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Abstract. nBn infrared photodetectors have emerged as a strong alternative to conventional pn and pin-based
structures due to their low dark current, fast response, and suppression of Shockley—Read-Hall (SRH) gener-
ation pathways. In this study, an InP-based InGaAs/AlGaAs/InGaAs nBn heterostructure was designed
and numerically analyzed using SILVACO TCAD at 300 K to investigate its electro-optical behavior under
various bias conditions. The effects of barrier thickness and band alignment engineering were systematically
evaluated with a particular focus on minimizing the effective valence band offset and blocking majority-carrier
leakage without hindering photocarrier transport. The simulated band diagrams confirm that the AlGaAs bar-
rier layer enables efficient majority-carrier suppression while maintaining low-resistance conduction paths for
photogenerated carriers. As a result, the proposed device exhibits low dark current and high responsivity per-
formance comparable to planar InGaAs structures even under low bias operation. These results highlight the
significance of optimized barrier design in achieving high detectivity without relying on complex fabrication
routes. Overall, the presented findings demonstrate the potential of tailored nBn architectures for next-genera-
tion short-wave infrared imaging, low-photon-flux sensing, and high-dynamic-range optoelectronic systems.
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heterostructure.
1 Introduction

Short-wavelength infrared (SWIR) photodetectors have
become pivotal components in modern optoelectronic
systems, finding applications in defense imaging, medical
diagnostics, environmental monitoring, and space-based
instrumentation due to their high quantum efficiency and
broad spectral coverage [1-3]. Among these, InGaAs-based
detectors stand out for their low noise, lattice compatibility
with InP, and high detectivity across the 0.9-1.7 pm range.
However, conventional pn InGaAs photodiodes increasingly
fall short in meeting the demands of next-generation imag-
ing systems that require ultra-low dark current and stable
operation at room temperature. In mesa-structured geome-
tries, surface leakage and edge recombination effects domi-
nate, while in quadrant-type devices with large active areas,
dark current rises sharply, limiting the achievable signal-to-
noise ratio [4, 5].

* Corresponding author: cagri.tok@bilkent.edu.tr

To overcome these limitations, barrier-type architec-
tures especially the nBn configuration have attracted signif-
icant research attention [6-8]. The nBn concept, consisting
of an n-type absorber, a wide-bandgap barrier, and an n-
type contact layer, aims to block majority carrier (electron)
flow while allowing minority carrier (hole) transport with
minimal resistance. This configuration effectively sup-
presses surface and generation-recombination (G-R) dark
currents without introducing a depletion region in the
absorber [9]. A key design challenge, however, lies in the
selection of an appropriate barrier material. Recent studies
have explored a variety of barrier layers, including AlGaAs,
InAlGaAs AlGaAsSb, and GaAsSb compounds, yet con-
flicting results have been reported regarding their valence-
band alignment and hole transport efficiency [10-13]. These
discrepancies underline the need for further investigation
into band alignment optimization for nBn structures oper-
ating in the SWIR range.

In this study, we design and simulate an nBn InGaAs
SWIR photodetector incorporating a lightly n-doped
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Table 1. Physical models used in SILVACO ATLAS simulation for nBn InGaAs photodetector design.

Model Syntax Description

Mobility CVT To enable transverse field, doping, and temperature-dependent parts of mobility
Optical OPTR To enable band-to-band recombination for direct band semiconductors
Shockley—Read—-Hall SRH To enable recombination. It uses fixed minority carrier lifetimes

AUGER recombination Auger

To enable direct transition of three carriers
To enable carrier statistics. Suitable for highly doped regions
To enable quantum tunneling through the conduction and valence band barrier

To enables the band-to-band mode of the direct quantum tunneling model

Fermi distribution Fermi
Quantum tunneling QTUNN
due to a semiconductor
Quantum tunneling QTUN.BBT
Band to Band
Non-local trap assisted TAT.

tunneling
IMPACT
SELB

Impact ionization

To enables the non-local tunneling model in the calculation of the field effect
NONLOCAL enhancement factors.

