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The group III-V semiconductor InN is a highly promising candidate for photoelectric detectors in the short-wave infrared 

(SWIR) range but faces significant challenges in material quality. In recent years, the one-dimensional nanowire (NW) has 

allowed its high-quality growth and has added structural advantages. However, the performance potential of InN NWs is 

little known. Here, the optoelectrical properties of hexagonal wurtzite InN NWs are systematically studied. The high 

absorptivity of InN itself, along with the antenna effect and leaky model resonance, result in the InN NW exhibiting more 

than 99% light absorption in the 1000-1470nm range and a wide range of incidence angles (0~65°). The absorption of InN 

NW arrays with a low filling factor (FF) of 12.83% can be 34% higher than that of thin film materials of the same thickness, 

and an additional 28% enhancement can be obtained by tilting the NWs. A remarkable response up to 1 A/W can be 

explicitly achieved at 1550 nm with precisely arranged InN nanowire arrays. This responsivity is 11.83% higher than that of 

InGaAs nanowire arrays. The results indicate that InN NWs with outstanding light absorption performance can be used as 

an efficient photosensitive material in the SWIR range for photovoltaic, detector, and other optoelectronic devices.

Introduction  

Indium nitride (InN) is a thermodynamically stable group 

III-V wurtzite compound that exhibits a narrow direct and 

nearly invariant band gap with temperature
[1,2]

. Currently, the 

bandgap of InN has been proven to be close to 0.7eV, enabling 

its absorption cutoff edge to precisely cover the two most 

crucial communication bands in the short-wave infrared 

(SWIR) spectrum: 1310nm and 1550nm. More importantly, the 

absorption coefficient of InN surpasses that of indium gallium 

arsenide (InGaAs) and germanium (Ge), ubiquitous materials 

employed in SWIR photoelectric applications. The analysis 

presented in Figure 1 provides a comparative evaluation of the 

light absorption characteristics of bulk InN against InGaAs
[3]

 

and Ge
[4]

. Notably, the graph illustrates that the InN exhibits 

a 1.8 times higher absorption coefficient than InGaAs at 

1550nm. This remarkable difference underscores the profound 

potential of InN in advancing the fields of optics and 

optoelectronics in applications requiring enhanced SWIR 

sensitivity. In addition, InN possesses the highest electron 

mobility (up to 12,000cm
2
/V·s at 300K

[5]
) within the group III-

nitride semiconductors. Attribute to the advantages of nitride 

materials, InN can potentially achieve a high-temperature 

application compared with other materials. Additionally, InN 

demonstrates a maximum saturation velocity of 6×10
7
cm/s

[6]
, 

and a minimum effective electron mass of 0.07m0
[5]

. These 

attributes, which facilitate efficient carrier transport, position 

InN as a highly attractive contender for a wide range of 

applications, including terahertz field devices
[7]

, ultrafast 

optical switchers
[8]

, high-frequency electronic devices
[9]

, etc. 

Consequently, InN emerges as a promising candidate for 

developing next-generation optical devices. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Comparison of the absorption coefficients of InN, InGaAs[3], 

Ge[4] and with the responsivity performance of detectors with the 

same device structure in the SWIR range. 

 

Previously, the challenge of producing InN of superior 

quality arose from the difficulty in epitaxy single crystal in 
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appreciate substrate, resulting in a prolonged misconception 

regarding its band gap, which was erroneously believed to be 

approximately 2eV
[10,11,12]

. Nevertheless, the realization of  

higher-quality InN film grown through molecular beam epitaxy 

(MBE) or metal-organic chemical vapor deposition (MOCVD), 

along with theoretical calculations, has revealed that its actual 

band gap is approximately 0.7eV
[13,14]

. Furthermore, the 

exceptional characteristics of InN, including pronounced light 

absorption
[15]

 and minimal inter-valley scattering
[16]

, render it 

highly suitable for achieving ultra-fast response and high 

efficiency in the detection of SWIR wavelength ranges, 

particularly at the communication band of 1310/1550nm. 

