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For small pixel, infrared (IR) focal plane arrays (FPAs), Raytheon Vision Sys-
tems’ architecture for integrated, dual-band detectors uses the sequential mode
of the n-p�-n configuration. There is a single indium bump per pixel, leaving the
p� layer floating, and the operating polarity of the bias selects the spectral
sensitivity by reverse-biasing the active p-n junction. Photogenerated minority
carriers in the absorber layer of the forward-biased inactive photodiode are
lost through recombination. This paper is the first report of a new optical
crosstalk mechanism that occurs in sequential-mode, dual-band detectors. In
the long-wavelength mode under out-of-band, short-wavelength illumination,
radiative recombination yields emission near the bandgap energy of the short-
wavelength absorber layer, resulting in a spurious short-wavelength response
that appears as spectral crosstalk. We present experimental and device model-
ing results on the spectral crosstalk in molecular-beam-epitaxy-grown HgCdTe
arrays with the cutoff wavelength of both bands in the 4–5-µm range.
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INTRODUCTION

Compared with a single-band sensor, multispec-
tral capability in a military infrared (IR) imaging
system for target searching and identification offers
advantages that include longer-range enhanced de-
tection and recognition of obscured or camouflaged
objects and improved rejection of clutter. The conven-
tional approach uses a beam splitter and multiple
focal plane arrays (FPAs) and results in increased
size, weight, and power consumption. A detector FPA
that monolithically integrates the multispectral
sensing not only overcomes these penalties, but also
gives automatic registration of the pixels, higher
reliability, simpler manufacturing, and lower cost.

One approach to a monolithic, dual-band detector
array is the vertical integration of two p�-n photodi-
odes in which the optical absorption occurs in the n-
type layers.1 Inverting the long-wavelength detector
into an n-p� device that is grown on top of the shorter

band device and merging the p� layers integrates the
two photodiodes in an n-p�-n heterostructure. Oper-
ated in a backside-illuminated configuration, the
first n-type layer absorbs the shorter wavelength
(Band 1) radiation, which is sensed by the bottom
photodiode. Longer wavelength (Band 2) radiation
passes through the bottom n-type absorber and mid-
dle p� layer to be detected by the top photodiode.

When indium-bump bonded to a silicon readout
integrated circuit (ROIC), this architecture requires
two electrical contacts within each unit cell: one to
the top longer-wave n-type layer and the second to
the middle p� layer. The third contact is to the bot-
tom n-type layer, which is common to all pixels, and
is made outside the unit cell near the perimeter of
the array. Because both photodiodes in each pixel
operate independently and sense radiation at the
same time, this architecture is referred to as a
simultaneous-mode, dual-band FPA.2

The simultaneous-mode approach is difficult to
scale to pixels with dimensions on the order of 35 µm
or less. The two electrical contacts and indium bumps
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result in the effective optical area of the Band-2 de-
tector decreasing faster than the pixel size as the
pixel shrinks because of the more complicated pho-
tolithographic processing associated with the extreme
topography of small-area mesas having heights in the
range of 10–15 µm. In addition, twice the circuitry,
one readout for each band, must fit in the unit cell of
the ROIC, which may require compromises in overall
performance because of space limitations.

Because of its better scalability to small pixels,
Raytheon prefers the sequential-mode detector in
which the central p� layer is left electrically floating
and electrical contact is made within the unit cell
only to the Band-2 n-type layer.2–5 The tradeoff is
that only one detector can be operating at any given
time, with the active photodiode being selected by
the polarity of the bias. Among the advantages are
Band-2 optical areas approaching 100% of the pixel,
simpler photolithographic processing, and an ROIC
unit cell similar to that in a single-band FPA. For
example, sequential-mode detector arrays have been
hybridized to a single-band readout and used for
imaging in a conventional camera.

