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Heterojunction device design concepts are leveraged to reduce depletion layer generation-

recombination (G-R) dark current in planar Pþ-on-n SWIR HgCdTe infrared detectors.

Shockley-Read-Hall (SRH) depletion dark current (when present) is expected to be the dominant

dark current component at low temperatures, and in fact, it is beneficial for the transition from

diffusion to G-R to be at such relatively low temperatures. However, it is empirically observed

that even for relatively long values of the SRH lifetime (20 ls), the transition occurs at relatively

high temperatures (>200 K) for material with a cut-off wavelength of 2:5 lm. A key device

design parameter of Pþ-on-n photodiodes is the position of the electrical junction relative to the

hetero-metallurgical interface. Junction formation via p-type arsenic implantation into the

narrow-gap absorber layer is typically chosen for efficient collection of diffusion current, how-

ever, other configurations are possible as well. In this letter, we numerically explore the condi-

tions that reduce depletion dark current without reducing the quantum efficiency (QE). The

findings support the assertion that device design conditions exist in SWIR HgCdTe that essen-

tially eliminate the depletion dark current without significantly reducing the QE. VC 2015
AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4926603]

Recently, the U.S. Army and the other services have

become increasingly interested in pursuing imaging capabil-

ities in the short-wave infrared (SWIR) spectral window

(1� 3 lm). The 1:3� 1:7 lm spectral band has garnered the

most attention over the years, but recent efforts are now fo-

cusing in the extended-SWIR (eSWIR, 1:7� 3:0 lm) band.1

However, passive imaging in these bands under full moon or

starlight conditions requires systems with extremely low

noise, due to the relatively low photon fluxes available in

these bands.2 In this regard, one source of noise that may

limit the overall system performance arises from dark current

in the device material that comes from fundamental or

defect-related mechanisms. While achieving dark current

contributions from only fundamental mechanisms should be

the goal for best case device performance, it may not be

readily achievable with current technology and/or resources.

In0.53Ga0.47As, lattice matched to InP, is widely used for

imaging in the spectral band from 0:8� 1:7 lm. It is well

known that extending InGaAs beyond 1:7 lm creates lattice-

mismatched growth conditions on InP substrates. This typi-

cally results in additional defect related dark current over its

lattice-matched counterpart.1 However, perhaps a more im-

portant limitation is a severe reduction in quantum efficiency

(QE) due to the relatively large band offsets3 present in

heterojunction4 architectures which may be employed to

reduce Shockley-Read-Hall (SRH) junction dark current. In

contrast, the Hg1�xCdxTe material system is nearly lattice

matched5 for alloy compositions with cut-off wavelengths

ranging from kc ¼ 1:8� 16:0 lm. Band offsets in HgCdTe

are relatively small,6 which enables depletion dark current

reduction designs with no significant reduction in QE.

Diffusion limited SWIR (kc ¼ 2:5 lm) HgCdTe devices

(Auger and radiative recombination) are capable of achieving

a dark current as low as �1 nA=cm2 at 200 K, essential to

imaging in the SWIR and eSWIR due to the very low photon

fluxes. However, non-optimized growth conditions may pres-

ent material defects in HgCdTe leading to SRH recombination

dominated dark current. In fact, a modest SRH lifetime of

20 ls (Ref. 7) increases the dark current significantly in SWIR

HgCdTe. The natural solution to reduce SRH recombination,

to regain diffusion limited performance, is by reducing the

number of defects during growth/device processing, which

may not be immediately obvious or possible. It is, therefore,

desirable to explore design principles that minimize the SRH

dark current contribution without requiring significant defect

reduction. In this letter, numerical simulations are leveraged

to incorporate intelligent heterojunction4 device design which

engineers effective suppression of SRH G-R dark current,

thereby recovering diffusion limited behavior.

The analysis begins by considering a single large-area

eSWIR planar Pþ-on-n HgCdTe photodiode shown in Fig. 1.