To enables the impact ionization. Recommended for most case, includes
temperature dependent parameters.

Aly57Gag 43As barrier layer, which is hypothesized to pro-
vide near-flat valence-band alignment while maintaining
sufficient conduction-band offset to block electron trans-
port. Numerical simulations are performed using SILVACO
ATLAS TCAD at 300 K, enabling accurate modeling of
band profiles, carrier distributions, and current transport
mechanisms. The optimized device exhibits a significant
reduction in dark current compared to conventional pn
InGaAs structures while preserving responsivity, indicating
that proper band alignment through barrier engineering
can lead to improved detectivity and thermal stability in
SWIR. photodetectors.

2 Simulation and methodology

A detailed computational framework was developed to
investigate the electrical transport and band-alignment
characteristics of the proposed nBn-InGaAs photodetector.
Simulations were performed using the SILVACO ATLAS,
employing the physical models listed in Table 1 and the
material parameters given in Table 2 [14-17].

In the simulation, the CVT mobility model was
employed to account for doping, temperature, and trans-
verse field effects on carrier mobility. Optical recombination
was included via the OPTR model, while SRH and Auger
models were used to describe trap-assisted and high-injec-
tion recombination processes, respectively. Fermi statistics
were considered to ensure accurate carrier distribution in
highly doped regions. Additionally, QTUNN and QTUN.
BBT models were activated to capture quantum tunneling
effects, including band-to-band tunneling across the barrier
layer. To further improve the accuracy of dark current anal-
ysis, the TAT.NONLOCAL model was incorporated to
account for non-local trap-assisted tunneling mechanisms,
and the IMPACT SELB model was included to consider
impact ionization effects with temperature dependence.

Vertical device stack (from substrate up) was modeled
as InP (n" contact) / InGaAs (absorber) / Al,Ga, As

(barrier) / InGaAs (n~ contact) shown in Figure 1. Owing
to its low lattice mismatch with the InGaAs and the
advancements in epitaxial growth techniques, the AlGaAs
barrier has emerged as the most suitable barrier material
for InGaAs-based nBn photodetectors [18]. The reduced
lattice strain at the heterointerface ensures high crystalline
quality and stable electronic properties, facilitating efficient
carrier transport while effectively suppressing dark current.

During the design of the nBn structure, systematic sim-
ulations were conducted to assess how different Al-Ga
molar fractions (Al,Ga; As, with x ranging from 0.50 to
0.60) influence the electronic band alignment within the
barrier layer. This compositional tuning was particularly
crucial, as the barrier must balance two competing require-
ments: minimizing the valence band offset (VBO) to ensure
unhindered hole transport, while simultaneously maintain-
ing a sufficiently large conduction band offset (CBO) to
suppress the flow of photogenerated electrons. Achieving
this balance is essential for reducing dark current without
compromising photocurrent extraction. The simulation
results indicate that an Al composition of x = 0.57 provides
the most favorable trade-off among the examined cases. At
this composition, the VBO reaches its minimum value
(AE, =~ 35 meV), effectively eliminating the barrier for
holes, whereas the CBO (AE. &~ 1.26 ¢V) remains suffi-
ciently high to block majority-carrier leakage. Figure 2a
illustrates the equilibrium band diagrams for the tested
molar fractions, clearly demonstrating how incremental
changes in Al content reshape both conduction and valence
band edges. This optimized band configuration is particu-
larly advantageous for nBn photodetectors, as it ensures
that photogenerated minority carriers contribute efficiently
to the photocurrent while majority carriers are strongly
suppressed, ultimately leading to enhanced detectivity
and improved bias stability.

In Figure 2b, the 150 mV reverse bias confines Fermi
level band bending within the large bandgap AlGaAs bar-
rier, leaving the InGaAs absorption layer largely undepleted
and thus effectively mitigating G-R dark current, in line
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Table 2. Material parameters used in nBn InGaAs photodetector design.