The structure of the simultaneous and sequential
architectures is depicted in Fig. 1a. The principal
difference between the two is the presence in the si-
multaneous device of an ohmic contact to the middle
p-type layer that is shared by the two diodes. We
also represent the two p-n junctions as back-to-back
diodes in the electrical schematic in the right side of
Fig. 1a. The graph of Fig. 1b displays typical doping
and composition profiles. Instead of CdTe fraction,
x, in Hg1�xCdxTe, we have represented the composi-
tion as the optical wavelength in micrometers, λG,
equivalent to the bandgap energy in electron volts
at 90 K, EG � 1.24/ λG. Infrared radiation incident
on the detector through the substrate is absorbed in
the bottom Band-1 absorber layer if its wavelength
is shorter than the Band-1 cutoff wavelength, λC1.
Radiation with wavelength longer than λC1, but
shorter than λC2, the Band-2 cutoff, passes through

the short-wavelength IR, composition p-type layer
and is absorbed in the top absorber layer.

As discussed in previous papers,2,4,5 the spectral
band of the sequential-mode detector is selected by
choosing the voltage applied to the Band-2 contact
such that the active photodiode is reverse-biased,
and the inactive is forward-biased. The reverse-
biased diode collects the holes photogenerated in
its absorber layer, and the resulting photocurrent,
as well as the active-diode dark current, flows
through the forward-biased junction of the inactive
detector. Because the inactive photodiode is for-
ward-biased, holes generated in its absorber layer
are not collected. The carriers injected by the for-
ward-biased junction and the photogeneration in
the inactive diode result in an increase of the hole
concentration, which, in steady state, must be bal-
anced by recombination. This process includes non-
radiative mechanisms, such as Shockley–Read–Hall
(SRH) recombination through impurity centers and
Auger recombination, as well as band-to-band and
other radiative channels.

This model is complicated by the fact that the n-p�-
n structure is the same as a bipolar junction transis-
tor and can exhibit gain, especially in the Band-2
mode.2,4 Methods of suppressing the gain are to in-
corporate energy barriers in the p� layer that inhibit
electron transport and to reduce electron injection by
the forward-biased junction. Electron injection can be
minimized by making the acceptor concentration in
the p-type layer large compared with the donor den-
sity in both n-type layers and placing heterojunctions
at the p-n junctions to make the built-in voltages for
electrons larger than for holes.

In this paper, we present the first report of a new
spectral-crosstalk mechanism in which photons
generated by radiative recombination of Band-1
photocarriers give a spurious signal in the Band-2
mode. This mechanism does not give crosstalk in the
Band-1 mode because radiative recombination in
the Band-2 n-type layer creates photons below the
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Fig. 1. (a) Cross section and layers of the simultaneous and sequential dual-band architectures and the corresponding electrical schematic. (b)
Typical doping and composition profiles of the device, where alloy composition has been represented on the right axis as an optical wavelength
corresponding to the bandgap energy.

a b
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bandgap energy of the Band-1 absorber layer. In
the following sections, we discuss experimental and
device simulation results for HgCdTe dual-band
detectors with the cutoff wavelengths of both bands
in the 4–5-µm range.

EXPERIMENTAL

The HgCdTe layers for simultaneous- and sequen-
tial-mode devices were grown by molecular-beam
epitaxy on CdZnTe substrates at HRL Laboratories
LLC (Malibu, CA).5–7 The layers were doped during
growth with indium as the donor species, and arsenic
as the acceptor. Typical structures consist of a 10-
µm-thick, Band-1 n-type layer with 3 � 1015 cm�3

indium concentration; 5-µm-thick, p-type layer with
1018 arsenic density; and a 6-µm, Band-2 n-type
layer having 3 � 1015 indium (Fig. 1b). The CdTe
fraction, x, in the bottom Band-1 absorber layer is
approximately 0.34, while the composition of the top
Band-2 layer is near 0.30. At a temperature of 90 K,
these compositions correspond to a Band-1 cutoff
wavelength of 4 µm, and a Band-2 cutoff of 5 µm. The
p-type layer has the same composition as the Band-1
absorber in the simultaneous-mode devices. In the
sequential-mode devices, the p-type layer contains
an energy barrier with the maximum x near 0.38
to suppress electron transport that contributes to
transistor gain.

