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Abstract: Dark current optimization with band gap engineering has been numerically studied for InGaAs nBn type
infrared photodetectors. Undoped InAlGaAs grading layers are utilized in constructing the barrier and dipole deltadoped layers are placed in both sides of the graded layers for eliminating valence band offset. As a result, the high band
gap barrier layer blocks the majority carriers and allows minority carrier flow while minimizing various dark current
components, as expected from an nBn detector. Substantial improvement has been shown in the dark current level
without compromising any photoresponse compared to the conventional pn junction and recently proposed all InGaAs
nBn type photodetectors.
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1. Introduction
The short wave infrared (SWIR) region (from 0.9 µ m to 1.7 µ m wavelength range) is quite important for
both commercial and military sensing technologies with applications in science, medicine, space exploration,
and security. InGaAs with a lattice-matched configuration to InP produces low enough dark current at room
temperature, which makes it the most convenient choice for many applications [1–3]. Out of two main detector
pixel types, planar structured devices have lower dark current due to the buried absorber layer, and mesa
structured devices also have some advantages such as wider application alternatives including dual/multicolor
implementation and lower crosstalk due to the isolated pixels [4, 5].
In order to optimize the dark current performance, many methods including post pixel processing
passivation and various epilayer designs have been developed, but none of these techniques have fully eliminated
the leakage at the surface [6–12]. Relatively recently, barrier structured detectors have been numerically and
experimentally shown to produce lower dark current than conventional pn junction detectors and to operate
at higher operation temperatures [13–35].

In nBn type barrier detectors, Fermi level between all of the

layers are aligned by design while the energy barrier only exists for the majority carriers. Therefore, there
is almost no depletion region ideally and various dark current mechanisms are suppressed without affecting
the photogenerated carriers [16, 21, 24, 29]. For a successful design, the most critical point is preventing a
valence band offset that could block minority carriers as well. To be able to achieve this, various techniques
such as simultaneous grading of composition and doping concentration, p-type doped barriers, superlattice
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based designs, and use of delta-doping layers have been applied both numerically and experimentally [30–34].
Regarding the InGaAs based SWIR detectors, both pn with barrier and nBn type detectors have been shown
to provide successful results [13, 33, 34], and here a novel nBn detector with lower dark current is numerically
proposed. The barrier layer (together with the delta-doped layers similar to all InGaAs designs [33]) is designed
with an InAlGaAs quaternary compound that linearly grades from low band gap to high band gap by changing
the ratio of the Al-Ga mole fraction so that the lattice-mismatch is minimized. From an experimental point of
view, growing quaternary compounds is a challenge, but due to the lattice-match between the barrier and the
other layers, there is no need for long grading layers, which are also not ideal [33, 34].

2. Method
Numerical simulations were performed using the Sentaurus TCAD [36], where the designed devices are compared
to the conventional pn heterojunction and the recently proposed all InGaAs nBn structure [33] at room
temperature (300 K). The InGaAs absorber and InAlAs barrier layers, which are connected through the Al-Ga
mole fraction ratio grading of the InAlGaAs layers, are almost lattice-matched to the InP substrate. In Figure
1, representative band diagrams for the epilayer structures of the proposed detector type together with the
well-known device structures are shown. The conventional pn structure (Figure 1a) suffers from surface leakage
current, making passivation one of the most important points [12]. Various barrier designs (Figures 1b and 1c)
block some dark current components but still have the depletion region, leading to partially optimized structures
[22]. The proposed structure here (Figure 1d) aims to provide a novel nBn design that has both advantages
and disadvantages compared to the recently proposed structure [33]. In other words, the purpose here is to
introduce an alternative approach that can be useful depending on the fabrication capabilities. In terms of the
dark current components, Auger, SRH, and surface recombination mechanisms are considered in the same way
as with the all InGaAs design [33].
In compositional gradable materials, quasielectric fields emerge due to the grading of the band gap. Since
the energy band gap becomes composition (position)-dependent, conduction and valence bands’ slopes may not
be equal; therefore, electrons and holes may be affected by different electric fields, especially depending on the
doping [37]. In Figure 2, Ec and Ev are conduction and valence band edges, respectively, whereas Fe and Fh
are “quasielectric” fields resulting from the slope of conduction and valence bands. Figure 2a represents the
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Figure 1. (a-d) Schematic representation for InGaAs/InP heterojunction design and various barrier alternatives. (e-h)
Epilayer structures for the schematics in (a-d). As there is almost no depletion region and a barrier for the surface
leakage, dark current is expected to be low in the nBn structure in (d).
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Figure 2. Band diagrams of compositional graded compound; (a) undoped, (b) p-type doped, and (c) n-type doped.

