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Abstract
We report an analysis of the current-voltage characteristics of a dual-band HgCdTe infrared detector built in an n-p-n con-
figuration and designed for sequential mode operation in mid-wavelength (MW) and long-wavelength (LW) bands. The 
model treats the device as a pair of back-to-back p-n junctions and addresses both dark and illuminated conditions over a 
range of temperatures. We show that the assumption of ideal diode behavior (diffusion-only current) provides a very good 
first approximation, particularly at small bias voltages. We also find that a plot of the resistance-area product RA is the most 
sensitive indicator of the deviation from ideality, most of which is due to non-diffusion currents in the LW junction. We 
determine the apportionment of the applied voltage between the two junctions and show that for LW detection, less than half 
the total voltage appears across the reverse biased LW junction. Our approach should be useful in analyzing other dual-band 
test data and guiding design improvements.

Graphical Abstract
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Introduction

In response to sensor system requirements, technological 
advances in the last several years have made it possible to 
fabricate focal planes that are sensitive in two wavelength 
bands of the infrared spectrum.1–4 The most commonly used 
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material for dual-band detectors is HgCdTe.5–12 The pair 
of bands selected for most applications are mid-wavelength 
(MW), which is nominally 3–5 µm, and long wavelength 
(LW), nominally 8–12 µm. Infrared focal plane assem-
blies are typically fabricated with a HgCdTe detector array 
hybridized to a silicon readout integrated circuit chip by 
means of one interconnect per pixel. Each pixel is sensitive 
in both bands, from which the signals are read alternately by 
switching the polarity of the applied bias voltage. This mode 
is known as sequential. The simultaneous mode, in contrast, 
requires two interconnects per pixel with precise control of 
etching to contact the center layer, and is more difficult to 
implement in small pitch focal planes. In this paper we study 
a sequential dual-band HgCdTe device consisting of two 
n-type absorber regions, with band gaps tailored to the MW 
and LW bands, respectively. The absorbers are separated 
by a p-type region, making an n-p-n configuration with two 
back-to-back p-n junctions.

It is desirable to understand the current-voltage relation-
ships in this detector for purposes of analyzing test results 
and guiding future design improvements. A key constraint 
is that this is a two-terminal device, with no separate con-
tact to the middle p-region. Another significant feature is 
the asymmetry between the MW and LW junctions, spe-
cifically the disparity in impedances. The interplay between 
the two junctions turns out to be critical to the analysis. 
To model the current-voltage relationship, early work was 
done by DeWames et al.13–15 and by Rhiger and Bangs.16 
This paper is intended to expand upon those efforts. Various 
other approaches to modeling HgCdTe dual-band detectors, 

some by finite-element numerical analysis, have been 
reported by several authors.17–21 Also, in the literature one 
can find examples of the analysis of back-to-back Schottky 
barriers,22–24 which are conceptually useful but do not apply 
directly because the physics of the junctions is different.

In this paper we develop a model for the current density-
voltage (J-V) relationship of the full device and compare it 
with experimental results for a typical HgCdTe MW-LW 
detector. An important goal is to determine how the exter-
nally applied bias voltage is apportioned between the two 
junctions, as a function of the bias and the photon flux. 
Another goal is to extract from the test data an approximate 
current density-voltage characteristic for each junction. In 
addition, we identify the conditions under which the device 
conforms to ideal diode characteristics (defined by diffusion-
only current) and where it shows evidence of additional dark 
current mechanisms. We find the resistance-area product RA 
at small positive bias to be particularly useful for comparing 
model and experiment.

Device Structure and Characteristics

The dual-band n-p-n device structure is represented in 
Fig. 1. The HgCdTe has been grown by molecular beam 
epitaxy (MBE). There are two p-n junctions, aligned in 
opposite directions. The incident IR flux enters through 
the CdZnTe substrate. The other components are the MW 
absorber, the highly doped p-type region, and the LW 
absorber. Both absorbers are n-type with a lower  doping10 