Detectors were photolithographically delineated
using an anisotropic dry-etch technique to form
mesas about 12 µm in height and passivated with
CdTe. All measurements were made on representa-
tive test-structure die containing isolated devices
and 10 � 10 arrays of various pixel sizes and de-
signs. For testing, individual die were indium-bump
bonded to passive carriers with electrical leads for
contacting sample devices. Detector spectral charac-
teristics were measured using a Fourier-transform
IR spectrometer.

All of the experimental data presented here were
taken at temperatures for which the dark current is
not measurable with our test apparatus. Values of
dark current were below 1 picoampere and believed
to be at least a factor of 100 below currents flowing
under illumination.

Figure 2a shows the spectral-quantum response
at 78 K, normalized to a peak value of unity, of a
simultaneous-mode detector in a 10 � 10 array
with 40-µm pixel size. Cutoff wavelength, defined
as the point at which the quantum response is
50% of the peak, is 4.19 µm in the Band-1 mode and
5.18 in the Band-2 mode. The solid curve (i) is the
response measured with the Band-2 contact biased
�50 mV relative to the common Band 1, and the
middle p-type layer left floating (Band-1 sequential
mode). The two dashed curves are the response
in the Band-2 mode with �150-mV bias and the
p-layer left floating (curve (ii), sequential mode, al-
ternating long and short dashed line) and shorted to
the Band-1 contact at ground potential (curve (iii),
simultaneous mode, short dashed line). Figure 2b
gives electrical schematic diagrams of the bias
configurations for the three curves in the graph.

The most important feature of Fig. 2a is the twice
larger Band-2 mode response at wavelengths below
4 µm with the p-type layer floating instead of
grounded. We attribute this additional signal to
the top photodiode sensing the emission created by
the radiative recombination of the photogenerated
carriers in the Band-1 absorber layer and will con-
centrate on this phenomenon in the remainder of
the paper.

To be complete, we briefly note two anomalies in
Fig. 2a. The first is the large response to wave-
lengths shorter than 4 µm in the simultaneous
Band-2 photodiode, curve (iii). The simultaneous-
mode, Band-2 response to wavelengths less than
4 µm should be zero, assuming all such radiation
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Fig. 2. (a) Relative quantum efficiency of simultaneous dual-band detector biased in (i) short-wavelength (solid line) and long-wavelength
(dashed) modes with (ii) p-layer floating (sequential) or (iii) biased (simultaneous). A floating p layer results in higher short-wavelength response
in the Band-2 mode. (b) Electrical schematic showing the bias arrangements at which the curves in the graph were measured.
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is absorbed by the Band-1 photodiode. The large
response in the simultaneous mode of Fig. 2a is
believed to be due to the test condition in which the
contacts of the neighboring detectors were left open.
As a consequence of the photogenerated holes in the
surrounding Band-1 absorber layers not being col-
lected, there could have been significant radiative
recombination that was sensed by the test device.
The second anomaly is the small response around
5 µm in the Band-1 sequential-mode of curve (i);
this may be due to transistor gain or unknown test
artifacts arising from the adjacent floating detec-
tors. Transistor gain is possible because the devices
were intended for simultaneous operation, and
the design of the HgCdTe doping and composition
profiles did not incorporate features to suppress
it. The cause of the structure was not determined,
but it is believed to be unrelated to the central
topic of spectral crosstalk arising from radiative
recombination.

To confirm the existence of luminescence caused
by radiative recombination, we measured the cur-
rent-voltage characteristics of a pixel, operated with
the p-type layer floating, at several discrete values
of the forward-bias voltage on the Band-1 diode of
an adjacent pixel, as schematically illustrated in
Fig. 3a. The bias across the Band-2 diode of the adja-
cent pixel was held at zero by shorting the Band-2
n-type contact to the p-type. Figure 3b shows the
results, where each curve represents a different
forward bias on the adjacent diode.

