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Abstract 

Semiconductor nanowire arrays are a promising candidate for next generation solar cells due 

to enhanced absorption and reduced material consumption. However, to optimize their 

performance, time consuming three-dimensional (3D) opto-electronics modeling is usually 

performed. Here, we develop an accurate one-dimensional (1D) modeling method for the 

analysis. The 1D modeling is about 400 times faster than 3D modeling and allows direct 

application of concepts from planar pn-junctions on the analysis of nanowire solar cells. We 

show that the superposition principle can break down in InP nanowires due to strong surface 

recombination in the depletion region, giving rise to an IV-behavior similar to that with low 

shunt resistance. Importantly, we find that the open-circuit voltage of nanowire solar cells is 

typically limited by contact leakage. Therefore, to increase the efficiency, we have 

investigated the effect of high-bandgap GaP carrier-selective contact segments at the top and 

bottom of the InP nanowire and we find that GaP contact segments improve the solar cell 

efficiency. Next, we discuss the merit of p-i-n and p-n junction concepts in nanowire solar 

cells. With GaP carrier selective top and bottom contact segments in the InP nanowire array, 

we find that a p-n junction design is superior to a p-i-n junction design. We predict a best 

efficiency of 25% for a surface recombination velocity of 4500 cm/s, corresponding to a non-

radiative lifetime of 1 ns in p-n junction cells. The developed 1D model can be used for 

general modeling of axial p-n and p-i-n junctions in semiconductor nanowires. This includes 

also LED applications and we expect faster progress in device modeling using our method.  
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1. Introduction 

Photovoltaics, which transforms solar radiation directly into electrical power, has been 

realized for example in semiconductor planar and nanostructured solar cells [1-3]. Importantly, 

nanostructures, such as nanowire arrays (see inset in Figure 1a), can achieve absorption 

comparable to planar structures while using less material [4, 5]. Due to this broadband 

absorption at lower material consumption, nanowire arrays have attracted attention for solar 

cell applications in both experimental [1, 6-8] and theoretical studies [4, 9-16].  

InP and GaAs are promising materials for nanowire array solar cells thanks to their respective 

band gap, which is well matched for absorption of the solar spectrum [1, 7, 17]. For GaAs 

nanowires, surface passivation is important because of the high surface recombination 

velocity of GaAs and large surface to volume ratio of nanowires [1]. An efficiency of 15.3% 

has been reached in an epitaxially fabricated GaAs nanowire array solar cell after passivating 

the nanowires with an AlGaAs shell [1]. For InP nanowires, efficiencies of 13.8% [7] and 

17.8% [17] have been reached without intentional surface passivation in epitaxially fabricated 

arrays and top-down fabricated arrays, respectively.  In this study, we focus on InP nanowire 

array solar cells, but we expect the main results and guidelines to apply also to well-

passivated GaAs nanowires. 

For InP nanowire array solar cell, previous experimental studies have demonstrated 

impressive short-circuit currents [1, 7, 17] with a highest reported value of 29.3 mA/cm2 for 

an InP nanowire array solar cell [17]. However, the short-circuit current density (Jsc) is 

extracted at zero voltage where the efficiency is zero. Here, we optimize through modeling 

the full IV-curve of an InP nanowire solar cell to maximize the output power and hence the 

efficiency. 

The nanowire array is an inherently three-dimensional (3D) structure, and computationally 

heavy 3D opto-electronics modeling is usually performed for theoretical studies of nanowire 

solar cells [13, 16]. We demonstrate an accurate 1D modeling method for nanowire arrays by 

(i) transforming the 3D photogeneration profile into an axially dependent 1D profile and (ii) 

transforming the surface recombination into an effective bulk recombination to allow 1D 

electrical modeling. The 1D modeling is orders of magnitude faster than 3D modeling and 

works for both strong and weak surface recombination. Furthermore, thanks to the 1D 

description, we can analyze the nanowire IV-curve using well-known textbook concepts 



pertaining to planar pn-junctions. Such intuitive analysis allows for efficient design of 

nanowire devices with axial p-n and p-i-n junctions, also beyond solar cell applications. 

First, we show how the superposition principle of J(V)=Jsc-Jdark(V), with Jdark the current 

through the cell in the dark without incident light, can break down in nanowires when a high 

surface recombination velocity causes a noticeable recombination in the depletion region. 

Such a breakdown of the superposition principle shows up in the IV-curve in a similar fashion 

as a low shunt resistance and could have direct effect when assessing losses in experimentally 

measured IV-curves. 