Parameter InP InGaAs AlGaAs
Bandgap 1.35 eV 0.734 eV 1.99 eV
Electron affinity 4.40 eV 4.67 eV 3.41 eV
Permittivity 12.5 13.9 11.5
Electron SRH lifetime 1 ns

Hole SRH lifetime 20 ns

Trap density

Electron Auger coefficient
Hole Auger coefficient
Electron effective mass

3.7 x 107*" cm®/s
8.7 x 107* cm®/s
0.0795 m,

Hole effective mass 0.6 mg

1 x 10" em™
1.8 x 107*® em®/s
1.8 x 107*® em®/s

0.0332 m,
0.471 m,

5 x 107 cm®/s
1 x 107 em®/s
0.77 mg
0.734 m,

n~InGaAs Contact

undoped AlGaAs Barrier

n~doped InGaAs Absorber

n*InP Buf fer

n*InP Substrate

Figure 1. (a) Planar design, and (b) band diagram of nBn structure.

with the core design principles of nBn photodetectors [19].
Therefore, an Al composition of 0.57 was adopted for sub-
sequent electrical and optical simulations to ensure optimal
device performance.

Following the determination of the optimal Al composi-
tion ratio for the nBn InGaAs structure, the influence of
varying N-type doping concentrations within the AlGaAs
barrier layer was examined Figure 3 presents the corre-
sponding energy band diagrams under a 150 mV reverse
bias for different doping levels. As simulated, increasing
the N-type doping concentration leads to a higher VBO,
whereas the undoped AlGaAs barrier exhibits the most
favorable band alignment. Nevertheless, to ensure that
the simulation results accurately reflect realistic device
behavior and considering that background doping cannot
be completely avoided during epitaxial growth the electrical
simulations were performed assuming a maximum donor
concentration of 1 x 10'® cm™ in the AlGaAs barrier. This
consideration ensures a closer correspondence between the
simulated and experimentally achievable device perfor-
mance [20].

Based on the optimized band alignment parameters, the
device structure was defined as follows: 0.2 pum n -Ing 53
Gag 47As top n-contact layer (5 x 10" cm73), 0.1 um n"-
Al 57Gag 43As barrier layer (1 x 10" em ™), 5 pum n~-Ing 55
Gag7As absorber layer (5 x 10" cm™®), 0.5 um n'-InP

bottom buffer n-contact layer (5 x 10" cm™®) and
500 pm n'-InP substrate (5 x 10'® cm™®). The barrier
thickness was determined according to the photocurrent
versus potential curves presented in Figure 4 of Section 3.
In addition, the absorber layer was designed to be relatively
thick to achieve low capacitance, and lightly n-doped to fur-
ther reduce the dark current [21].

3 Results and discussion

In this section, all simulations were conducted at 300 K,
with the lateral device active area set to 300 pm to reflect
the geometry of commercial detectors, and all current val-
ues were normalized accordingly. Figure 4a shows the sim-
ulated current as a function of applied bias for different
barrier thicknesses. Increasing the barrier thickness clearly
reduces the dark current, but at the same time causes a rel-
ative decrease in photocurrent. Detailed analysis revealed
that a barrier thickness of 100 nm provides the optimal
balance: it maintains photocurrent levels comparable to
those of thinner barriers while yielding nearly an order-of-
magnitude reduction in dark current. In contrast, barrier
layers thicker than 100 nm introduce a more pronounced
photocurrent degradation, indicating that additional thick-
ness imposes unnecessary transport resistance without a
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Figure 2. Simulated energy band diagrams of the nBn InGaAs structure for different Al compositions: (a) under equilibrium

conditions and (b) under —150 mV reverse bias voltage.
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Figure 3. Energy band diagrams of the nBn InGaAs structure
under a 150 mV reverse bias for different N-type doping
concentrations in the AlGaAs barrier.