Ultrafast and highly efficient optoelectronic conversion 

modules are crucial in various domains, including deep-space 

communication
[17]

, last-mile access,
[18]

 temporary link 

establishment, areas with vulnerable radio-frequency signal 

devices
[19]

, and densely populated metropolitan areas
[20]

. 

The production of high-quality InN films is presently 

constrained to the process of epitaxial growth, which is mainly 

carried out on sapphire substrates
[21]

 or Gallium nitride (GaN) 

templates
[22] 

with 25.40% and 21.27% lattice mismatch, 

respectively.  The epitaxy of InN films on silicon (Si) 

substrates directly is accompanied by a significant lattice 

mismatch of up to 35.24%
[23]

, resulting in the formation of a 

considerable quantity of defects, thus leading to a degradation 

in device performance
[24]

. This limitation poses challenges in 

integrating InN devices with complementary metal-oxide-

semiconductor (CMOS) technology and the scalability of the 

production. 

One-dimensional nanowires (NWs) can alleviate the 

constraints through radial elastic strain relaxation, offering a 

cost-effective solution for high-quality integration on Si 

substrates.
[25,26]

 Meanwhile, utilizing NWs as light-absorption 

materials for detectors also offers notable benefits. NWs have 

been found to exhibit enhanced light absorption per unit 

volume by significantly increasing light trapping compared to 

planar film-based devices with much less amount of 

material
[27]

. Thus, the utilization of NWs holds considerable 

importance in the context of small-scale detectors. Substantial 

investigation has been carried out on single NW
[28]

 and 

periodic NW arrays
[29]

 to find the optimum structural 

characteristics suitable for photodetection applications. NW 

arrays can support a broader range of optical absorption 

modes, encompassing localized
[30] 

model, leaky model 

resonance, Fabry-Perot modes, and whispering-gallery 

modes
[31]

, which can enhance and achieve a broad wavelength 

range of light absorption.  In addition, a series of 

comprehensive electromagnetic simulations are conducted to 

investigate the diverse morphology-dependent absorption 

properties of NWs with various cross-sections, including 

square, circular, hexagonal, and triangular configurations
[32,33]

. 

The obtained spectra of various cross-sections exhibit 

qualitative similarities, such as similar absorption peaks and 

analogous absorption enhanced mode, but slight variations in 

absorption intensity. These findings indicate the excitation of 

similar optical resonances across all structural 

configurations
[33]

. In the case of the group III-V material, 

indium phosphide (InP) NW arrays with a height of 2um have 

demonstrated a remarkable ability to absorb over 90% of 

incident energy from both transverse electric (TE, where the 

electric field is perpendicular to the axis) and transverse 

magnetic (TM, where the electric field aligns parallel to the 

axis) polarised light, even at incidence angles of up to 

60°
[34,35]

in the visible light band. However, the absorption 

properties under varying structural parameters of group III-V 

NW arrays and the mechanism of light absorption in the SWIR 

range have not been elucidated yet. 

In this paper, we conduct comprehensive research on the 

optical absorption characteristics of single and arrays of 

hexagonal wurtzite InN NWs. The enhanced mode, including 

the antenna effect, focus effect, and leaky model resonance et 

al., elucidates the dependence of the absorption enhancement 

mechanism on NW size, height, tilt angle, and spacing over a 

broad wavelength spectrum. This deep understanding of their 

optical properties is a crucial foundation for designing next-

generation, high-performance NW photoelectric detection 

devices. 

Results and discussion 

A. Absorption mode analysis 

Figure 2. (a) Schematic of the 2D cross-section of single hexagonal InN 
NW. (b) absorption efficiency of the hexagonal InN NW as a function of 
wavelength(λ) and diameter(D). 