The device architecture considered assumes abrupt interfaces

and abrupt doping profiles (abrupt junction). The geometry con-

sists of a 3:0 lm thick narrow-gap Hg0.555Cd0.445Te absorber

layer (AL), followed by a 1:0 lm thick wide-gap Hg0.260

Cd0.740Te cap layer (CL). The device has been engineered such

that the AL bandgap wavelength is k ¼ 2:575 lm and the 50%

response cut-off wavelength is kc ¼ 2:521 lm at 200 K. Both

the narrow-gap AL and the wide-gap CL are assumed to be

identically doped n-type in the range ND ¼ 1:0� 1015�a)Electronic mail: jonathan.schuster2.ctr@mail.mil

0003-6951/2015/107(2)/023502/5/$30.00 VC 2015 AIP Publishing LLC107, 023502-1

APPLIED PHYSICS LETTERS 107, 023502 (2015)

 24 April 2024 07:51:23

http://dx.doi.org/10.1063/1.4926603
http://dx.doi.org/10.1063/1.4926603
http://dx.doi.org/10.1063/1.4926603
mailto:jonathan.schuster2.ctr@mail.mil
http://crossmark.crossref.org/dialog/?doi=10.1063/1.4926603&domain=pdf&date_stamp=2015-07-13


1:0� 1016 cm�3. In planar geometries, the junction is formed

by implanting arsenic into the wide-gap CL, usually extending

into the narrow-gap AL. In the numerical model, the p-type ar-

senic implant has been modeled as an abrupt profile with NA ¼
2:0� 1017 cm�3 (prior to doping compensation). The depth of

the arsenic implant (measured from the AL/CL interface) is

given by zj. In the current analysis, the depth of the implant will

be varied. A value of zj ¼ 0 lm indicates that the implant ter-

minates at the AL/CL interface, zj > 0 lm indicates that the

implant extends into the narrow-gap AL (case shown in Fig. 1),

and zj < 0 lm indicates that the implant resides solely in the

CL. Dependent on zj is also z0jðVÞ, the extent to which the n-

side depletion region (WDnðVÞ) penetrates into the AL (meas-

ured from the AL/CL interface), which is bias dependent, and

must penetrate into the AL for collection of diffusion cur-

rent and suitable device operation. A key parameter of this

device is the valence band offset (DEv) between the AL

and CL. Calculating intrinsically DEv using the electron

affinities and energy gaps yields DEv ¼ 91 meV which is

significantly smaller than in other semiconductor systems

used in SWIR detection, such as the In0.53Ga0.47As/InP het-

erostructure (DEv ¼ 440 meV).3 The model assumes ideal

Ohmic contacts on the AL (fixed at zero bias) and CL

(biased).

To simulate the device in Fig. 1, a two-dimensional

(2D) finite element method implementation is used to solve

Poisson’s equation and the continuity equations.9 The nu-

merical model is discussed in detail in Ref. 10, where it has

been used in three-dimensions (3D) to simulate pixel arrays.

A 2D model has been used in the current analysis since the

focus here is on studying effects along the growth direction

and not lateral/3D effects. Additionally, band-to-band or

trap-assisted tunneling currents, potentially prevalent in

LWIR HgCdTe,5 are not incorporated since they are not

experimentally observed in SWIR HgCdTe due to the much

larger bandgap and higher operating temperature.11 A full

description of the HgCdTe material parameters used is given

in Ref. 12. In all simulations, unless otherwise specified, the

device specifications are ND ¼ 1:0� 1016 cm�3; DEv ¼ 91

meV, sSRH ¼ 20 ls, the temperature is T¼ 200 K, and when

illumination is present k ¼ 2:0 lm with an incident photon

flux / ¼ 1� 1012 photons cm�2 s�1.

Figure 2 presents the dark J(V) characteristics of the de-

tector shown in Fig. 1 with zj ¼ 0:0 lm for two different

absorber doping concentrations, with and without SRH

recombination. Note that SRH recombination introduces cur-

rent in two contributions: SRH recombination in the quasi-

neutral region (diffusion current) and G-R in the depletion

region.13,14 To elucidate the numerical results in Fig. 2, con-

sider analytically the diffusion reverse bias saturation current

in the AL given by

JSAT ¼ qn2
i d

1

sTotND

� �
¼ qn2

i d Bþ CnND þ
1

sSRHND

� �
;

(1)

where JSAT is the saturation current density (diffusion), q is

the elemental charge, sTot is the total lifetime, d ¼ t
�WDnðVÞ, t is the AL thickness, ni is the intrinsic carrier

concentration, B is the radiative capture probability, Cn is the

Auger electron coefficient, and sSRH is the SRH lifetime for

FIG. 1. Schematic representation of a single planar Pþ-on-n HgCdTe pixel,

where red and blue represent the narrow- and wide-gap layers, respectively,

doping concentrations are given by the y�axis, WDðVÞ is the depletion

region (light shaded region), zj and z0jðVÞ are the implant depth and depletion

region penetration, respectively (relative to the hetero-interface, based on

the notation of Grimbergen8). FIG. 2. Dark current versus voltage for zj ¼ 0:0 lm.