Next, we analyze the ideality factor of the nanowire IV-curve for varying surface 

recombination velocity. We found that for high surface recombination velocity, surface 

recombination in the depletion region causes an ideality factor of 2 and limits the open-circuit 

voltage (Voc) and fill factor (FF); and hence the efficiency. For low surface recombination 

velocity, we find at a higher voltage an ideality factor of 1, which is shown to be set by 

leakage of minority carriers to the contacts. Thus, in a well-passivated nanowire, contact 

leakage limits the efficiency. Therefore, we propose the use of a high bandgap GaP segment 

at the top and at the bottom of the nanowire to block minority carriers from leaking to the 

contacts. With such GaP segments, we can reach a Voc close to that in the radiatively limited 

Shockley-Queisser detailed balance analysis and an efficiency of 29.6%. 

Finally, we turn to question the commonly used p-i-n junction design in nanowires, which is 

used to create an electric drift field in the long intrinsic region. Such a drift field separates 

effectively the photogenerated carriers in the intrinsic region and blocks those photogenerated 

minority carriers from reaching the contacts where they could recombine leading to a 

lowering of Jsc. However, a long intrinsic region opens at the same time up for additional Voc-

limiting recombination. With the GaP selective contacts, we can actually rely on diffusion to 

separate the carriers if the non-radiative lifetime is long enough. We can then, to enhance Voc, 

move from the p-i-n to a p-n junction design that has a much shorter depletion region. With 

such a design, we can reach an efficiency of 25% even for a surface recombination velocity of 

4500 cm/s, corresponding to a non-radiative lifetime of 1 ns, showing that considerable 

headroom exists compared to the current experimental record efficiency of 17.8% [17]. 

 

 



2. Methods 

Unless otherwise stated, we consider a square lattice p-i-n InP nanowire array with 330 nm 

period. The nanowires have a radius of 90 nm and a length of 1400 nm (see inset in Figure 1a), 

which give a high short circuit current [18]. The doping level in both the top n and bottom p 

segment is 1018 cm-3 with a length of 100 nm for the n segment and 300 nm for the p segment. 

The substrate is 300 nm thick and of p-type with the same doping level as in the p segment of 

the nanowire. On top of the n segment and at the bottom of the substrate, we place ideal 

Ohmic contacts [18]. 

We perform full opto-electronic modeling of the nanowire-array solar cell with the finite 

element method in Comsol, which includes drift-diffusion modeling for the electron and hole 

transport and optics modeling for the absorption of light and the photogeneration of electron-

hole pairs (see Ref. [18] for details and materials parameters used). From the optics modeling 

with the Maxwell equations, we obtain the 3D optical generation rate  

𝑔3D(𝐫) = ∫ 𝐴e(𝐫,𝜆)
𝐸photon

𝜆bandgap
280nm 𝑑𝑑   (1) 

where Ae is the absorbed energy density at position r in the nanowire for incident light with 

wavelength 𝑑 and Ephoton is the corresponding photon energy. We use in the calculation the 

AM1.5D solar spectrum, which shows negligible intensity at wavelength below 280 nm. For 

the 1D drift-diffusion modeling, we average the photogeneration rate in the cross-section of 

the nanowire of radius rNW: 

𝑔1D(𝑧) = ∫ ∫ 𝑔3D(𝑟,𝛳,𝑧)𝑟NW
0 𝑑𝑟𝑑𝛳2𝜋

0
𝜋𝑟NW2 .   (2) 

See Supporting Information Figure S1 for the validity of using g1D instead of g3D in 3D 

modeling. Note that g1D can be obtained for many cases also from the scattering matrix 

method, which can be computationally orders of magnitude faster than the finite element 

method (see Supporting Information Figure S2). Full opto-electrical modeling of a nanowire 

array with nanowires of a length of 1400 nm took us 36 core hours on a dual 16-core DELL 

Precision Tower 7910 in 3D modeling but only 5 core minutes when combining the 1D 

electrical modeling described below with the scattering matrix method for calculating g1D. 