All the calculational analyses were performed using the 

finite element method in COMSOL to reveal critical structural 

features determined the optical properties of hexagonal InN 

NWs. Figure 2(a) provides a cross-sectional illustration that 

schematically depicts the configuration of a single InN NW, 

where “D” denotes the internal dimension of the regular 

hexagonal NW. The single NW is surrounded by air, with a 

perfectly matched layer (PML) enclosing the air to capture 

scattered light. Additionally, a scattering boundary condition 

(SBC) is subject to the outer surface of the PML. It is assumed 

that the NW extends infinitely in the axial direction. The 

utilization of this reduced 2D model has proven to be a 

valuable method for promptly determining the absorption 

mode and the light absorption characteristics of NWs
[32],[36]

. 

The incident light is directed perpendicular to the NW's axis, as 

indicated by the rainbow arrows above the NW. This 

assumption is practical since light absorption primarily occurs 

along the axial direction. The refractive index of InN is 
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referenced by Wen et al.
[37]

, while the real part of the 

refractive index for air set as 1, and the imaginary part as 0. 

The absorption efficiency of unpolarized light is denoted as 

Qabs, which demonstrates a significant increase of more than 

one across a broad spectrum of wavelengths in the case of 

individual NW configurations, as seen in Figure 2(b). This 

phenomenon means single NW possesses the capability to 

capture incoming photons beyond their physical cross-

sectional area and thus is recognized as the “optical antenna 

effect”
[36]

. The maximum absorption is observed at shorter 

near-ultraviolet wavelengths, where the absorption cross-

section is nearly three times its physical cross-section, 

suggesting that InN has a more significant potential for 

absorption in the ultraviolet wavelengths. The increase in 

diameter results in an elevated absorption within the near-

ultraviolet region. Besides, as the parameter diameter 

increases, two distinct peaks in Qabs experience a redshift, 

leading to plateaus that signify a notable enhancement in Qabs 

within the SWIR region. The intensity of the higher plateau 

gradually rises and reaches its local maximum at D = 320nm 

where λ = 1245nm, with Qabs reaching 132.5%, followed by a 

rapid decrease. 

To establish the relationship between distinct enhanced 

absorption modes and the enhancement in the absorption of 

an NW, a subset of representative NW diameters that 

demonstrate one or more enhanced absorption peaks have 

been selected for further research, as indicated by grey dashed 

lines in Figure 3(a) and 3(b). The enhancement peaks are 

designated as first, second, third, etc., in ascending order of 

diameter. This analysis is achieved by examining the 

distribution of electric field intensity |E| inside the NWs at the 

respective enhanced peaks, as illustrated in Figure 3(c)-(h). The 

energy flow density and direction within the NWs, i.e., the 

Poynting vector, are also depicted. When photons impinge 

upon the NW's surface, their optical trajectories experience 

refraction due to the high refractive index of InN compared to 

air, leading to a bending of optical paths. This refraction causes 

the incident light to converge towards the lower central region 

of the NW, a phenomenon referred to as the “focus effect”, as 

illustrated by the directional energy flow arrows. 

Consequently, NWs exhibit an amplified nano-focusing effect 

and thus enhanced absorption strength. The first 

enhancement peak of TE arises from this focus effect, as 

shown in Figure 3(c).  

The second peak indicates that a larger diameter NW adopts 

different absorption enhancement mechanisms. The absorbed 

incident light becomes leaky and interacts with the outside 

medium, carrying out a valuable antenna. Many papers have 

proven that leaky mode resonance (LMR)
[38]

 can serve as the 

prominent contribution factor to augmentation absorption for 

numerous nanostructures. When the incident wavelength 

coincides with one of the allowed LMRs, the incident light 

interacts with the re-emitted light, resulting in an amplified 

|E| intensity within the NWs. Consequently, the NW can 

efficiently capture and configure light inside its limits. Thus, 

light absorption and the subsequently generated photocurrent 

could be selectively heightened at a desired wavelength by 

adjusting the NW diameters. TEml and TMml (where “m” and “l” 

represent the azimuthal mode number and radial order of the 

resonances, respectively) correspond with distinct LMR 

enhancement modes as depicted in Figure 3(c)-(h). The TE11 

mode depicted in Figure 3(d) contributes to the second highly 

enhanced Qabs in Figure 3(a). 