TABLE I. AL properties due to Auger (calculated using F1F2 ¼ 0:10Þ, radiative (omitting photon recycling15), and SRH recombination. JSAT calculated ana-

lytically using the values of WDnðV ¼ �0:100 VÞ ¼ 0:829 lm (ND ¼ 1015 cm�3) and 0:263 lm (ND ¼ 1016 cm�3).

ND ðcm�3Þ B ðcm�3s�1Þ Cn ðcm�6s�1Þ sRad ðlsÞ sAug ðlsÞ sSRH ðlsÞ sTot ðlsÞ sTotND ðcm�3sÞ JSAT ðA=cm2Þ

1� 1015 6:51� 10�11 1:60� 10�27 15.35 625.15 N/A 14.99 1:50� 1010 8:01� 10�10

20 8.57 8:57� 109 1:40� 10�9

1� 1016 6:51� 10�11 1:60� 10�27 1.54 6.25 N/A 1.23 1:23� 1010 1:23� 10�9

20 1.16 1:16� 1010 1:30� 10�9

1 0.55 5:52� 109 2:74� 10�9
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electrons and holes. Recall Eq. (1) applies only to the quasi-

neutral region and is a simplification (assuming low level

injection and the thin base limit) of the continuity equations

which are self-consistently solved in the numerical model.

Utilizing the lifetime values given in Table I and the

simulation results in Fig. 2, it is seen that the diffusion

limited current saturates near �1nA=cm2. For ND ¼ 1:0
�1015 cm�3; JSAT is strictly due to radiative recombination

and from Eq. (1) it is seen that when radiative recombination

is dominant that JSAT is independent of doping and depends

linearly on B. However, when ND ¼ 1:0� 1016 cm�3, Auger

recombination contributes more significantly and JSAT

increases slightly but is still limited by radiative recombina-

tion. Observe that JSAT remains nearly constant because the

product sTotND remains nearly constant as a function of dop-

ing when limited by radiative recombination. Note that

incorporating photon recycling15 would not alter these con-

clusions, although the transition from radiative to Auger

dominated dark current would occur at lower doping concen-

trations. Introducing a modest sSRH ¼ 20 ls (sn0 ¼ sp0

¼ 20 ls;Etrap ¼ Ei, Eq. (5.5) in Ref. 13) results in the dark

current increasing by approximately two orders of magnitude

(see Fig. 2), due to the very large contribution of G-R in the

depletion region.13,14 Since the SRH lifetime is longer than

the radiative lifetime, the SRH contribution in the quasi-neutral

region is minor (see Table I), however, the G-R depletion

region current is over an order of magnitude higher and scales

with the depletion region width and the intrinsic carrier concen-

tration.14 Consequently, since the higher doped device has a

smaller depletion region (WDn � 0:238 lm (ND ¼ 1016 cm�3)

compared to WDn � 0:744 lm (ND ¼ 1015 cm�3) at zero bias,

calculated analytically using x¼ 0.445), the dark current is

lower with the higher doping (see Fig. 2). Therefore, increasing

the doping reduces the dark current since a higher doping

shrinks the depletion region, reducing the G-R current.

In Fig. 2, it was shown that when SRH recombination is

present that the dominant contribution to the dark current is

from G-R in the depletion region and that increasing the dop-

ing decreases the depletion region width thereby reducing

the dark current. Therefore, to reduce the G-R dark current

further, the depletion region must be reduced in size by

increasing the doping or the depletion region must be shifted

into the wide-gap CL.4 Adopting the second option, the

depletion region can be shifted into the CL by reducing the

implant depth (zj), such that the implant resides solely in the

CL (zj < 0 lm in Fig. 1). However, great care must be placed

in choosing the implant depth when utilizing this optimiza-

tion technique. This design choice can result in a bias de-

pendent QE if the depletion region (z0jðVÞ in Fig. 1) does not

penetrate slightly into the AL near zero bias.4 Given that

z0jðVÞ �
ffiffiffiffiffiffi
jVj

p
, reverse bias must then be applied to extend

z0jðVÞ into the AL to collect photocurrent. Towards this

end, Fig. 3 presents the dark J(V) characteristics (a) and in-

ternal QE (b) for several values of zj, QE calculated using

Eq. (16) in Ref. 10. When the junction extends into the AL

(zj ¼ þ0:1 lm) or terminates at the AL/CL interface

(zj ¼ 0:0 lm), the dark current and QE are identical for each

case as a function of voltage. In both cases, the dark current

is due to G-R at all biases and the QE is voltage independent.