The interpretation of the data is complicated by
the parasitic, lateral PNP (p-type, n-type, p-type)
transistor in which the forward-biased diode acts as
the emitter; the reverse-biased, Band-1 p-n junction
in the sequential detector as the collector; and the
bottom n-type layer as the base. For positive bias
across the sequential detector, both bottom diodes
are forward-biased, disabling the lateral PNP tran-
sistor, and the variation of the saturation current

with forward bias on the adjacent Band-1 diode is a
result of the Band-2 diode in the sequential detector
sensing radiation emitted by the adjacent Band-1
p-n junction. With negative bias across the sequen-
tial detector, the lateral PNP transistor is active, and
the saturation current has two components. The first
is proportional to the holes injected into the shared
n-type layer, and the second is a function of the lumi-
nescence emitted by the forward-biased diode.

A different test structure, containing only sequen-
tial-mode detectors, exhibits behavior that is best
interpreted as detection of radiative recombination.
The wafer in which these detectors were fabricated
was engineered for sequential-mode operation and
has an energy barrier in the p-type layer to suppress
transistor gain. The measurements were taken on a
group of 3 � 3 diodes within a larger 10 � 10 array.
Figure 4a schematically indicates the electrical
connections for the measurement of the spectral
response of the central pixel that was recorded at
several fixed values of the bias applied to seven of
the eight surrounding pixels. One of the corner pix-
els in the 3 � 3 group was inaccessible because of
the configuration of the fanout.

As shown in Fig. 4b, the central pixel, when oper-
ated in Band-2 mode at �150-mV bias, has a re-
sponse at wavelengths shorter than 4.2 µm that
depends on the bias of the surrounding pixels and is
additive with the intrinsic spectral crosstalk arising
within the test detector. The additional response
is at a minimum when the surrounding pixels are
biased at �500 mV and increases as the bias is
changed to zero, then �500 mV. This is qualitatively
consistent with the expected amount of hole current
and luminescence by Band-1 diodes in the surround-
ing pixels. Photogenerated holes in these pixels are
most efficiently collected at �500-mV bias, yielding
the least radiative recombination; inefficiently col-
lected at zero bias; and not collected at �500, giving
maximum luminescence.
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Fig. 3. (a) Electrical schematic for measurement of the current-voltage curves of a dual-band, sequential-mode detector at several fixed
values of the forward bias on the Band-1 diode of an adjacent pixel. (b) The positive-bias saturation current depends on the bias of the adjacent
Band-1 diode, showing it emits radiation.
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The central-pixel Band-1 response, taken at a bias
of �50 mV, exhibits a long-wavelength shoulder be-
yond the cutoff that we attribute to lateral diffusion
of holes originating from the surrounding pixels. The
magnitude of the shoulder is consistent with the de-
pendence of hole injection on surrounding detector
bias, being highest at positive bias and lowest at neg-
ative. The shoulder also depends on the photocurrent
in the surrounding pixels, which is proportional to
the incident Band-2 photon flux.

DEVICE MODELING

This section discusses one-dimensional calcula-
tions using the commercial device simulator Dessis,8
as well as the internally developed model Het III.9
Both of these models solve the coupled set of equa-
tions consisting of Poisson’s and the drift-diffusion
equations for electrons and holes.9 Doping and
composition profiles for the simulations were ob-
tained from secondary ion mass spectrometry
(SIMS) measurements by Charles Evans and Associ-
ates (Sunnyvale, CA) taken on part of a sequential-
mode wafer after completion of device processing. All
of the results in this section are from a single wafer
that is different from those of the preceding section,
although identical in design to the sequential-mode
device of Fig. 4.

The primary SIMS ion was Cs� for the composition
and arsenic profiles and O2

� for indium. The SIMS
composition profile was corrected for the composition
dependence of the sputter rate,10 and the raw and
uncorrected depths were used as a lookup table to
adjust the depth scales for arsenic and indium.

To smooth the SIMS data and improve the numer-
ical stability of the device simulations, analytic
representations of the composition and doping
profiles were obtained by fitting each to a sum of
error functions. To correct for the error of the SIMS
measurement, the composition profile was scaled,
according to the equation:

(1)

where the numerical values in Eq. 1 were chosen to
force the model spectral response to fit the experi-
mental, as shown in Fig. 5. The measured spectral
response for each band, represented by the symbols,
was scaled to have the same peak value as that
calculated by the model. Cutoff wavelengths are
4.2 µm for Band 1 and 4.9 µm for Band 2.

