perature annealing was used before each growth
run for reactor cleaning. The gas delivery compo-
nent was additionally equipped with ultrasonic
precursor concentration monitors (Piezocon) and a
reflectometer (EpiEye).

The � 4-lm-thick CdTe buffer layer on GaAs was
incorporated to reduce stress caused by the lattice
misfit between substrate and HgCdTe and to pre-
vent Ga diffusion.15 The interdiffused multilayer
process (IMP) technique was applied for the
HgCdTe deposition.16,17 HgCdTe was grown at
350�C with the Hg source kept at temperatures of
160–220�C. The II-to-VI mole ratio was kept in the
range 1–1.5 during CdTe cycles during the IMP
process. In order to reduce Hg vacancy concentra-
tion, the HgCdTe heterostructures were annealed in
the reactor (in situ) for 1 h in Hg-rich conditions,
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Fig. 1. Cross-section scheme of a dual-band back-to-back HgCdTe
device.

Table I. Layer structure of a dual-band back-to-back HgCdTe device; parameters assumed in simulation

Layer Thickness (lm) Composition Type Doping concentration (cm23)

Contact 3 0.32 n 5 9 1017

Gradient layer 0.35 0.30 n 5 9 1016–5 9 1017

4.2-lm Absorber 4.4 0.28 p 5 9 1016 (gradient 0.001 towards P+)
Barrier 4 0.395 p 5 9 1017

3.2-lm Absorber 4.2 0.31 p 5 9 1015 (gradient 0.1 towards P+)
Gradient layer 0.4 0.41–0.31 p 2 9 1017–5 9 1015

Contact 10 0.41 n 2 9 1017
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while dual-band structures were not annealed ex
situ.18

High donor doping at the level of 2 9 1017 cm�3

was applied for N+ contact layer deposition using 19
ppms of EI during CdTe cycles of the IMP growth.
High acceptor doping at the level of 5 9 1017 cm�3

was applied for P+ barrier layer deposition using
133 ppms of TDMAAs during CdTe cycles of the
IMP growth. The MW1 absorber was planned to be
undoped (for simulation reasons, doping close to the
intrinsic level was assumed to be 5 9 1015 cm�3)
while the MW2 absorber was p-type-doped at the
level of 5 9 1016 cm�3 using 1.17 ppms of
TDMAAs.19

SIMULATION PROCEDURE

Theoretical simulation of the HgCdTe
heterostructures was performed by numerical solv-
ing of Poisson’s and the electron/hole current con-
tinuity equations. The commercially available
‘‘Advanced Physical Models of Semiconductor
Devices’’ (APSYS) platform (Crosslight Inc.) was
implemented in our simulation procedure. The
applied model incorporates both HgCdTe’s electrical
and optical properties taking into consideration
radiative, Auger, Shockley-Read-Hall (SRH) gener-
ation recombination (GR) processes, trap-assisted
tunneling (TAT) and band-to-band (BTB) tunneling
mechanisms. In TAT simulation, the Hurkx et al.
model was implemented.20 The TAT mechanism
was calculated assuming trap concentration
NTrap = 1012 cm�3 (SRH capture coefficients,
rn = rp = 5 9 10�15 cm�2). Absorption was assumed
in both MW1 and MW2 active layer regions [MW1
absorption coefficient a = 5849 cm�1; MW2 a = 6749
cm�1 for k = 3.2 lm; for 4.2 lm, MW1 a = 157 cm�1

and MW2 a = 3425 cm�1]. Since the HgCdTe dual-
band device operates at T = 300 K, computations
were performed using the Fermi–Dirac statistics for
a non-degenerate semiconductor model with para-
bolic energy bands.21,22 The specific equations

describing the drift–diffusion model and HgCdTe
parameters used in simulations could be found in
Capper’s monograph and the APSYS manual.23,24