As the diameter of the NW continues to increase, the 

situation will continue to change. The third Qabs peak can be 

ascribed to the Fabry-Perot-type modes. When light is 

introduced into NWs, it will be scattered or reflected by the 

dielectric interface; consequently, the light will constructively 

interfere with itself, resulting in energy stored within the 

resonance cavity. 

Figure 3. Qabs of the single hexagonal InN NW as a function of λ and D 

under (a) TE and (b) TM polarized illuminations. Distribution of the 

electric field intensity |E| inside the hexagonal InN NW for the 

corresponding peak indicated by grey dashed lines: (c)-(f) the 1st 

enhanced peak to the 4th enhanced peak under TE polarized 

incidence; (g)-(h) the 1st enhanced peak to the 2nd enhanced peak 

under TM polarized incidence. 

 

The fourth peak combines several higher-order modes 

(Figure 3(f)). The hybrid mode plays a significant role in 

achieving the highest level of light absorption over the whole 

spectrum. Incident light with shorter wavelengths is prone to 

be absorbed at the surface, so the maximum absorption 

originates in the larger diameter.  

Figure 3(g) demonstrates that the first enhancement in 

absorption associated with the TM polarized incidence arises 

from the resonance of the focus effect. Figure S1 depicts a 

distribution diagram of the magnetic field intensity |H| that 

makes this phenomenon more apparent. The electric field 

intensity |E| is primarily concentrated at the radial periphery 

of the NW, whereas it becomes negligible in the core region. 
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On the other hand, the field intensity associated with TM 

polarization is primarily localized inside the core region of the 

NW. This phenomenon is the reason behind the comparatively 

reduced absorption efficiency of TE polarization compared to 

TM polarization. It is notable that the second peak associated 

with the mixture of higher-order resonance modes, as shown 

in Figure 3(h), contributes considerably to the overall Qabs in 

the short-wavelength region.  

This phenomenon underscores the profound influence of 

NW diameter on regulating absorption modes within NWs. For 

photo-sensing applications such as photodetector or 

photovoltaic, the current density can be optimized by tuning 

the diameters of NWs to better match the incident wavelength 

to obtain the maximum response. Consequently, the Qabs 

spectra exhibit a pronounced reliance on the individual NW 

parameter, matching with the distinctive resonance mode.  

Figure 4. (a) The periodic model of the InN NW array. The absorption spectrum of NW arrays under (b) TE and (c) TM polarized inciden ce. (d)-(g) 

The longitudinal section of distribution of the electric field intensity |E| inside the 3D hexagonal InN NW under TE polarized incidence with 

different NW heights and incident wavelengths.

While the absorption mode of a single NW has been 

examined, the utilization of regularly arranged NW arrays in 

the device offers greater practicality for many applications 

such as including photodetectors
[39]

, solar cells
[40]

, 

biosensors
[41]

, metamaterials
[42]

, light emitters
[43]

 and so on. 

The NW arrays exhibit distinct absorption characteristics 

compared to those of individual NW as multiple reflections of 

light within NW arrays are influenced by complex dimensional 

parameters such as height, aspect ratio between height and 

diameter, and spacing. It is imperative to investigate the 

impact of these parameters to fully exploit the potential of NW 

arrays.  

B. Absorptance of 3D NW Array 

The periodic 3D NW array model is illustrated in Figure 4(a). 

Assuming integration with CMOS technology, the NW arrays 

are grown on a Si substrate. The NW diameter is still 

represented as “D”, while “P” signifies the period of the unit 

cell, and the height of the NW is represented as “H”. Here, D is 

set to 400nm, and P is 800nm. Periodic boundary conditions 

are utilized to reduce computational complexity and improve 

processing efficiency. The periodic conditions are defined 

along the x and y axis, with NWs surrounded by air. The upper 

boundary of the air and the lower boundary of the Si substrate 

are designated as PMLs to capture the scattered light. The 

incident light is perpendicular to the x–y plane. 