In our electrical modeling, we assume that the surface recombination is of Shockley-Read-

Hall (SRH) type and given by [18] 

𝑅surface = 𝑣sr
𝑛+𝑝+2𝑛i

(𝑛𝑛 − 𝑛i2)  (3) 

at the surface of the nanowire, with vsr the surface recombination velocity, n(r) the electron 

concentration, p(r) the hole concentration, and ni the intrinsic carrier concentration in the 

semiconductor. Also for non-radiative bulk recombination, we assume a SRH type 

recombination of Rbulk = Abulk(np-ni
2)/(n+p+2ni) (with Abulk = 107 s-1 unless otherwise stated 

[18]). Thus, the surface and bulk SRH recombination is of similar form, with the only 

difference being where they are defined (the surface of circumference 2πrNW or the full cross-

section of area πrNW
2). Now, we can translate the surface recombination into an additional, 

effective bulk recombination term, with recombination parameter Aeff, giving: 

∫ 𝑣sr(𝑧)[𝑛(𝑟NW,𝜃,𝑧)𝑝(𝑟NW,𝜃,𝑧)−𝑛𝑖2]𝑟NW𝑑𝜃
𝑛(𝑟NW,𝜃,𝑧)+𝑝(𝑟NW,𝜃,𝑧)+2𝑛i

2𝜋
0 = ∫ ∫ 𝐴eff(𝑧)[𝑛(𝑟,𝜃,𝑧)𝑝(𝑟,𝜃,𝑧)−𝑛i2]𝑟𝑑𝑟𝑑𝜃

𝑛(𝑟,𝜃,𝑧)+𝑝(𝑟,𝜃,𝑧)+2𝑛i

𝑟NW
0

2𝜋
0       (4) 

From Eq. (4), we can solve for Aeff and perform 1D electrical modeling with (Aeff+Abulk) as the 

recombination parameter where Abulk is the original bulk recombination parameter. Note that 

we allow here in principle for an axially varying vsr through the z-dependence in Eq. (4). 

At low vsr, n and p show negligible variation over the cross-section of the nanowire, and we 

obtain, from Eq. (4), 2πrNWvsr =  πrNW
2Aeff, which gives, similarly as in Ref. [19]: 

Aeff = 2vsr/rNW    (5) 

With increasing vsr, the surface recombination causes a lower carrier density at the 

circumference of the cross-section, where the recombination occurs, compared to at the center 

of the cross-section. In that case, the assumption of constant carrier concentration within the 

cross-section of the nanowire, which gives the above Aeff = 2vsr/rNW, over-estimates the 

surface recombination (explaining why in Figure 1 the Jsc and Voc are lower, due to over-

estimated recombination, in the 1D modeling when using Eq. (5) for the highest vsr = 106 cm/s 

as compared to with full 3D modeling). 

We can correct for this over-estimation of recombination at high vsr by adjusting Aeff. We 

calculated the current in 3D modeling and modified the Aeff according to these results. Based 



on the solutions of drift diffusion equations (see Figure 1 (a)), we found the following 

equation for Aeff to yield good agreement between our 1D and 3D modeling:  

𝐴eff = 𝐴0
2𝑣sr
𝑟NW

    (6) 

where 

𝐴0 = min [1
4

log10 �
𝑣0
𝑣sr
� , 1]   (7) 

with v0 a term that depends on the mobility/diffusion of electrons and holes and the nanowire 

radius. For InP nanowires of 90 nm in radius and μ = μInP = 5400 (200) cm2V-1s-1 in mobility 

for electrons (holes), we suggest the value v0,InP = 107 m/s for v0. When varying the radius and 

mobility, we found (see Supporting Information Figure S3) that the parameter v0 was given by: 

𝑣0 = (𝑟NW
𝑟0

)−log2(10)𝛼𝑣0,InP  (8) 

where r0 is 90 nm and μ= αμInP for both electrons and holes.  

3. Results 

 

Figure 1. (a) Short circuit current density as a function of surface recombination velocity in both 3D and 1D 

model. (b) Current voltage response of nanowire array solar cells with different surface recombination velocity 

as marked in the figure (3D modeling with solid lines, 1D modeling with low-vsr approximation from Eq. (5) 

with dashed black lines, 1D modeling with refined model for surface recombination from Eq. (6) with circles), 

together with Jsc - Jdark(V) from the superposition principle with 3D modeling (dashed magenta lines). 

We turn to verify the above 1D modeling scheme by comparing the results with those from 

full 3D modeling that uses the 3D photogeneration profile g3D(r) and takes into account 



surface recombination with vsr at the surface of the nanowire through Eq. (3). First, we 

consider the Jsc, which is defined at zero voltage bias (Figure 1a). From the 3D modeling, we 

find that the Jsc starts to decrease noticeably for vsr > 104 cm/s, and for vsr = 107 cm/s, the Jsc 

has dropped by 80%, in agreement with previous studies [13, 14].  