commensurate benefit in dark-current suppression. Thus, to
optimize the trade-off between dark-current reduction and
photo-response, the barrier thickness in the nBn-InGaAs
structure was selected as 100 nm [6]. In Figure 4b, a sensi-
tivity analysis was performed to evaluate the impact of
band alignment uncertainties by varying the Al composi-
tion in the Al,Ga; As (x = 0.55-0.59) 100 nm barrier.
The results show that variations in Al content do not pro-
duce significant changes in dark current characteristics,
indicating a weak dependence of device performance on
moderate fluctuations in CBO and VBO. These findings
confirm the robustness of the proposed nBn-InGaAs design
against variations in material composition and the associ-
ated band offset uncertainties.

As illustrated in Figure 4a, the nBn-InGaAs structure
exhibits a significantly lower dark current compared to con-

ventional mesa and planar InGaAs photodiodes [22, 23],
while maintaining nearly the same photocurrent magni-
tude. Furthermore, the photocurrent characteristics pre-
sented in Figure 4a were obtained under back-illuminated
operation with an incident optical power density of
0.1 W/cm?

Figure 5 presents the decomposition of the dark current
components as a function of reverse bias, providing insight
into the dominant transport mechanisms in the proposed
device. The total dark current (SUM) increases from
approximately 3 x 107 A at 0 V to about 1 x 107 A
at 1 V, exhibiting a gradual bias-dependent increase.
Among the individual components, the SRH generation
current dominates in the low-to-moderate bias range, indi-
cating that generation—recombination processes are the
primary contributor to the dark current [24, 25].

In contrast, the tunneling current increases with reverse
bias and becomes comparable to the SRH current at higher
voltages, while remaining slightly lower overall, confirming
that field-assisted leakage is effectively controlled by the
barrier design. The diffusion current is nearly bias-indepen-
dent and negligible in magnitude, suggesting minimal ther-
mally driven carrier injection. Overall, these results
demonstrate that the AlGaAs barrier effectively suppresses
diffusion-related leakage, while the dark current is primarily
governed by SRH generation at low bias and increasingly
influenced by tunneling mechanisms at higher bias [26,
27]. These results confirm that the optimized barrier design
effectively minimizes leakage pathways without compromis-
ing carrier collection efficiency, demonstrating the superior
dark-current suppression capability of the nBn structure.

Following the analysis of the photocurrent characteris-
tics, the simulated nBn-InGaAs structure was further eval-
uated in terms of its breakdown voltage and capacitance
behavior, as presented in Figure 6. The results in Figure 6a
show that the diode enters breakdown at approximately
—82.5 V, primarily due to the combined effect of the thick
absorber and barrier layers. This relatively high breakdown
voltage highlights the structural robustness of the nBn
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configuration under strong reverse bias conditions and
underscores its superior reliability compared to conven-
tional pin InGaAs photodiodes [28], particularly in high-
voltage and wide-dynamic-range applications. For compar-
ison, conventional InGaAs pn photodiodes typically exhibit
relatively low breakdown voltages due to the strong electric
field concentration within the depletion region, which pro-
motes early onset of avalanche multiplication through
Impact Ionization. In such structures, the high doping gra-
dients result in a narrow depletion width and consequently
a large peak electric field, leading to breakdown at relatively
low reverse biases. In contrast, nBn architectures eliminate
the pn junction and instead rely on a unipolar barrier to
control carrier transport. As a result, the electric field is
more uniformly distributed across the device, significantly
reducing the peak field intensity [29, 30].

Figure 6b shows that the device exhibits a capacitance
of approximately 9.2 pF at —5 V bias and 1 kHz frequency,
which can be attributed to the presence of the thick absor-
ber layer. Such a low capacitance not only minimizes noise
but also enhances temporal response and dynamic range,

resulting in improved signal fidelity for high-speed and
low-noise infrared detection [31]. These findings demon-
strate that, beyond its dark-current suppression capability,
the nBn-InGaAs architecture combines electrical stability
with excellent frequency response, confirming its potential
for next-generation infrared photodetector technologies.