For the 3D NW absorption model, the absorptance A(λ) of 

NW arrays is given by A(λ)=1-R(λ)-T(λ), where R(λ) is the 

reflectance and T(λ) is transmittance. As depicted in Figure S2, 

the absorptance A(λ) dependence on the λ with diverse 

heights of Si substrate is obtained under TE polarized 

incidence. The Si substrate exhibits negligible absorption 

beyond 1000nm and essentially no absorption after 1100nm, 

corresponding to the Si absorption cut-off wavelength. 

Furthermore, it appears that the thickness of the substrate has 

minimal impact on the absorption characteristics of the NW 

arrays. In our subsequent models, the substrate thickness was 

set to 3um. Our primary focus lies on the absorptance of the 

NW arrays beyond 1000nm. 

The influence of NW height on the absorptance of NW 

array is evaluated using absorptance obtained under TE and 

TM polarized incidence. The absorption spectrum exhibits 

similarities for both TE and TM polarized incidences, as 

depicted in Figure 4(b) and (c). As the NW height increases 

from 1 um to 3.5um, the absorptance gradually rises while the 

absorptance reaches the maximum at 1436nm. With 

continued increases in NW height, the absorptance of NW 

arrays reaches saturation over 95% absorptance across a wide 

range of wavelengths before the cut-off wavelength 

(~1860nm). Figure 4(b) and (c) also illustrate the absorptance 

of a bulk InN film with a thickness of 3um for the sake of 

comparison. At the same height, the NW array has a maximum 

absorptance increase of about 34% compared to the bulk at 

1436nm, and the corresponding NW absorption is about 98%.  
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Figure 5. (a)-(d) Absorptance with the variation of P/D ranging from 
1.5-3 for NW array of length H = 3um for TE polarized light. 

The absorptance of bulk InN film is greater than that of InN 

NWs at longer wavelengths, where the transmittance of NWs 

considerably improves. In the spectral regions spanning from 

1000 to 1500nm, it has been observed that the absorptance of 

a 1um-high NW array surpasses that of bulk materials with a 

thickness of 3um. 

An examination of the normalized |E| reveals that 

inadequate NW height results in the dispersion of residual field 

strength among the space between NW arrays. Consequently, 

for only the 1.5um height of the InN NW array, the efficient 

coupling of light into the NWs is hindered, as illustrated in 

Figure 4(d). However, when NWs reach a height of 3um, there 

is a higher concentration of electric field within the NWs, 

leading to an elevated absorptance, as shown in Figure 4(e). 

Enhanced absorptance is observed in Figure 4(f) when the 

incident light's wavelength matches the dimensions of the NW 

as the absorption length of light and strength within the NW is 

enhanced. For λ > 1600nm, several lobes of maxima and 

minima of |E| appear periodically along the NWs. Despite the 

increase in strength of maxima |E|, the absorptance decreases 

significantly due to the majority of light being reflected from 

the top and transmitted through the Si substrate.  

In addition to the factor of height, numerous researches 

have indicated that the spatial arrangement of NWs, 

specifically the ratio of periodicity to diameter (P/D), can exert 

a substantial influence on the absorption properties of NW 

arrays
[29,35,44]

. Figure 5(a)–(d) displays the absorptance spectra 

of NW arrays at different P/D ratios ranging from 1.5 to 3 

under TE polarized incidence. Figure S3(a)-(d) plots the 

absorptance under TM polarized incidence. As the ratio of P/D 

grows, the competition among NWs diminishes, resulting in 

enhanced field concentration within the NWs. Therefore, as 

the P/D ratio exhibits a progressive increase, there is a 

corresponding increase in the maximum achievable 

absorptance, which approaches a value of unity. When the 

ratio P/D hits 2.5 and 3, the maximum absorptance can exceed 

99% throughout a wide range of wavelengths from 1000nm to 

1470nm, with the diameter ranging from 280 to 360 nm. For 

example, the NW with a diameter of 300 nm can achieve 99% 

absorptance in the wavelength range from 1000 nm to 1120 

nm. 