Fig. 1  Structure of the HgCdTe dual-band detector with two absorbers and their corresponding p-n junctions aligned back-to-back. Photons enter 
through the substrate on the left. Not having a separate contact to the p-region, this is a two-terminal device.
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(about 3 ×  1015  cm−3) than the p-region ( > 1 ×  1017  cm−3), 
causing most of the two depletion widths to reside within 
the absorbers. The bias voltage is applied to the metal 
contact at the top of the LW absorber. Potential differ-
ences across the MW and LW junctions are VM and VL, 
respectively. A series resistance is also present, but by 
curve-fitting of single-absorber LW HgCdTe  devices25 
it has been found that the voltage across this resistance 
is small relative to that across the junction. An excep-
tion occurs when temperature is well above the normal 
operating range, causing dark current to be very large, 
a condition that we do not address. Therefore, to a good 
approximation the potential differences appear only across 
the depletion regions even when current is flowing. The 
total voltage on the device is

Individual pixels are formed into mesas by etching 
down past the depletion region of the MW junction. Since 
both junctions are in the same mesa and not far apart, they 
have the same area, so current density is the same in both. 
(In a case with unequal junction areas, current density can 
be replaced by current in much of the following discus-
sion.) Formally, the device appears to be symmetric, but 
electrically it is notably asymmetric because, under most 
conditions, the direct-current impedance of the LW junc-
tion is much smaller than that of the MW junction. Also, 
because this is a two-terminal device with no direct access 
to the p-region, one cannot directly measure the electrical 
characteristics of either junction alone.

The n-p-n structure resembles a bipolar heterojunc-
tion transistor with a floating base, but it is designed to 
avoid transistor action.6,10 The wide band gap of the base 
(p-region) forms a barrier to electron injection if either 
junction is forward biased. Also, its high doping promotes 
rapid recombination of excess electrons, inhibiting minor-
ity carrier (electron) transport in the base so that no cur-
rent gain is possible.

Detector arrays and test chips were fabricated on MBE-
grown HgCdTe/CdZnTe wafers. The test chips, contain-
ing several mini-arrays, were indium-bump hybridized 
to fanouts that provide direct electrical access to indi-
vidual pixels. They were tested by standard techniques. 
Figure 2 shows the normalized spectral response curves 
per photon at 78 K from the sample we have selected for 
detailed analysis (no. 681534-C8). This is a member of a 
mini-array with a pixel area of 1.6 ×  10−5  cm2. MW and 
LW responses were measured at the respective biases 
of − 50 mV and + 150 mV. The cutoffs, defined at the level 
of 50% response, are 5.76 µm and 10.46 µm. Figure 3 dis-
plays the dark (zero field of view) current density-voltage 

(1)V = VM + VL

(J-V) relation of the same sample at temperatures from 
77.9 K to 233 K. Arrows mark the respective bias values 
for normal operation. At these two biases the curves are 
flat at most temperatures, suggesting diffusion-dominated 
current mechanisms when each junction is in small reverse 
bias. The dynamic resistance-area product RA = dV∕dJ is 
shown in Fig. 4 for the same device in the same tempera-
ture range. A local minimum in RA occurs near + 100 mV, 
of which the parameters are addressed below in the model.

An initial test for ideal diode behavior, using the curves 
in Fig.  3, can be made on the narrow voltage interval 
between + 20 mV and + 80 mV where the MW junction is 
in small forward bias. It dominates in this region because of 
its much greater impedance. We fitted the curves to the gen-
eralized Shockley diode equation J = J0[exp(qV∕nkT) − 1] 
where n is the ideality factor,26 temperature is T, Boltz-
mann’s constant is k, and the unit charge is q. Figure 5 
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Fig. 2  Normalized spectral response per photon of the dual-band 
detector. MWIR response is obtained with − 50 mV on the device and 
LWIR with + 150 mV. Sample no. 681534-C8.
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shows that the fit gives n = 1.0, indicative of ideal (diffusion-
limited) behavior in the MW junction. The relation is not 
applicable beyond + 80 mV where the other junction begins 
to have influence. The range of ideality is explored further 
in the following discussions.