case where there is an undoped graded compound. In this configuration, electrons and holes move in the same
direction under Fe and Fh quasielectric fields.
Furthermore, in Figure 2b, a band structure for a uniform p-type doped graded compound is shown, and
due to the flat valence band, there is no “quasielectric” field on the holes and electrons feel more force compared
to the undoped case coming from the band offset transferred to the conduction band. In Figure 2c, the same
effect is illustrated for the uniformly n–type doped graded compound [38]. As shown in Figures 2b and 2c,
barrier structures can actually be built by only using uniformly doped graded material. However, these barrier
structures will block minority carriers and allow majority carriers since their doping is the same as the absorber
and this behavior is the opposite of the expected functionality from an ideal detector structure with barrier[24].
In order to achieve the useful barrier case, the doping type should be changed, but that would effectively lead
to a pn junction with depletion region and the dark current mechanisms would not be satisfactorily eliminated.
Therefore, additional band diagram engineering methods are necessary for the desired characteristics.
In this work, in order to construct a high band gap barrier layer, In1-x-y Alx Gay As quaternary compound
graded from InGaAs to InAlAs is utilized while maintaining x+y=0.47 to preserve the lattice constant [39].
Figure 3a represents the band diagram of this structure with no additional adjustment where there are both
conduction and valence band barriers leading to a minority barrier in addition to the desired majority carrier
barrier.
In order to fix the minority carrier barrier, n-type and p-type delta-doped layers are placed at the sides
of the graded layers. Consequently, the valence band quasielectric field has been canceled and the valence band
offset is suppressed, resulting in an almost ideal nBn detector profile as shown in Figure 3b. This methodology
is actually the same as that for the recently proposed all InGaAs structure [33]. However, as illustrated in
Figure 4, having lattice-matched layers will result in a better quality material with a shorter material growth
time by removing the need for relatively longer grading layers that are necessary to minimize the effects from
lattice-mismatch.
As shown in Figures 4a and 4b, the regular pn junction has a depletion region and various dark current
mechanisms are maximized at the depletion region. Figures 4c and 4d represents the all InGaAs nBn structure
where relatively thicker grading structures are required due to the lattice-mismatch coming from the InGaAs
compositional grading. However, a similar barrier structure can be achieved without introducing lattice3
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Figure 3. Schematic band diagram of valence band for (a) uncompensated and (b) adjusted with delta-doped layers
InGaAs nBn detector.

mismatch in the case of InAlAs barrier layer and InAlGaAs grading layers, as seen in Figures 4e and 4f. As
the benefit here comes from quaternary compounds (more difficult material growth), the idea here is to present
a novel structure that could be useful in the case that modern sophisticated material growth capabilities are
available.
Reverse biased band diagram characteristics for the structures shown in Figure 4 are presented in Figure
5, where Figure 5a shows the pn junction (Nd = 5 × 1016 cm-3 , Na = 5 × 1016 cm-3 ) and Figures 5b and
5c illustrate the nBn structures discussed above. The nBn designs both include an InGaAs lattice-matched
absorber (Nd = 5 × 1016 cm-3 ), contact layer (Nd = 6 × 1016 cm-3 ), high bandgap barrier (undoped), and
linearly compositional graded (undoped) and dipole delta-doped (Nd = Na = 1.1 × 1018 cm-3 ) layers where
the valence band offset is removed with the help of delta-dopings [13, 33, 34, 40, 41]. Doping levels are chosen
considering the case where absorber doping up to low 1017 cm-3 levels has been shown to lower the dark current
[42].