Model recombination mechanisms were band-to-
band radiative and SRH, given by:

(2)

for radiative and

(3)

for SRH. Equations 2 and 3 follow the notation and
variable definitions of Reine et al.11 The radiative
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Fig. 4. (a) Schematic diagram for measurement and (b) spectral response of a sequential detector in Band 1 and 2 modes at discrete values of
the bias on seven of the surrounding eight detectors. All curves are normalized such that each has a peak value of unity.

a b

Fig. 5. Modeled (lines) and experimental (symbols) spectral-quan-
tum response of a sequential-mode detector.

x xScaled = −( )1 055 0 315. .
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coefficient, B, depends on the temperature and local
composition, while the SRH trap energy was taken
to be at the local, intrinsic Fermi level. The optical
absorption coefficient was calculated using the com-
position- and temperature-dependent expressions of
Hougen.12

For an indium concentration of 3 � 1015 cm�3 and
a composition of 0.33 in the Band-1 absorber layer,
the calculated lifetime caused by radiative recombi-
nation is 1.7 µs at a temperature of 90 K. The Auger
1 recombination lifetime11 is estimated to be 24 µs
for the same parameters. Based on the measured
Band-1 quantum efficiencies, the nonradiative life-
time was inferred to be in the 1–5-µsec range and
modeled with the SRH mechanism. The Auger 1 re-
combination was omitted from device simulations
because of its large lifetime compared with radiative
and SRH.

Table I lists the values of mobility and SRH life-
time parameters, which were assumed to be con-
stant within each of the three layers. The electron
and hole SRH-lifetime parameters, τn0 and τp0, were
equal with the values listed in Table I.

The simulators do not account for the reabsorp-
tion of the photons generated by the radiative re-
combination. Dumke13 has shown that the effect of
reabsorption is to redistribute the photogenerated
carriers with an effective diffusivity given by

(4)

where τRad is the radiative lifetime, and �α2� is the
value of the squared absorption coefficient averaged
over the energy of the emitted photons. Assuming
1.7 µs for the radiative lifetime and 2.5 � 105 cm�2

for the absorption coefficient factor, Eq. 4 gives a
value of 0.78 cm2/s for D, which at 90 K corresponds
to an effective mobility of 100 cm2/V·s, 20% of
the model hole mobility (Table I). This shows that
the redistribution effects of photon reabsorption are
relatively small compared to carrier diffusion.

Simulated current-voltage characteristics are
shown in Fig. 6 for no illumination (solid curve,
labeled “Φ � 0”) and with a photon flux of 1015 cm�2

s�1 at wavelengths of 4 µm and 4.5 µm (dashed
curves annotated with wavelength). The curves with
illumination represent the total simulated current,
which includes the dark-current leakage. The dips
in the curves are the points at which the current
changes from negative on the left side to positive
on the right. Under illumination, the portion of a

curve in which the detector is inactive is the right
side for the 4-µm wavelength case and the left for
the 4.5 µm. The current under this condition is a
result of the small amount of above-cutoff, 4.5-µm
radiation absorbed by the Band-1 detector in the
longer wavelength case. For the shorter wavelength
case, the Band-2 mode current for biases greater
than 0.09 V is a consequence of the residual IR not
absorbed by the Band-1 n-type layer. In both cases,
the out-of-band response corresponds to detecting a
fraction equal to 5 � 10�3 of the incident flux and is
probably accurate to an order of magnitude because
of numerical errors of the discretized model.