Additionally, for each P/D ratio, the absorptance versus D is 

also depicted. As the diameter increases, the absorptance 

initially rises, followed by saturation and eventually decreases 

rapidly. The absorptance of NW arrays with extremely small or 

large diameters own a narrow wavelength range capable of 

near-complete absorptance. Taking P/D = 2.5 as an example, 

when the diameter of the NW is small (<260nm), the 

enhancement of absorptance is mainly due to the enhanced 

resonance caused by the increase in diameter. As the diameter 

gets large, the absorptance peak caused by LMR exhibits a 

continuous redshift. The abrupt decline in absorption observed 

in the NW array can be attributed to the enhanced 

transmission at longer wavelengths and increased reflection 

off the top, both of which are consequences of the greater 

diameter (>460nm) of the array.  

To be specific, the P/D ratio determines the overall 

absorptance, whereas the diameter D dominates the peak and 

mostly influences the wavelength at which peak absorptance 

occurs. Thus, to achieve optimal absorptance, it is imperative 

to meticulously tune the size of NW and the arrangement of 

their arrays.  

In contrast to cylindrical NWs, hexagonal NWs exhibit a 

distinct six-fold symmetry, which leads to variations in light 

absorption characters at different incident angles. The 

absorptance at various elevation angles α1 was initially 

computed, as α1 is determined by the angle formed between 

the outward unit normal vector to the boundary n and the 

incoming wave vector k, as depicted in Figure 4(a). The angle 

of 0° denotes a scenario where light is incident vertically, 

whereas an angle of 90° signifies light incident in the x-

direction at the uppermost part of the air layer. When the 

incidence elevation angle is below 40°, it is observed that the 

absorptance can surpass 95% across a broad range of 

wavelengths, while α1 between 40° to 65°, the absorptance is 

as high as 90%, as seen in Figure 6(a). As α1 increases, there is 

a corresponding redshift observed in the absorption peak at 

the longer wavelength. When the α1 exceeds 75°, the 

absorptance decreases rapidly. The optical power loss 

spectrum and the Poynting vector of different angles α1 at 

1400nm are shown in Figure 6(c)-(e).  

Figure 6. (a) The absorptance as a function of wavelength and 
elevation angle α1. (b) The absorptance as a function of wavelength 

and azimuth angle α2 when α1 set to 40°. (c)-(e) The optical power 
loss spectrum and the Poynting vector of different angles α1 at 
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1400nm. (f)-(k) The optical power loss spectrum and the Poynting 
vector of different angles α2 at 1200nm and 1400nm. 

Subsequently, theoretical calculations were to determine 

the impact of varying azimuth angles α2 on the absorptance of 

NW arrays, assuming a fixed incident elevation angle α1 of 40°. 