A comparison of dark and illuminated J–V curves is 
shown in Fig. 6. In the upper curve, the detector at 93.6 K 
is looking at a 300 K blackbody (BB) through an f/2 field 
of view (FOV). We observe competing photovoltaic effects. 
The LW photocurrent is higher than MW because there are 
more photons in that part of the spectrum. However, the 
point of zero current (the downward spike in the absolute 
value) is displaced, from zero volts in the dark to positive 
bias when illuminated, because of the greater open-circuit 
voltage produced by the wider band gap of the MW absorber. 
The full set of J–V curves under f/2 300 K BB illumination 
is shown in Fig. 7. Curves are bunched together at the lower 
temperatures where the photocurrent dominates and spread 
out at higher temperatures where the dark current exceeds 
photocurrent. The plots of RA when illuminated resemble 
those in Fig. 4 but with lower values.

Dual‑Band Device Model

The model begins with the assumption of ideal diode 
 behavior26 implying that currents arise only by diffusion 
from the quasi-neutral regions. In dark conditions, the 
respective equations for the MW and LW junctions are

The current density J is the same for both. The ideal-
ity factor is assumed to be unity and omitted. The reverse 
saturation current densities are J0M and J0L for the MW 
and LW junctions, respectively. The negative signs on J0L 

(2)J = J0M

(

exp
qVM

kT
− 1

)

(3)J = −J0L

(

exp
−qVL

kT
− 1

)
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Fig. 4  Dynamic resistance area product dV/dJ obtained from the 
curves in Fig. 3.

Fig. 5  Ideality factor of the MW junction in small forward bias, 
obtained from the curves in Fig. 3. The value at 1.0 indicates diffu-
sion limited dark current within this voltage interval.

Fig. 6  Absolute value of the measured current density versus bias at 
93.6 K, in the dark and under f/2 300 K BB illumination. The cusp is 
where the current changes sign.
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and on the bias of the LW junction are due to its reverse 
orientation. Under illumination the MW and LW absorbers 
will produce photocurrent densities JPM and JPL , respec-
tively, which enter the equations with a sign opposite to 
the saturation current density.

Note that the four current densities J0M , J0L , JPM , JPL 
are treated as positive quantities and the equations take 
care of the signs. For any given condition of temperature, 
photon flux, and device characteristics, these currents 
assume fixed values. Combining Eqs. 4 and 5 with 1, the 
full J–V curve of the device becomes

A closed form solution exists for V  as a function of J 
but not for the inverse. The graph of J versus V will have a 
sigmoidal shape, as we show below. Also, the point of zero 
current, known as the open-circuit voltage, is

The dynamic RA at any bias is found by differentiating 
Eq. 6 with respect to voltage and solving for dJ∕dV .

One can show that there are two limiting cases of this 
equation. First, if J = JPL + J0L then dJ∕dV = 0 , cor-
responding to a flat region of the J-V curve (at positive 
voltage) where the LW junction is in strong reverse bias. 
Similarly, if J = −(JPM + J0M) , then again dJ∕dV = 0 , for 
a flat region (at negative voltage) with the MW junction 
in strong reverse bias. The same result is evident from 
Eq. 6 when J asymptotically approaches (JPL + J0L) or 
−(JPM + J0M) , causing V to become large and positive, 
or large and negative, respectively. Therefore, under the 
assumption of ideal diode behavior, the graph of J versus V 
will have a sigmoidal shape with upper and lower bounds 
of (JPL + J0L) and −(JPM + J0M).

The local minimum of RA, as seen in Fig. 4, is a maxi-
mum of 1/RA, so we use Eq. 8 and set d2J

/

dV2 = 0 . Con-
sequently, the minimum is characterized by

(4)J = J0M(exp
qVM

kT
− 1) − JPM

(5)J = −J0L(exp
−qVL

kT
− 1) + JPL

(6)V =
kT

q
ln

[

(JPM + J0M + J)J0L

(JPL + J0L − J)J0M

]

(7)VJ=0 =
kT

q
ln

[(

JPM

J0M
+ 1

)/(

JPL

J0L
+ 1

)]

(8)1

RA
=

dJ

dV
=

(q∕kT)
[

−J2 +
(

JPL + J0L − JPM − J0M
)

J +
(

JPL + J0L
)(

JPM + J0M
)]

JPL + J0L + JPM + J0M

Additionally, the bias at the minimum turns out to be 
independent of the photocurrent.