However, as the junction is shifted sufficiently into the wide-

gap CL (zj � �0:2 lm), the dark current at small to moder-

ate reverse bias initially saturates as a diffusion current

before G-R contributes at larger reverse bias. As the reverse

bias is further increased, the depletion region expands further

into the AL and the G-R current approaches that of the zj �
0 lm cases. However, to adequately observe the initial G-R

suppression, the junction must reside sufficiently in the

wide-gap CL, which is why diffusion limited behavior is not

observed when zj ¼ �0:1 lm (although the dark current in

magnitude is noticeably lower).

Figure 4 presents the dark current (a) and QE (b) versus

zj at a fixed bias of V ¼ �0:100 V with and without SRH

recombination. Consider first the case without SRH recombi-

nation. The dark current is equal to JSAT when the junction is

located in the AL (zj ¼ þ0:1 lm). As the junction is shifted

into the CL, the dark current remains at JSAT until is begins

to progressively decrease near zj � �0:25 lm. At

zj ¼ �0:25 lm, z0jðVÞ does not penetrate sufficiently into the

AL (at this bias), which prevents the collection of thermally

(and optically) generated carriers via diffusion.

Consequently, the same suppression is seen in the QE, since

the diffusion dark current and photocurrent are both mutually

dependent diffusion processes. However, even at

zj � �0:25 lm, QE �90 %. Consider, now sSRH ¼ 20 ls. For

FIG. 3. Dark current (a) and internal QE (b) versus voltage for several val-

ues of zj.
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zj > �0:15 lm, G-R now contributes significantly to the

dark current since the majority of z0jðVÞ resides in the

narrow-gap AL. However, as zj ! �0:15 lm, z0jðVÞ resides

progressively in the wide-gap CL, eliminating the G-R cur-

rent. Most importantly, the G-R current turns off before the

diffusion current does. Thus there is an optimal regime

where the dark current is diffusion limited, without signifi-

cantly reducing the QE, despite sSRH ¼ 20 ls. This optimum

resides within �0:25 lm � zj � � 0:15 lm (depicted by

grey lines in Fig. 4). The same benefits are observed for the

worst case scenario of sSRH ¼ 1 ls. The dark current reduc-

tion is seen, although the diffusion current is larger since

SRH recombination now contributes in the quasi-neutral

region as well (sSRH < sRad, see Table I).

Given that the results presented in Fig. 4 are bias de-

pendent, it is desirable to devise a figure of merit to optimize

zj that is independent of reverse bias. This can be achieved

by utilizing solar cells metrics and calculating under forward

bias the fill factor16 FF ¼ ðIMPVMPÞ=ðIscVocÞ, where IMP and

VMP are the current and voltage that correspond to where

P¼ IV is maximum, Voc is the open circuit voltage, and Isc is

the short circuit current, given by �Isc ¼ IPhotojV¼0:0 V and

Voc ¼ VðIDark ¼ IPhotoÞ. Note that Isc and Voc depend on both

the dark current and incident photon flux. Figure 5 presents

the fill factor versus zj. It is observed that when SRH recom-

bination is prevalent that FF initially increases as zj is

decreased and reaches a maximum at the value of zj where

diffusion limited behavior is observed (compare to

Fig. 4(a)). After this peak, FF continually decreases as zj !
�0:40 lm to a minimum value far below the initial value at

zj ¼ þ0:1 lm. Therefore, calculating FF yields a metric, in-

dependent of reverse bias, that provides the largest value of

zj with diffusion limited performance (corresponding to

where FF is maximized).

In conclusion, heterojunction device design concepts

have been leveraged to suppress G-R dark current in SRH

limited eSWIR HgCdTe Pþ-on-n infrared detectors by shift-

ing the arsenic implant into the wide-gap CL. Numerical

simulations were performed to study the dependence of the

device performance on implant depth, layer doping, lifetime

(specifically SRH), and detector bias. The simulations reveal

that by properly designing the depletion region, the implant

can be confined to the wide-gap layer without reducing the

QE, thereby significantly reducing G-R attributed dark cur-

rent. This technique is possible in HgCdTe due to the rela-

tively small DEv but may not be optimal in material systems

with significantly larger DEv. Finally, these design rules

should only be leveraged in G-R limited material and will

not yield superior device performance in diffusion limited

material.
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