After evaluating the electrical characteristics, the pho-
toresponsivity performance of the device was examined.
Prior to responsivity analysis, the optical reflection behav-
ior of the InP substrate was characterized, revealing that
approximately 30% of the incident short-wavelength radia-
tion is reflected from its surface. To enhance photon-to-elec-
tron conversion efficiency and improve overall responsivity,
an anti-reflection (AR) coating was designed based on the
reflectance formulation [32] equation (1). Figure 7a com-
pares the reflectance spectra of a bare InP surface with
structures incorporating SizN; (140 nm) and SiO,
(150 nm) AR layers in the wavelength range of 0.8-
1.7 pm. As illustrated, the AR-coated configuration signifi-
cantly suppresses surface reflection, reducing it from nearly
30% to approximately 0.02% at 1.55 pm, which is expected
to yield improved photocarrier generation and enhanced
detector responsivity. SisNy and SiOy were selected as AR
materials due to their low extinction coefficients in the
sub-2 pm band, making them well-suited for near-infrared
photodetector applications [33].

ry = % (3)
0, = 2m;1t1 (4)
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See equation (6) at the bottom of the page.

To facilitate the definition of the reflectance expression in
equation (6), the intermediate relations provided in equa-
tions (1)—(5) were utilized. Where nq is denotes the refrac-
tive index of the incident medium, n; the refractive index
of the Si3N, layer, n, the refractive index of the SiO, layer,
and ng the refractive index of the InP substrate. Similarly,
t; and t, represent the physical thicknesses of the SigN, and
SiO, layers, respectively, while A corresponds to the wave-
length of the incident radiation.

In Figure 7b, the wavelength-dependent responsivity
characteristics of the nBn-InGaAs photodetector are pre-
sented. To clearly demonstrate the influence of the anti-
reflection coating on photo-response, the responsivity
curves of both the AR-coated device and the bare surface
are shown together. As observed, the application of the
AR layer yields a substantial enhancement in photocarrier
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Figure 8. Bias voltage-dependent responsivity graph of nBn-
InGaAs structure.
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Table 3. Performance comparison of the proposed nBn photodetector with reported InGaAs-based photodetector.

Device Dark current Responsivity EQE Ref

nBn- “1pA (V, =03V, ¢ 0.824 A/W (4 = 1.55 um, - This

InGaAs = 300 pm) V,=03V) work

nBn- ~8nA (V, =03V, ¢ - % 45 (A = 1.55 pm, [15]

InGaAs = 300 um) V. =025V)

nBn- 0.9 nA (V, = 0.3V, %80 (2 = 1.55 pm, V, = 0.2V)  [6]

InGaAs ¢ = 300 pm)

pBin- “T0pA (V, =03V,  0.62A/W (4= 1.55 pm, V, = 0.2 V) - [36]

InGaAs ¢ = 500 pm)

pn-InGaAs ~10 pA (V, =03V, 1.08 A/W (4 = 1.55 pm) % 86 (4 = 1.55 um) [37]
¢ = 300 pm)

pin-InGaAs ~41 pA (V, =5V, 0.99 A/W % 79 (4 = 1.55 pm) [38]
¢ = 73 um) (A=1.55 um, V., =5YV)

extraction efficiency: at the telecommunication wavelength
of 1.55 pm [34], the responsivity increases by approximately
36%, improving from 0.60 to 0.82 A/W. This improvement
is consistent with the reflectance reduction achieved
through AR design and confirms that minimizing front-sur-
face optical losses directly enhances the detector’s photon-
to-electron conversion capability. In the numerical simula-
tions performed in this study, the TCAD software provides
external quantum efficiency (EQE) rather than responsivity
as a direct output. Therefore, the EQE values were con-
verted to responsivity using equation (7), enabling a direct
comparison between the simulated and AR-enhanced
device performance [35]. It should also be noted that the
reported responsivity values correspond to conditions in
which the nBn-InGaAs structure is illuminated from the
backside under an incident optical power density of
0.01 W/cm?. Backside illumination ensures that the inci-
dent photons efficiently reach the absorbing InGaAs layer
without encountering additional front-side metallization
losses, thereby allowing a more accurate assessment of the
intrinsic photo-response. Collectively, these results verify
that integrating an appropriately engineered AR, coating
is an effective approach for maximizing optical coupling
and elevating responsivity in nBn-type infrared
photodetectors.