Application to the Selected Sample

We apply the model to the detector represented in Figs. 2, 
3, 4, 5, 6, and 7. To find values for the reverse saturation 
current densities J0M and J0L we refer to the measured dark 
current densities in Fig. 3. A good approximation over 
the full range of temperatures is obtained from the values 
at − 60 mV and + 115 mV, respectively, where each junc-
tion is in small reverse bias. In Fig. 8 we draw Arrhenius 
plots of the dark current density at these biases divided 
by T3 versus reciprocal temperature, since diffusion cur-
rent varies as Jdiff ∝ n2

i
∝ T3 exp

(

−Eg

/

kT
)

 where ni 
is the intrinsic carrier concentration and Eg is the band 
gap energy.27 Except at the lowest temperatures, there are 
good straight-line fits to the data. Then, to get J0M or J0L 
at any temperature, we use the straight-line fits of Fig. 8 

(9)(RA)min =
4kT

q

1

JPL + J0L + JPM + J0M

(10)JminRA =
1

2
(JPL + J0L − JPM − J0M)

(11)VminRA =
kT

q
ln

J0L

J0M

Fig. 8  Measured dark current densities divided by T3, at two speci-
fied bias values, versus reciprocal temperature. The straight-line fits 
are used to define the reverse saturation currents of the LW and MW 
junctions.
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and multiply by T3. Moreover, the slopes correspond to 
cutoffs consistent with the spectral responses in Fig. 2. 
We also need the photocurrent densities, which can be 
obtained directly from the experimental curves. We find 
JPM = 1.67 ×  10−4 A/cm2 and JPL = 3.47 ×  10−3 A/cm2 under 
f/2 300 K BB illumination and assume them to be inde-
pendent of bias and temperature to a good approximation. 
When T >≈ 140 K the dark currents become much larger, 
and the assumed photocurrents become unimportant. Thus, 
at high temperatures, the open-circuit voltage modeled by 
Eq. 7 shows no distinction between dark and illuminated 
conditions. In the following discussions we have selected 
T = 102 K as the temperature at which to explore several 
implications of the model.

Figure 9 shows the modeled direct current impedance 
(resistance) in the dark, for each junction versus the total 
applied bias. Values are obtained by first calculating J versus 
V with Eq. 6, and then inverting Eqs. 2 and 3 to determine 
VM and VL. Since the resistances are absolute and not dif-
ferential, they are simply

where A is the junction area. At zero bias the impedance of 
the MW junction is four orders of magnitude larger, and it 
remains larger throughout most of the bias range, illustrating 
the electrical asymmetry of the dual-band detector.

Figure 10 is an example of the modeled sigmoid-shaped 
J–V curve at 102 K according to Eq. 6 under f/2 300 K BB 
FOV, compared with the measured data. Arrows mark the 
two operating biases. The fit is reasonable, but some devia-
tions occur in positive bias due to non-diffusion components 
of the LW current.

In Fig. 11, the experimental values of RA for the device 
at 102 K, in both illuminated and dark conditions, are com-
pared with the corresponding curves modeled according 
to the reciprocal of Eq. 8. Model and experiment agree 

(12)RM = VM∕JA and RL = VL∕JA

reasonably well between − 50  mV and + 150  mV. The 
agreement is especially good on the MW-dominated inter-
val from − 40 mV to + 80 mV. This contains the interval in 
which we evaluated the ideality factor in Fig. 5. On the LW 
side of the minimum, the experimental curves are displaced 
to the right by about 20 mV, suggesting that even at small 
bias, the non-diffusion current mechanisms in the LW junc-
tion are not negligible. The plots of RA are apparently the 
most sensitive means of delineating the voltage interval 
in which the device conforms to ideal (diffusion-limited) 
behavior.

Figure 12 shows how the applied bias voltage is appor-
tioned between the two junctions according to the model, 
under a variety of conditions at T = 102 K. To a very good 
approximation, the transitions in the electrostatic potential 
will be confined to the depletion regions. The position axis 

Fig. 9  Direct current (not differential) resistance of each junction ver-
sus total applied bias, in dark conditions according to the model. This 
illustrates the electrical asymmetry of the dual-band detector.

Fig. 10  Experimental and modeled current density at 102  K under 
f/2 300 K BB illumination. The model shows an ideal sigmoid shape, 
while measured values deviate at positive bias. The cross mark 
locates the origin.