Analysis of response time was simulated using the
Li et al. model.25

SIMULATION RESULTS

Numerical evaluation of electrical characteristics
can be useful for both determination of the validity
of a simulation model as well as explanation of the
physics being responsible for the behavior of a
device. Figure 3a presents the calculated and mea-
sured density of the dark current (JDARK) versus
applied voltage within the range �800 mV to
800 mV for dual-band back-to-back HgCdTe struc-
ture. The electrical characteristics of these detectors
closely resemble those of two independent photodi-
odes connected back-to-back in series. Applying
negative voltage, the MW1 region is intended to
operate, while the MW2 region is activated when
positive bias is applied. For the MW1 region, JDARK

saturates at the level of � 0.05 A/cm2, while in
MW2, the region reaches � 0.2 A/cm2. The satura-
tion occurs at �100 mV in MW1 region and at
100 mV in the MW2 region. Both characteristics for
MW1 and MW2 ranges are diffusion-limited where
the SRH GR mechanism plays a decisive role.
Figure 3b presents JDARK versus voltage for
selected doping of the MW1 and MW2 active layers.
Assuming that both active layers are SRH-limited
(NTrap = 1012 cm�3), the absorber’s doping has
slight influence on JDARK. Dynamic resistance area
product (RA) versus voltage is presented in Fig. 3c
where A = 100 9 100 lm2.

The assumed composition and doping concentra-
tion profiles permit us to calculate the energy band
profile and quasi-Fermi level position. Figure 4
presents energy band profiles for V = �100 mV
and 100 mV where MW1 and MW2 absorbers
should be operating, respectively. Both MW1 and
MW2 active layers were assumed to be p-type-doped
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Fig. 2. Horizontal reactor cell with an internal Hg source for HgCdTe growth.
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according to data presented in Table I. The green
and blue line denote the quasi-Fermi level for
electrons and holes, respectively. When the reverse
bias is applied, the MW1 junction is under reverse
polarization and the quasi-Fermi levels are sepa-
rated, but the MW2 junction stays at equilibrium

and the quasi-Fermi level for electrons and holes
have almost the same energy. Under forward bias
(Fig. 4b), the separation of quasi-Fermi levels
occurs at MW1 and MW2 junctions.

Distribution of the electric field for unbiased an
N+-n-p-p-P+-p-p-n-n+ heterojunction and external

Fig. 3. (a) Simulated and measured JDARK versus voltage, and (b) JDARK for selected doping of the MW1 and MW2 active layers. (c) RA product
versus voltage for a dual-band back-to-back HgCdTe structure, T = 300 K.
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Fig. 4. Energy band profile a dual-band back-to-back HgCdTe structure at (a) V = �100 mV and (b) V = 100 mV calculated for T = 300 K.
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electric field drop in forward- and reverse-bias
polarization are shown in Fig. 5a and b, respec-
tively. The built-in electric field is mainly associated
with the junction interfaces, and the maximum
electric field appears at the MW2 absorber hetero-
junction. Under reverse bias, the external electric
field intensity is almost four times higher in MW1
absorber than MW2 one, whereas for forward bias,
that external electric field intensity difference is
lower. The higher voltage drops on P+ barrier for
�100 mV bias than for 100 mV.

Measured and simulated current responsivity (Ri)
and measured detectivity (D*) limited by thermal
Johnson–Nyquist and shot noise versus wavelength
were calculated and results are presented in Fig. 6a
and b, respectively. Active layer thicknesses were
assumed: d = 4.2 lm and 4.4 lm for MW1 and MW2
regions, respectively. In addition, the GaAs sub-
strate was not converted into an immersion lens (D*

was not increased by n2, where n = 3.3) and, as a
consequence, in the MW1 region (V = �100 mV),

Fig. 5. (a) Electric field distribution for dual-band back-to-back HgCdTe structure at zero bias polarization, and (b) external electric field drop in
V = �100-mV and V = 100-mV bias polarization calculated for T = 300 K.

Fig. 7. Calculated response time versus voltage for selected extra
series resistance, RSeries for dual-band back-to-back HgCdTe
structure.

Fig. 6. (a) Spectral response and (b) detectivity for dual-band back-to-back HgCdTe structure.
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D* � 1.8 9 108 and in MW2 (V = 100 mV),
D* � 1 9 108 cmHz1/2/W were estimated for
kPeak = 3.2 lm and 4.2 lm, while Ri assumes com-
parable value � 2.3 A/W for both ranges. The D*

difference between MW1 and MW2 is due to the
JDARK contribution to the shot noise component.
Proper fitting to experimental results was reached
in terms of JDARK and Ri.