R=1nys (7)

where 7 is the EQE of the detector for a given wavelength, ¢
is the electron charge, fis the frequency of the incident pho-
tons, and A is the Planck constant.

Figure 8 shows the responsivity variation with applied
bias voltage, indicating that the proposed nBn design main-
tains high responsivity even at very low operating bias due
to the minimized VBO and optimized barrier engineering.
Notably, its performance approaches that of cutting-edge
planar InGaAs detectors (Table 3), confirming the viability
of the structure as a strong candidate for high-performance,
low-power infrared photodetection.

To benchmark the proposed device, a comparison with
previously reported InGaAs photodetectors is summarized

in Table 3. The proposed nBn structure exhibits an ultra-
low dark current of 1 pA at —0.3 V, which is significantly
lower than reported nBn-InGaAs devices (0.9-8 nA) under
similar bias conditions, corresponding to an improvement of
several orders of magnitude. Compared to conventional pn
junction, PIN diode, and pBin structures, which typically
show dark currents in the range of 10-70 pA, the proposed
device still demonstrates superior suppression.

The responsivity of 0.824 A/W at 1.55 pm is compara-
ble to literature values, although slightly lower than the
1.08 A/W reported for pn-based devices. Overall, the
results indicate that the proposed nBn design achieves an
excellent trade-off between ultra-low dark current and com-
petitive optical performance.

4 Conclusion

In this work, an InGaAs-based nBn photodetector incorpo-
rating an Al 5,Gag 43As barrier layer was systematically
designed and numerically analyzed using SILVACO
ATLAS. Through detailed band alignment engineering,
the optimal barrier composition was identified to achieve
a near-zero valence band offset (AE, ~ 35 meV) while
maintaining a sufficiently large conduction band offset
(AE; = 1.26 V). This configuration effectively enables bar-
rier-free transport of minority carriers while strongly sup-
pressing majority-carrier leakage, addressing one of the
fundamental limitations of conventional InGaAs photodi-
odes. The optimized device demonstrates ultra-low dark
current on the order of ~1 pA at low reverse bias
(—0.3 V), representing orders-of-magnitude improvement
compared to previously reported nBn-InGaAs structures.
This significant reduction is primarily attributed to the
suppression of Shockley—Read-Hall generation and diffu-
sion-related leakage mechanisms, as confirmed by current
component analysis. At higher biases, the controlled contri-
bution of tunneling current further verifies the effectiveness
of the barrier design in limiting field-assisted leakage. In
addition to its low-noise performance, the proposed struc-
ture maintains competitive optical characteristics. By inte-
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grating a SizN,/SiO, anti-reflection coating, surface reflec-
tance was reduced to nearly zero at 1.55 pm, resulting in
a responsivity enhancement of approximately 36% (from
0.60 to 0.82 A/W). The device also exhibits low capacitance
(~9.2 pF at —5 V) and a high breakdown voltage
(—82.5 V), indicating its suitability for high-speed, low-
noise, and wide dynamic range applications. Overall, this
study demonstrates that precise control of barrier composi-
tion, doping, and layer thickness enables simultaneous opti-
mization of electrical and optical performance in nBn
architectures [39]. The presented design achieves an excel-
lent trade-off between ultra-low dark current and high
responsivity under low-bias operation, making it a strong
candidate for next-generation short-wave infrared photode-
tectors operating under low-photon-flux and high-sensitiv-
ity conditions.
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