Figure 7 is a plot showing the spatial distribution
of the simulated radiative-recombination rate at
150-mV bias (Band-2 detection mode) under a Band-
1 photon flux of 1015 cm�2·s�1 and 4-µm wavelength.
There are three dashed curves corresponding to SRH
lifetimes in the Band-1 absorber layer of 1 µs, 2 µs,
and 5 µs. As a reference, Fig. 7 also plots the photo-
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Table I. Mobilities and SRH Lifetime Parameters
for Device Simulations

µµn µµp ττSRH
Layer (cm2/V·s) (cm2/V·s) (µµs)

Band-1 absorber 3 � 104 500 1, 2, 5
p-Type middle 6 � 103 200 0.05
Band-2 absorber 3 � 104 500 1

Fig. 6. Simulated current-voltage curves with no IR illumination
(solid curve) and 1015 cm�2·s�1 illumination at wavelengths of 4 µm
and 4.5 µm (dashed lines).

Fig. 7. Simulated photogeneration (solid line) and radiative-recom-
bination (dashed) rates with SRH lifetime in the Band-1 absorber
layer as a parameter. Detector biased in long-wavelength mode
under short-wavelength illumination.
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generation rate (solid line) and indicates the position
of the two p-n junctions. The radiative-recombination
rate is nearly constant within the Band-2 absorber
layer as a result of diffusion and also increases
with increasing SRH lifetime. In all cases, there is a
small contribution to the radiative-recombination
rate from holes injected by the forward-biased Band-
1 p-n junction, but it is negligible as shown by the
4-µm current-voltage curve in Fig. 6.

Assuming that half the photons are emitted to-
ward the Band-2 diode, which detects them with
100% efficiency, the spatially integrated radiative-
recombination rate, normalized to twice the input
photon flux, is an upper bound on the quantum re-
sponse of the detector in Band-2 mode to out-of-band
radiation. As shown by the middle curve in Fig. 8,
the parameter varies between 0.13 and 0.32 as the
Band-1 SRH lifetime changes from 1 µs to 5 µs. As a
comparison, the Band-1 internal quantum efficiency
at 4 µm is in the range of 0.86 to 0.96 (top curve,
Fig. 8).

A more accurate estimate of the Band-2 response
to Band-1 radiation is

(5)

where Φ is the input photon flux, R is the radiative-
recombination rate, L is the thickness of the Band-1
absorber, and α is the absorption coefficient. The sec-
ond half of Eq. 5 follows from the first by assuming
that R has a constant value equal to its integrated
value divided by L and that α is constant. This ex-
pression is applicable for a single photon energy, and
a more accurate treatment would account for the
spectral distribution of the radiative recombination.

Assuming that the radiative recombination results
in a photon energy equal to the bandgap, a CdTe frac-

tion of 0.3296 and a temperature of 90 K gives
446 cm�1 for the absorption coefficient at 0.2924 eV.12

Together with 11 µm for L and the normalized, inte-
grated values of R/2 in Fig. 8, Eq. 5 gives values of
0.10, 0.16, and 0.24 for η21, which are plotted as the
bottom curve in Fig. 8. These values differ by less
than a factor of 2 from the measured crosstalk value
of 0.17, defined as the quantum response at a wave-
length of 4 µm, divided by the peak, in-band response
(Fig. 5). This calculation suggests that the SRH
lifetime in the Band-1 absorber layer is on the order
of 2 µs.

DISCUSSION
In this section, we examine the amount of recom-

bination that occurs by band-to-band radiative re-
combination, its dependence on doping density, as
well as including the effects of Auger 1 recombina-
tion. The reasoning is independent of the magnitude
of the photogeneration rate, and only depends on the
relative magnitudes of the radiative, Auger 1, and
SRH lifetimes as they vary with doping. In addition,
we assume that the SRH lifetime is independent of
the donor concentration in the Band-1 absorber
layer. In the following, when we refer to Auger
recombination, it is to be understood that we are
referring to the Auger 1 mechanism.11

The amount of recombination that occurs radia-
tively, as a fraction of the total (radiative plus non-
radiative) recombination, is related to the radiative
and net nonradiative lifetimes by

(6)

where R is a recombination rate, τ is a lifetime; and
ND is the donor concentration. Subscript Rad indi-
cates radiative; Tot indicates total, which is the sum
of radiative and nonradiative processes; and NR
indicates nonradiative.