α2 denotes the angle formed between the incident light and 

the axis while rotating within the x-y plane. An angle of 0° 

indicates a line parallel to the x-axis, whereas an angle of 90° 

degrees indicates a line parallel to the y-axis. Considering the 

symmetry of the hexagon, the analysis exclusively 

encompassed azimuth angles within the range of 0° to 90°. The 

results are shown in Figure 6(b). Almost all incident azimuths 

exhibit an absorptance of over 90% throughout the entire 

spectral range of concern. Due to the symmetry of the regular 

hexahedron, the absorptance also exhibits symmetry about 

45°, with the 0° absorptance curve similar to that of 90°, and 

the 10° absorption curve resembling that of 80° and so on. In 

the spectral range below 1350nm, the absorptance exhibits 

the lowest efficiency when the α2 is 45°. This can be mainly 

attributed to the high reflectance of the incident light at 45° 

and the subsequent emission of NWs. These processes 

contribute to an overall rise in the total reflectivity of the NW 

array. Figure 6(f)-(h) depicts the optical power loss spectrum 

and Poynting vector of the x-y plane situated at the uppermost 

region of the NW, specifically at α2 equal to 20°, 40°, and 60° at 

wavelength 1200nm. The optimal absorptance is attained 

when α2 is set at 45° beyond the wavelength of 1350nm. As 

seen in Figure 6(i)-(k), the absorptance predominantly occurs 

at the core position, primarily attributed to the enhanced 

penetration of long wavelength light within the NW. Currently, 

the incidence azimuth angle α2 of 45° experiences a reduced 

impact from refraction, resulting in a higher absorption of 

photons. 

C. Inclined InN NW array 

Further, the optical pathway can be extended by enhancing 

the reflection among the NWs arrays, hence boosting the 

absorption, expanding methods to enhance absorption, and 

adjusting their dimensions and distributions to achieve higher 

absorption intensity. When NWs are aligned axially in parallel 

with the direction of light incidence and perpendicular to the 

substrate, a substantial proportion of the incident light is 

reflected toward the air, while just a fraction of the photons 

that undergo refraction and reflection along the sidewalls of 

NWs on the possibilities to be secondarily absorbed. One 

practical approach to expanding the optical pathway is 

accomplished by tilting the NWs at an angle relative to the 

substrate. Etching has been reported as an optional method to 

fabricate inclined Si NWs
[45]

, while previous theoretical studies 

have also demonstrated that the inclined Si and GaAs NWs 

demonstrate enhanced absorption compared to perpendicular 

NWs
[46,47]

.  

Figure 7. (a) The periodic model of inclined InN NW array. (b) The 
absorption spectrum of the NW array is dependent on the inclination 
angle α3 under TE polarized light. The cross-section of distribution of 
the electric field intensity |E| inside the inclined InN NW under TE 
polarized incidence at λ=1300 nm:(c) α3 = 20°, (d) α3 = 50°. 

Figure 7(a) illustrates the schematic diagram of periodic 

inclined NWs, characterized by a diameter of 400nm and a 

length of 3μm. The inclination angle α3, denoted as the angle 

between the NW and the substrate, is defined as 90° signifies a 

perpendicular orientation to the substrate, while 0° indicates 

the NW lying entirely flat. The resulting absorptions of InN 

NWs depend on the different α3 displayed in Figure 7(b). The 

absorption in the theoretical simulation falls significantly 

below 100%, ascribed from their P/D ratio being considerably 

lower than the ideal value of 2.5. To intuitively illustrate how 

inclined NWs can affect absorption, the maximal absorption of 

the vertical NW arrays in SWIR is normalized for all other 

inclined NWs. The absorption effect of tilted NWs can increase 

the absorption rate by a further 28%. 

The NWs that possess minor α3 from 10° to 20° show much 

lower absorptions than that of vertical NWs, as the diameters 

of these near-lying flat NWs determine the absorbed length of 

the incident light, which is insufficient to absorb the light. 

Compared to shorter wavelengths, the distribution of electric 

field intensity |E| is predominantly localized near the border 

at longer wavelengths, as depicted in Figure 7(c). Hence, the 

absorptance in longer wavelengths is comparatively lower 

than in the shorter wavelengths, consistent with Figure 3(a). 