When we perform 1D modeling of Jsc with g1D(z) from Eq. (2) and Aeff from Eq. (5), which 

assumes a low vsr to take into account the surface recombination, we find good agreement 

between 1D and full 3D modeling for vsr < 105 cm/s (Figure 1a). However, for increasing vsr, 

the results between 1D and 3D modeling deviate. For the highest considered vsr of 107 cm/s, 

the discrepancy is 1.3 mA/cm2, which corresponds to 30% of the short-circuit current density. 

This deviation can be decreased by using in the 1D modeling the Aeff from Eq. (6), which 

applies also at large vsr. With that refined Aeff, the short circuit current agrees much better 

between 3D and 1D model at high vsr, with a discrepancy below 0.2 mA/cm2 at vsr =107 cm/s. 

Next, we turn to study the full IV-curve of the solar cell (Figure 1b) at vsr = 104, 105, and 106 

cm/s for which the Jsc varied noticeably in Figure 1a. We find that the low vsr assumption of 

Aeff = 2vsr/rNW [Eq. (5)] in the 1D model works well for vsr = 104 and 105 cm/s. However, for 

vsr = 106 cm/s, we find much better agreement between the 1D and 3D modeling when we use 

the refined Aeff from Eq. (6) with maximum difference of about 0.01 V in Voc and 0.01 in FF, 

with FF defined as Pmax/(JscVoc) where Pmax is the maximum output power. 

Thus, the simple, low vsr approximation of Aeff = 2vsr/rNW from Eq. (5) works here for the 

modeling up to vsr = 105 cm/s, which covers the range where we expect efficient nanowire 

solar cells. For higher vsr, we can use the refined, but more complicated, Aeff from Eq. (6) to 

analyze the IV-behavior of nanowire solar cells. 

Importantly for nanowire solar cell characterization, in Figure 1b, we see that for vsr of 105 

and 106 cm/s, the IV curve slopes noticeably already at V = 0, which typically indicates the 

presence of a shunt resistor parallel to the junction [20]. However, in our modeling, no such 

shunt resistor is present. Instead, our 1D analysis reveals (Figure 1b) that we are observing for 

vsr > 104 cm/s increasing breakdown of the superposition principle, in which we assume that 

the IV-curve under illumination, J(V), is given by Jsc – Jdark(V). The failure of the 

superposition principle is caused by the change in carrier concentrations in the intrinsic region 

at low voltage between dark and illuminated conditions (see Figure S4 and S5), similarly as 

reported for the depletion region in a p-n junction Si cell [21]. Therefore, a sufficiently strong 



recombination mechanism, through a high vsr, increases the recombination rate in the 

illuminated case compared to in the dark case, which breaks down the superposition principle. 

In contrast, in nanowires with low vsr, the superposition principle holds well, even at low 

voltage, despite the change in carrier concentrations between dark and illuminated conditions. 

Previously, optics modeling and full opto-electronic modeling has recommended to increase 

the nanowire length to enhance the short-circuit current of the nanowire solar cell [9, 10]. 

Here, we study the effect of increasing nanowire length on the full IV-curve of the solar cell, 

by making the intrinsic segment longer, starting from the 1400 nm long nanowires. For low 

surface recombination velocity, the efficiency shows a maximum for a nanowire length of 

approximately 2 μm with the highest value of 22.4% (Figure 2a). For vsr of 104 cm/s or higher, 

the efficiency decreases monotonously when the nanowire length is increased. Thus, here we 

find that, irrespective of the vsr, the nanowire length cannot be increased without limit in an 

attempt to increase efficiency. 

To understand this limitation on nanowire length, first the short circuit current is studied in 

Figure 2b. At zero surface recombination velocity, short circuit current increases 

monotonously with length. The current rises up to a fixed value of 27.6 mA/cm2, which is 

limited by the reflection loss at the top of the nanowire array and the less than 100% 

extraction of photogenerated carriers from the top n-region [18]. A minor decrease is found 

beyond 9 μm in length for vsr = 102 cm/s, indicating that surface recombination in the intrinsic 

region starts to limit Jsc. For vsr = 104 cm/s, the surface recombination limits strongly the Jsc. 

At the highest considered vsr of 106 cm/s, a rapid decrease in short circuit current can be seen 

with increasing nanowire length in Figure 2b, which leads to a similar rapid drop in the solar 

cell efficiency. Thus, the rapid drop in Jsc with increasing nanowire length is the main limiting 

factor for efficiency for nanowires with high surface recombination velocity. 