We express the ND dependence of the radiative
and Auger lifetimes in terms of their values at a
fixed donor concentration, ND,Ref, by

(7a)

(7b)

The Ref subscript denotes the values of radiative
and Auger lifetimes at the reference donor concen-
tration. The net nonradiative-recombination life-
time caused by Auger and SRH recombination is

(8)

Inserting Eqs. 7 and 8 into Eq. 6 gives
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Fig. 8. Calculated quantum response to radiation at 4 µm in Band-1
mode (solid line) and two estimates of Band-2 quantum response to
4-µm radiation (dashed) as a function of SRH lifetime.
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According to Eq. 9, the radiative-recombination frac-
tion approaches zero for both small and large values
of ND. At small values of ND, the relative amount
of radiative recombination becomes small because
the radiative-recombination rate itself goes to zero,
proportional to ND. At large values of ND, most of the
recombination occurs as Auger recombination, and
the fractional radiative recombination goes to zero
as 1/ND. The radiative-recombination fraction has a
maximum at an intermediate value, given by

(10)

which follows by setting the derivative with respect
to ND of Eq. 9 to zero and solving for ND,Max.

Figure 9 plots the lifetimes given by Eqs. 7 and
8 and the fractional radiative-recombination rate
defined in Eq. 9 for a temperature of 90 K, Band-1
absorber composition of 0.3296, and SRH lifetime of
1 µs. In addition, we have plotted the internal quan-
tum efficiency for a wavelength of 4 µm and a hole
mobility of 500 cm2/V·s, as computed using Eq. 73 of
Reine et al.11 for a backside-illuminated photodiode.
The curves in Fig. 9 show that the crosstalk caused
by radiative recombination is best reduced by lower-
ing the doping in the Band-1 absorber layer because
the quantum efficiency decreases with higher donor
concentration. Decreasing the donor concentration
from 3 � 1015 to 1015 cm�3 lowers the fractional ra-
diative-recombination rate from 0.36 to 0.16, a ratio
of 2.2, with a slight increase in quantum efficiency.
To effect the same change by increasing the donor
density requires that ND be raised above 2 � 1017, at
which level the quantum efficiency is 0.01.

CONCLUSIONS

We have presented evidence for spectral crosstalk
caused by radiative recombination in sequential-
mode, dual-band HgCdTe detectors. In the Band-2
detection mode under Band-1 illumination, photogen-
erated carriers in the Band-1 absorber layer recom-
bine radiatively and emit photons that are detected
by the Band-2 photodiode. Although neglecting the
reabsorption of the emitted photons, one-dimensional
device simulation calculates a radiative-recombina-
tion rate that can be used to estimate the crosstalk
within a factor of 2. A more accurate device simula-
tion should include reabsorption, the spectral distrib-
ution of the radiative-recombination emission, and
geometrical effects. Treating geometrical effects in
the modeling of the reabsorption requires that the
simulation be performed in three dimensions.

A simple calculation of the dependence of the
radiative and Auger 1 recombination rates on donor
density in the Band-1 absorber shows that the
radiative recombination, as a fraction of the total
recombination, has a maximum when ND is 1.5 �
1016 cm�3 for the case in which x � 0.33, the SRH
lifetime is 1 µs, and the Auger 1 lifetime is 24 µs at
ND � 3 � 1015. This simple model assumed that the
only radiative mechanism is band-to-band recombi-
nation, and nonradiative recombination occurred
only by SRH and Auger 1. Of course, there are many
other radiative and nonradiative mechanisms that
could be included. Among the radiative are free-
to-bound and excitonic transitions.14 A nonradiative
mechanism that can be important in actual devices
is surface recombination, which would require a
two- or three-dimensional device simulation.

We have observed, as shown by the experimental
data of Figs. 2–4, that radiative recombination can
also be a source of optical crosstalk between neigh-
boring pixels when all unit cells are not in the same
bias condition. Such an operating condition is not
normal in an active FPA but could be present in ex-
periments similar to those discussed here.
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