Fig. 11  Comparison of experiment and model for the dynamic resist-
ance-area product at 102 K in the dark and under f/2 300 K BB illu-
mination. This is the most sensitive indicator as to when the junctions 
conform to ideal diode (diffusion-limited) behavior.
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is only schematic and does not reflect the physical size of the 
depletion widths under the different bias conditions. Also, 
we omit the curvature of the potential within the depletion 
regions. The solid lines represent the conditions for LW 
and MW detection under 300 K BB illumination with f/2 
FOV. The dotted lines apply at the same two biases but with 
FOV = 0. Under illumination, at + 150 mV for LW detection, 
we find that 50 mV appears across the reverse-biased LW 
junction, and 100 mV is dropped across the forward-biased 
MW junction. In this case, only one third of the applied bias 
appears across the active junction. In the dark (or the limit of 
very low flux) for LW detection, the potential differences are 
150 − 81 = 69 mV, and 81 mV, across the active and forward-
biased junctions, respectively, so that the active junction 
again sees less than half of the voltage. At the other operat-
ing bias, namely − 50 mV for MW detection when illumi-
nated, there is 31 mV across the active reverse-biased MW 
junction and 19 mV across the forward-biased LW junction. 
In the dark, we find essentially all of the applied − 50 mV 
across the reverse-biased MW junction. Additionally, the 
dashed line represents the special case of zero current under 
illumination, where the open-circuit voltage is + 53 mV. 
Both junctions are forward biased. The MW photovoltaic 
effect is exactly balanced by the combination of the applied 
bias and the LW photovoltaic effect.

Figure 13 tracks the potential difference across each junc-
tion as a function of the total applied bias, in the dark and 
under f/2 300 K BB illumination, according to the model. 
The inner (green and brown) and outer (blue and red) loops 
apply to the dark and illuminated cases, respectively. Each 
loop sums to the total bias line in accord with Eq. 1. Both 
branches of the inner loop go through (V,J) = (0,0). Solid 
and dotted regions of each curve represent reverse bias, and 
forward bias, respectively. Under f/2, we find both junctions 
to be forward biased between − 16 mV and + 97 mV. How-
ever, at our standard operating biases (marked with arrows) 

under similar flux values, only one junction or the other will 
be forward biased. In the dark (or the limit of very low flux) 
no forward-bias overlap occurs.

The J-V curve of the isolated junction can be extracted 
by taking each experimental value of current density and 
matching it to the modeled J-V relation of the individual 
junction to find the single-junction voltage. Figure 14 is an 
example for the LW junction at 102 K in the f/2 300 K BB 
illumination. The lower horizontal axis is VL. The upper 
horizontal axis shows the total bias V. The modeled curve, 
according to Eq. 5 is also shown. The difference is attribut-
able to non-diffusion currents in the LW junction. The exper-
imental open-circuit voltage of this junction is − 16 mV, 
which is near the calculated value of − 19 mV. The MW 

Fig. 12  Modeled electrostatic potential versus position through the 
device, for a variety of conditions, showing how the applied bias is 
apportioned between the two junctions. T = 102 K. States of forward 
and reverse bias are labeled.

Fig. 13  Potential difference across each junction, as a function of 
total applied bias voltage, at 102 K. Inner and outer loops represent 
dark and f/2 300 K BB illumination, respectively. Curves are solid for 
reverse bias and dotted for forward.

Fig. 14  Experimental J–V curve of the isolated LW junction under f/2 
300 K BB illumination, as extracted from the test data, and the mod-
eled curve for comparison.
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junction curve can be obtained in the same manner and is 
closer to the model.

Characteristics at the local RA minimum, which appears 
in Fig. 4, can also be compared with the model. Figure 15 
shows experimental values of (RA)min in both dark and f/2 
300 K BB illumination at 102 K. They converge at higher 
temperatures (1000/T < 7.5) where dark current exceeds pho-
tocurrent, while the f/2 case levels off at lower T where pho-
tocurrent dominates. Solid lines show the model from Eq. 9. 
Agreement is very good, except for the dark case at the low 
temperatures where the added non-diffusion dark current 
brings RA slightly down. Another parameter of interest is 
the bias VminRA at which the minimum resides, as shown in 
Fig. 16. The dark and illuminated experimental values agree 
very well, consistent with the expected independence from 
photocurrent in Eq. 11, and compare well with the model 
given by the lower curve. For most of the range, the experi-
ment and model run parallel about 10 mV or 15 mV apart, 
except at the highest temperatures.