Next, open circuit voltage as a function of nanowire length is studied in Figure 2c. For the 

case of zero surface recombination, Voc is limited to approximately 0.9 V for short wires. For 

all vsr, open circuit voltage decreases with increasing nanowire length as a longer intrinsic 

region increases the possibility of recombination. For 10 µm long nanowires, even a very low 

surface recombination velocity of 102 cm/s leads to a decrease of 0.06 V in open circuit 

voltage compared to in 1.4 µm long nanowires. For high surface recombination velocity of 

104 and 106 cm/s, the open circuit voltage appears to decrease linearly with a ratio of about 

0.04 V/µm.  



 

Figure 2. Efficiency (a), short circuit current (b), open circuit voltage (c) and fill factor (d) as a function of InP 

nanowire length for different surface recombination velocity with fixed length of n and p segment and varying 

length for i segment.  

Finally, an increase of the nanowire length is harmful also to the fill factor for all values of vsr 

(Figure 2d). Importantly, for low vsr of 0 and 100 cm/s, the fill factor of 10 µm long nanowires 

drops by 20% compared to that in 1400 nm long nanowires. Thus, the decrease in fill-factor 

with increasing nanowire length is the main efficiency limiting factor in nanowires showing 

low surface recombination velocity.  

To go beyond this efficiency of 22.4% that was found for vsr = 0 (Figure 2a), we note that the 

Voc was limited to 0.9 V (Figure 2c) considerably below the Shockley-Queisser limit of 1.02 

V, which is the limit set by radiative recombination [22]. To reveal the recombination 

mechanisms limiting Voc, we perform a study of the voltage dependent ideality factor nideality 

=q(dJdark/dV)-1Jdark/kBT where kB is the Boltzmann constant and T = 300 K the temperature in 

our modeling [23] (see Figure 3). As a note, the ideality factor is 2 when surface or bulk SRH 



recombination in a depletion region dominates, 1 when surface or bulk SRH recombination in 

a doping region dominates, 1 when radiative recombination dominates, and 1 when contact 

leakage, that is, leakage of minority carriers to the contact, dominates [24]. 

First, for all vsr considered, at high voltage, and consecutively at high current density, resistive 

losses within the nanowire come into play leading to an ideality factor above 2. Second, for 

low voltages, we find for all vsr an ideality factor of 2 due to surface and/or bulk SRH 

recombination in the i-segment.  Third, for vsr = 104 cm/s, an ideality factor between 1 and 2 

shows up [24], and at a voltage of about 1 volt, a bump shows up in the ideality factor due to 

competition between surface recombination in the different regions (depleted intrinsic region 

vs. n and p doping regions). Fourth, when we consider the case of vsr = 0, we find an ideality 

factor close to 1 between 0.8 and 1.1 V. A detailed analysis shows that this ideality factor of 1 

is set by contact leakage. Thus, contact leakage is a major barrier towards a high efficiency 

InP nanowire array solar cell with above 0.9 V in Voc.  

 

Figure 3. Voltage dependent local ideality factor of InP nanowire array p-i-n junction. 

In our previous study, a 100 nm long GaP segment was used on top of the InP n-segment as a 

selective contact. The high-bandgap GaP segment shifts a major part of the photogeneration 

to the underlying InP segment and blocks photogenerated minority carriers from diffusing to 

the top contact from the intrinsic region, leading to a boost in Jsc with an almost 100% internal 

quantum efficiency for the collection of optical generated carriers [18]. However, such a GaP 

top segment does not increase noticeably the Voc of the InP nanowire solar cell (compare blue 

curve and dashed red curve in Figure 4a). At forward bias, high mobility electrons are injected 

into the bottom p-segment, and they can diffuse to the bottom contact and recombine, limiting 

the Voc.  



 

Figure 4. (a) Current voltage response of InP nanowire array with and without GaP selective 

contact(s)/segment(s). A 20 nm long, linearly graded GaxInx-1P segment is placed between GaP and InP 

segments. For the material parameters of GaxInx-1P, we use linear interpolation between those of InP and GaP. (b) 

Band diagram with valence band Ev, conduction band Ec, and Fermi energy EF of InP nanowire array with top 

and bottom GaP selective contacts at zero voltage in the dark. Parameters of GaP and InP can be found in Ref. 