3. Results
Next, dark and photocurrent calculations including sensitivity analysis with respect to different delta-doping
concentrations and various barrier heights adjusted by Al-Ga mole fraction ratio are discussed for the proposed
nBn detector. In the simulations, optical calculations were done at 1.55 µ m under 0.01 W/cm2 optical power
per unit area in the normal direction to the epitaxial structure from the substrate side (back illuminated) while
the absorption coefficient of In0.53 Ga0.47 As at 1.55 µ m was considered as 7000 cm-1 [13, 33, 43].
Figure 6a shows the dark and photocurrent densities versus delta-doping layer concentrations and Figure
6b illustrates the adjustable valence and conduction band offsets with delta-doping layer doping concentrations.
At the lower delta-doping concentrations, the valence band barrier blocks the minority carriers; therefore, the
detector exhibits lower photocurrent and the dark current is higher since the thermionic emission can flow
over the barrier to the absorber. When the doping concentrations are increased, the flow of minority carrier
is getting easier (photocurrent density increases) due to lowered valence band offset. Simultaneously, the dark
current density decreases because of more efficient blocking of the majority carriers (Figure 6b). When deltadoping concentrations are increased to 1.1 × 1018 cm-3 , valence band offset is almost completely eliminated
4
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Figure 4. Pixel structure and calculated band diagram for (a, b) a pn junction, (c, d) nBn detector with all InGaAs
epilayers [33], and (e, f) nBn detectors with all lattice-matched epilayers (structure proposed here). Absorber layers are
3 µ m for all cases. Barrier layers are 500 nm and delta-dopings are 5 nm for both nBn structures. Grading layer is
around 800 nm for the lattice-mismatched case and 50 nm for the lattice-matched case.

and conduction band offset becomes high enough to block majority carrier electrons effectively, leading to the
optimum nBn performance characteristics. Furthermore, if the delta-doping concentrations are increased even
more, the high electric field causes higher thermal SRH generation and increases the dark current (Figure 6a).
Figure 7a shows effects of the barrier height coming from the Al-Ga mole fraction ratio change on the dark
and photocurrent density characteristics of the designed nBn detectors. Here, the barrier layer is constructed by
5
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Figure 5. Reverse biased band diagrams for the structures shown in Figure 4 with a reverse bias of 0.3 V: (a) pn
heterojunction, (b) all InGaAs nBn structure, (c) lattice-matched nBn structure.
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Figure 6. Effects of different delta-doping layer doping concentration on (a) photocurrent and dark current densities
and (b) band diagram of the nBn detector.

compositional grading of InAlGaAs material from InGaAs to various Al-Ga ratios together with the optimized
delta-doping concentrations, providing zero valence band offset for each barrier height (Figure 7b). At the lower
barrier heights (low Al-Ga ratios), majority carriers can overcome the barrier by thermionic emission, so that
the dark current becomes higher and photocurrent is suppressed by the high dark current. When the Al-Ga
ratio of the barrier increases, the barrier height increases and the majority carriers are consequently blocked,
resulting in a reduced dark current density.
Moreover, in order to visualize the relative performance of the proposed nBn structure, total dark and
photocurrent densities of the two nBn designs and the pn heterojunctions are comparatively analyzed. Results
are summarized in Figure 8, where Figure 8a shows the dark current density comparison and the photoresponse
characteristics are seen in Figures 8b and 8c. The band gap engineered lattice-matched InGaAs nBn detector
clearly and conclusively exhibits lower dark current without photocurrent degradation, as expected from an
ideal nBn detector. Calculated dark current density for the conventional pn heterojunction is similar to the
recently reported experimental values for the mesa type detectors [4]. As a result, around 50 and 2.5 times
improvement has been shown in the dark current density level compared to the conventional pn junction and
6
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recently proposed all InGaAs nBn type photodetector, respectively.
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The same carrier lifetime and surface recombination velocity values have been used for all structures in
the comparison in Figure 8 and the calculated dark current density for the proposed structure is getting closer
to the record values reported for planar type detectors [44, 45]. Considering the effects of lattice-mismatch on
the carrier lifetime, the improvement for the all lattice-matched case compared to the lattice-mismatched case
would be even stronger.
4. Conclusion
In summary, a novel InGaAs nBn detector design has been realized by utilizing lattice-matched materials and
band gap engineering techniques. The barrier layer that is supposed to block the majority carriers and allow the
minority carriers so that the dark current is suppressed without any compromise in photoresponse is obtained
by using compositional grading of InAlGaAs and delta-doping layers. Barrier layer thickness and height are
design parameters for obtaining zero valence band offset. The proposed structure shows a substantial reduction
in dark current compared to the previous designs. Techniques discussed here give a degree of freedom for various
detector designs with various material systems.
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