Discussion

The back-to-back junction model assuming ideal p–n junc-
tions provides a very good first approximation to the experi-
mental device results. The current density-voltage curves 
show a sigmoid shape (Fig. 10) with upper and lower bounds 
defined by the sums of the respective reverse saturation 
current and photocurrent. The asymmetry of the structure 
is illustrated in terms of the direct current resistances of 
the two junctions modeled in Fig. 9. Deviations from the 
model, due to non-diffusion currents, are most sensitively 
revealed by a plot of RA versus bias (Fig. 11). We have used 
the model to determine how the applied bias is apportioned 
between the two junctions (Fig. 12). When biased for LW 

detection, whether illuminated or dark, less than half of the 
total applied bias voltage appears across the reverse biased 
LW junction, due to the strong interplay between junctions. 
Also, under illumination we find a voltage interval in which 
both junctions are forward biased, but this interval collapses 
to zero in the dark condition. In addition, given that it is not 
possible to test each junction independently, we have shown 
how to extract an approximate J–V characteristic for either 
junction.

Our investigation shows that for this device the selected 
bias voltages for normal operation, − 50  mV for MW 
and + 150 mV for LW, are well optimized. These voltages 
are far enough removed from zero, so that under f/2 300 K 
BB illumination, only the active junction will be reverse 
biased, but they do not put either junction too far into reverse 
bias, a condition that would likely increase the dark currents.

As noted above, the diffusion current in each junction that 
gives rise to ideal diode behavior originates by thermal gen-
eration within the quasi-neutral region (the absorber volume 
except for the depletion region). Nearly all of the photocur-
rent is also generated within the quasi-neutral region, and 
permits a simple, bias-independent addition to the junction 
current as implemented in Eqs. 4 or 5. For this reason, the 
ideal diode paradigm is applicable even in the presence of 
illumination. The model, however, does not account for 
excess (non-diffusion) dark currents. Instead, deviations 
from the model reveal their presence. Most of the excess 
current is associated with the LW junction, as in Figs. 10 
and 11. Such currents are evident even at small bias (Fig. 16) 
where VminRA has been displaced toward more positive val-
ues than expected from the model. Probable mechanisms of 
excess dark current include trap-assisted tunneling, shunt 

Fig. 15  Comparison of model and experiment for RA at the local 
minimum, versus temperature.

Fig. 16  Comparison of model and experiment for the bias at the local 
minimum of RA. The dark and f/2 cases agree very well, in accord 
with the model prediction of independence from photocurrent. Except 
at the highest temperatures, both differ from the modeled curve by 
about 10 mV or 15 mV due to non-diffusion currents, mostly in the 
LW junction.
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resistance paralleling the junction, and Shockley-Read-Hall 
generation within the depletion region.25,28,29 However, con-
stant energy tunneling of electrons from the valence band to 
the conduction band at the junction is not likely because the 
potential difference VL is not large enough. Further work will 
be necessary to identify the non-diffusion dark currents in 
the dual-band detector.

Summary

We have investigated the current density-voltage character-
istics of the dual-band MW–LW HgCdTe detector, built in 
the n–p–n configuration and designed for sequential mode 
operation. We have modeled the device in terms of a pair 
of back-to-back p–n junctions. The assumption of ideal 
diode (diffusion-limited) behavior provides a very good first 
approximation. The analysis reveals how the applied bias 
voltage is apportioned between the two junctions, which can 
assist in determining the optimum biases for operation of 
focal plane arrays. We find that for LW detection, less than 
half of the applied bias voltage appears across the reverse-
biased active junction, and the rest is dropped across the 
forward-biased MW junction. We have shown how to extract 
an approximate J–V curve of the individual junction. A com-
parison of model and experiment, in several parameters, 
reveals the conditions in which non-diffusion dark currents 
contribute. The analysis has been performed in detail on one 
selected sample, but the methods are applicable to n–p–n 
detectors in general.
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