[18]. (c, d) Nanowire array solar cell efficiency as a function of nanowire length for different non-radiative 

lifetime τnr. The inset figure shows the peak positions. The length is 100 nm for both the top n and bottom p GaP 

segment. In (c), the length of the p InP segment is fixed to 200 nm and the length of the intrinsic segment varies. 

In (d), the intrinsic InP segment is replaced by p InP and the inset is a zoom-in that shows the maxima clearer.  

Therefore, we include here additionally a p type GaP bottom segment with the nanowires on a 

GaP substrate to block the diffusion of electrons to the bottom contact at forward bias (solid 

red line in Figure 4a – see Figure 4b for the band diagram with top and bottom GaP selective 

contacts; at the GaP/InP interfaces, minority carriers are reflected by the GaP barrier and the 

contact recombination is reduced significantly). The open circuit voltage increases to 0.97 V 

for a non-radiative lifetime of τnr = 100 ns, corresponding to vsr = 0 and Abulk = 107 s-1 (dotted 

red line in Figure 4a). Here, we define τnr ≡ 1/(Aeff + ASRH) (note that thanks to our 1D analysis, 



we don’t need to consider surface and bulk SRH recombination separately; and Auger 

recombination is in our systems small enough to be ignored for the non-radiative lifetime 

[18]). For τnr → ∞, this design with selective top and bottom contact can improve the open 

circuit voltage to 1.02 V, which is close to the Shockley-Queisser radiative limit (note that 

throughout our modeling, we used the bulk B parameter for radiative recombination in InP; 

see Supporting Information of Ref. [18]). Thus, with the GaP carrier-selective segments, the 

performance of the nanowire cell is not limited by contact leakage any longer but by the 

surface and lattice quality.  

In Figure 4c, the efficiency as a function of nanowire array length is shown for varying non-

radiative lifetime τnr. For zero non-radiative recombination, that is, for τnr → ∞, an efficiency 

of 29.6% is found. A long non-radiative lifetime of 1 μs drops the maximum efficiency to 

27.7%, which is found for 2 μm long nanowires. For τnr = 250 ns, the maximum efficiency 

reduces to 26%. The lowest reported value for the surface recombination velocity in InP 

nanowires is 170 cm/s [25], which corresponds to τnr =  25 ns from the Aeff in Eq. (5). Such a 

lifetime reduces the best efficiency to 23%, which is found with 2 μm long nanowires. For τnr 

= 1 ns, we find a maximum efficiency of 18.3 %.  

In the above p-i-n nanowire designs, the drift field is used to enhance Jsc. For strong non-

radiative recombination, diffusion lengths can become too short for efficient diffusion-driven 

separation of photogenerated carriers. On the other hand, for weak non-radiative 

recombination, diffusion of photogenerated minority carriers to the contacts can lead to 

noticeable contact leakage and loss in Jsc. A drift field can enhance the separation of 

photogenerated carriers and limit contact leakage, giving an almost 100% internal quantum 

efficiency in the i-segment [18]. However, a long intrinsic segment tends to be 

counterproductive for Voc by opening up for more recombination at forward bias. 

When we include the carrier selective n and p GaP segments at the top and the bottom of the 

nanowire to limit contact leakage, we could rely on diffusion for charge separation if the non-

radiative recombination is weak. Thus, the long intrinsic region with a drift field might not be 

needed. We demonstrate in Figure 4d results for a nanowire where the intrinsic region is 

replace by a p-doped segment. Indeed, for all values of τnr considered, the efficiency is 

enhanced in this p-n junction design over that in the p-i-n junction design shown in Figure 4c. 

For example, it is possible to reach a high efficiency of 25% with τnr = 1 ns, which 

corresponds to a surface recombination velocity of 4500 cm/s (in comparison, to reach an 



efficiency of 25% with the p-i-n design, τnr > 100 ns is needed). Note that when we include 

effects from a lower mobility in the p-doped segment than in the intrinsic segment, the highest 

efficiency values drop by approximately 1%, but the p-n junction still gives higher efficiency 

than the p-i-n junction (see Supporting Information Figure S6).    

4. Conclusions 

We developed a 1D modeling method for axial p-n and p-i-n junction nanowire array solar 

cells. This 1D modeling is about 400 times faster than 3D modeling. With the intuitive 1D 

modeling, we could use concepts from planar solar cells to analyze and optimize the behavior 

of the nanowire-array solar cell. Most importantly, we showed that to enhance the 

performance of nanowire solar cells, it is beneficial to include high-bandgap top and bottom 

carrier-selective segments and move to a p-n junction design from the commonly used p-i-n 

junction design. 
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