The absorption characteristics of NWs with an α3 ranging from 

30° to 50° exhibit enhanced absorptions compared to vertical 

ones. The absorption intensities exhibit a progressive 

augmentation and red-shift with the elevation of the α3. The 

observed phenomenon can be explained by the guided-mode-

fiber function of these inclined NWs, in which incident light 

simultaneously absorbs and undergoes multiple reflections 

within NWs' sidewalls. At an α3 of 50°, the number of photons 

that are reflected and subsequently increases due to the 

propagation of reflected light along the axis of NW. Thus, the 

maximum absorption is obtained at the wavelength of about 

1330nm, as depicted in Figure 7(d). As the α3 is further 

increased, the projection area of the NWs on the substrate 

diminishes, leading to a reduction in the number of acceptable 

incident photons. Consequently, the absorption within the 

SWIR wavelength range experiences a decline. However, NWs 

with an inclination angle α3 ranging from 30° to 70° exhibit a 

distinct peak around 1560 nm, which can be attributed to the 

resonance effect between the inclined NWs and the refraction 

and reflection of the incident light. The cross-sectional 

distribution of the electric field intensity |E| inside an inclined 

InN nanowire with α3 = 50° is taken as an example, as shown in 

Figure S4. Thus, it has been established that manipulating the 

inclined angle of the NWs while simultaneously ensuring the 

suitable dimensions and arrangement of the NW arrays can 

effectively modulate the absorption. 

D. Compared with InGaAs NW 

Having optimized the NWs based on their optical absorption 
performance, further simulations of their photoelectric 
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properties were conducted utilizing the refined periodic 
structure seamlessly integrated onto a silicon substrate. The 
doping configuration of the repeat InN NW unit, as depicted in 
Figure 8(a), incorporates a P-type ohmic contact at the apical 
end and an N-type ohmic contact at the base interface with Si, 
resulting in the formation of an efficient PIN structure within 
the NWs. The incident light direction is perpendicular to the 
substrate and parallel to the NW direction, with power set to 
1mW.  

The responsivity curve of the InN NW array within the SWIR 

range is presented in Figure 8(b), achieving a remarkable 

responsivity of ~1 A/W at the 1550nm wavelength and the 

maximum responsivity can reach up to 1.16A/W at 1730 nm. 

This finding underscores the potential of InN NW arrays as 

highly effective photodetectors. 

 

Figure 8. (a) The doping configuration of the repeat NW unit in 
periodic arrays. Red represents n-type doping, and blue represents p-
type doping. (b) The responsivity curve of the InN and InGaAs NW 
array within the SWIR range. 

 

Table 1 Optical absorptance performance of InGaAs and InN 

NW arrays at 155nm 

 InN InGaAs 

Absorption coefficient(cm
-1

) 1.40×10
4
 0.19×10

4
 

Light absorption efficiency 99.82% 90.18% 

Responsivity(A/W) 0.99 0.89 

 

 For a comprehensive comparison, the responsivity data of 

InGaAs NW array with identical nanostructure and doping 

configurations was also included, which is also presented in 

Figure 8(b). Notably, the InGaAs NWs exhibit a lower 

responsivity of 0.89A/W at 1550nm with a maximum 

responsivity of 0.93A/W, further validating the superior 

performance of the InN NW arrays. Table 1 presents the 

optical absorptance performance of InGaAs and InN NW arrays 

at 1550nm with the same size. 

Conclusions 

In summary, we have proven the III-V NW arrays made of 

InN semiconductors are highly promising photosensitive 

materials in the SWIR due to their outstanding light absorption 

properties. Our calculation shows that the subwavelength 

dimensions, high refractive index and high absorption 

coefficient of InN NWs enable them to absorb light beyond 

their projected area and sustain multiple enhancement light 

absorption modes, resulting in approximately 99% light 

absorption ability performance in the wide 1000-1470nm 

range and incidence angles (0~65°). By adjusting the size, 

height, arrangement, and tilt angle of the NW arrays, even 

with a relatively low filling ratio and height, it is possible to 

achieve light absorption 28% higher than that of bulk devices 

with the same height. By adopting precisely optimized NW 

arrays, a response rate as high as 1 A/W can be achieved at the 

1550nm wavelength by InN, which is 11.83% higher than that 

of InGaAs. Meanwhile, the maximum optical response in the 

SWIR range is 24.73% higher than InGaAs NW arrays. Our 

newly gained understanding of absorption features in 

individual NWs and NW arrays can now guide the rational 

design of high-efficiency NW-based photodetector or 

photovoltage cells that can operate at high temperature. 
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