The region of the MW2 responsivity curve crossed
by the MW1 responsivity curve (from wavelength
region 3.75–4.25 lm) depicts the crosstalk effect in
the Fig. 6a. Since the crosstalk associated with a
dual-band IR detector is simply dependent on the
separation between MW1 and MW2 diodes, the 4-
lm-thick P+ barrier (proper gradient layers were
introduced) was doped to a level of
NA = 5 9 1017 cm�3 and a Cd composition
(xCd) = 0.395 was introduced to reduce crosstalk.

In the present analysis, the crosstalk has been
calculated by taking the ratio of the MW2 band
photocurrent-to-the MW1 band photocurrent when
the MW1 diode is illuminated and MW2 radiation is
off (–100 mV). Crosstalk for MW2 was calculated at
the level of � 3.5% while measured at � 9.6%
(�100 mV). Crosstalk for MW1 was simulated at
� 3.8% while it was measured at � 4.4% (100 mV).
Spectral crosstalk in a dual-band photodetector
consists of optical crosstalk and electrical crosstalk.
The electrical crosstalk is generated due to nonequi-
librium carrier diffusion between two absorption
layers and is dependent on thickness and energy
band offset of the barrier layer. Electrical crosstalk
was considered in simulation only. The value of
calculated crosstalk in both absorbers is compara-
ble. In measurements, the MW1 and MW2 diodes
are illuminated at the same time, so the optical
crosstalk also occurs. A part of MW1 radiation can
be absorbed in the MW2 absorber layer, so a higher
measured crosstalk in the MW2 absorber is
observed. In order to reduce this crosstalk, the
thickness of the MW1 layer should be thicker.

The requirements of high detectivity and short
response time (ss) compete with each other for
higher-operating-temperature (HOT) conditions in
terms of the detector’s optimization. The response
time versus reverse and forward bias for the
analyzed dual-band structure for selected extra
series resistance related to the processing
(RSeries = 100–500 X) is presented in Fig. 7. It must
be stressed that reported experimental series resis-
tances for the MWIR range are bias-dependent, and
for a low voltage (100 mV), RSeries should assume
� 500 X. As reference points, RSeries = 0 X, 100 X
and 250 X were presented. In response time simu-
lation, the wavelength k = 3.2 lm (MW1) and
k = 4.2 lm (MW2) were assumed. Assuming no
extra series resistance (excellent processing),
ss< 100 ps could be reached in both MW1 and
MW2 ranges. The highly doped MW2 region allows

Fig. 8. (a) Dark current and (b) photocurrent versus P+ barrier composition, xCd, for bias voltage �100 mV and +100 mV for dual-band back-to-
back HgCdTe structure.

Fig. 9. Response time versus P+ barrier composition, xCd, for bias
voltage �100 mV and +100 mV for dual-band back-to-back HgCdTe
structure.
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reaching shorter response time in comparison to the
MW1 band.

To extract the optimal value of P+ barrier’s
(linking MW1 and MW2 structures: N+-n-p-p-P+-p-
p-n-n+) parameters, extra simulations were per-
formed. The P+ barrier’s composition influence on
JDARK and photocurrent (JPHOTO) is presented in
Fig. 8a and b, respectively. For both forward and
reverse voltages, JDARK decreases nearly two orders
of magnitude versus P+ barrier Cd composition, xCd ,
within the range 0.3–0.4. With the same range of
composition, the photocurrent also decreases, but
only by one order of magnitude. For xCd > 0.4 for
both analyzed voltages, JDARK and JPHOTO saturate.

Response time dependence on xCd P+ barrier is
presented in Fig. 9. The shortest response time
could be reached for xCd � 0.38–0.42 for both MW1
and MW2 regions. A barrier layer composition near
0.40 is used to suppress the electrical crosstalk,
dark current and time response of dual-band back-
to-back HgCdTe detectors.

CONCLUSIONS

In this paper, the performance of dual-band
sequential mid-wavelength N+-n-p-p-P+-p-p-n-n+

back-to-back HgCdTe photodiode fabricated by
MOCVD operating at T = 300 K was presented.
Detectivity without immersion D* � 1.8 9 108 and
D* � 1 9 108 cmHz1/2/W was estimated for
kPeak = 3.2 lm and 4.2 lm, respectively. A response
time of ss � 1 ns could be reached in both MW1 and
MW2 ranges for optimal P+ barrier Cd composition
at the range 0.38–0.42 and RSeries = 500 X.
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