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 

Abstract— Nanowire solar cells hold several advantages over 

planar solar cells such as reduced reflection, facile strain 

relaxation, extreme light trapping, increased defect tolerance, 

etc... However, due to their large surface-to-volume ratio 

nanowires tend to have very low effective minority carrier lifetime. 

To overcome this issue a radial junction solar cell was proposed. 

However, in experimental realization, the efficiency of a radial 

junction solar cell remains significantly lower than its axial 

counterpart. This is mainly because of the inability to 

simultaneously control the doping in both the core and the shell 

while maintaining low defect density at the interface. To overcome 

the above-mentioned issues, we propose and simulate a core-shell 

heterojunction solar cell using p-InP as a core material and 

ITO/ZnO as a shell material, respectively. Using FDTD 

simulations, we show that use of an oxide coating over InP core 

can significantly increase the absorption in InP nanowire arrays, 

and for an optimized thickness of oxide layer, InP consumption 

can be reduced by as much as 4 folds without sacrificing the ideal 

short circuit current. In addition, our device simulation results 

show that even for a core minority carrier lifetime of 50 ps, an 

efficiency of 23 % can be obtained if both core and shell can be 

heavily doped while maintaining an interface recombination 

velocity of less than 104 cm/s. Finally, we discuss how the proposed 

device structure can reduce the fabrication complexities related to 

epitaxial homojunction/heterojunction core-shell solar cell 

structure while achieving a high efficiency under optimized 

conditions. 

 
Index Terms— Nanowire Solar Cell, Optoelectronic Simulation, 

III-V Photovoltaics, FDTD, TCAD  

 

I. INTRODUCTION 

ANOWIRE solar cells have emerged as an efficient and 

cost-effective alternative to planar devices [1-4]. 

Nanowire structures show high absorption and better 

antireflection properties when compared to their planar 

counterparts and can thus outperform a planar/thin film device 

in terms of carrier generation per unit volume of the material 

used [1-7]. In addition, nanowire architecture allows the growth 
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of high efficiency III-V materials (e.g., InP/GaAs) on earth 

abundant/inexpensive cheap substrates (e.g., silicon, glass, 

etc...) [4, 8, 9]. However, the high density of surface states along 

with a large surface-to-volume ratio can drastically reduce 

minority carrier diffusion lengths and lifetimes in nanowires [5, 

10, 11]. Consequently, novel device structures such as a radial 

junction architecture has been proposed to achieve high 

efficiency [12, 13]. 

 Schematic representation of an axial and a radial junction 

solar cell is shown in Figure 1(a) and 1(b), respectively.  For 

efficient light absorption, the length of nanowire should be 

longer than the absorption depth (denoted by 1/α in Figure 1) 

[12]. Similarly, for efficient charge collection, the distance 

between the points of minority carrier generation to the p-n 

junction area should be less than the diffusion length (denoted 

as Ln and Lp in Figure 1) [12]. In a radial junction solar cell 

(shown in Figure 1(b)), incident light can be absorbed in a 

relatively long axial direction of the nanowire while the 

electrons and holes are collected in the radial direction that is 

only tens of nanometers thick. A radial junction solar cell 

structure is more suitable when the absorbing material has a 

smaller diffusion length (lower lifetime).  After the seminal 

work of Kayes et.al. [12, 13], several of the authors have 

reported radial homo- and heterojunction solar cells based on 

Si, GaAs, ZnSe, Sb2S3 etc., both theoretically and 

experimentally [12, 14-18]. However, a detailed optoelectronic 

simulation on use of an electron selective contact for 

heterojunction solar cells based on InP, remain unexplored. 

 Indium Phosphide (InP) is a direct band gap semiconductor 

with much higher absorption coefficient compared to indirect 

semiconductors such as silicon, yet the cost of InP solar cells 

remains prohibitive for terrestrial applications, mostly due to 

high material cost [4]. To overcome this limitation, InP 

nanowire-based solar cells are being aggressively pursued by 

various research groups because of the unique properties 

offered by nanowires as mentioned above [2, 4, 5, 12, 18]. 

Although efficiency as high as 17.8 % has been reported for InP 
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nanowire solar cells, it remains substantially below to the best 

reported planar efficiency that is 29.1 ± 0.6 % [19, 20]. It is 

predicted that core-shell design can significantly improve 

nanowire solar cell efficiency [12, 13], however, in practice the 

performance of III-V nanowire solar cells with radial geometry 

is below expectation because of following reasons [5, 21]. In 

general, III-V core-shell nanowire solar cell structures are 

grown epitaxially [4, 5]. In an epitaxially grown core-shell 

structure, accurate control of doping in both core and shell with 

a defect free interface is difficult because of the out diffusion of 

dopants during shell growth along with other problems such as 

facet dependent dopant incorporation, unwanted shell growth, 

and the difficulty in dopant incorporation especially for 

nanowires grown by the vapor-liquid-solid (VLS) mechanism 

[5, 21-23]. Moreover, core-shell nanowire structure starts with 

the growth of a core segment, during which defects and 

impurities can be incorporated on the sidewall of the core [24-

26], subsequent growth of the shell over a defective core surface 

leaves the impurities and defects trapped at the p-n junction 

interface, leading to inferior performance of the solar cell [24]. 

Therefore, to realize high efficiency core-shell nanowire solar 

cells, an alternative approach is needed. 

 Most recently, passivating charge carrier selective contacts 

have shown huge potential to overcome the optoelectronic 

losses of conventional p-i-n homojunction solar cells [27]. In 

fact, most of the high efficiency thin film and silicon solar cells 

incorporate heterojunction for improved performance [26-30]. 

Conventionally, epitaxial III-V based thin film solar cells used 

wide band gap III-V materials as window layers for passivation 

and charge carrier selectivity [31, 32]. However, for nanowire 

core shell structure, growth of a doped wide band gap epitaxial 

shell over III-V core can be challenging because of reasons 

mentioned above. An alternative to this problem is the use of a 

wide band gap metal oxides which has successfully been 

implemented in III-V solar cells to achieve high open circuit 

voltage and efficiency [33, 34]. Until now, a detailed 

optoelectronic analysis of nanowire core-shell heterojunction 

solar cell based on these charge carrier selective contacts has 

not been performed. 

 In this paper, we perform a coupled optoelectronic simulation 

on an ITO/ZnO/p-InP heterojunction solar cell, where zinc 

oxide (ZnO) is used as a passivating electron selective contact 

for p-type InP nanowires. We show that use of ITO/ZnO shell 

over InP can significantly improve the absorption efficiency of 

these cells while achieving an efficiency of more than 25 % 

under optimum conditions. Not to mention, even for core 

minority carrier lifetime as low as 50 ps, an efficiency of ~23 

% can be achieved if a core doping of more than 1x1018 cm-3 

can be obtained while maintaining a low surface recombination 

velocity of 104 cm/s. Furthermore, we show that the proposed 

heterojunction solar cell structure can simplify several of the 

growth complexities associated with core-shell nanowires 

grown either by the VLS or selective area epitaxy techniques. 

 

 

II. MODELING METHODS 

A. FDTD Simulation 

To study the optoelectronic behaviors of ZnO/InP core-shell 

heterojunction solar cells, we firstly perform an optical 

simulation using Lumerical’s finite-difference time-domain 

(FDTD) module. It is a commercial-grade simulator that solves 

the electromagnetic equations in time domain using the grid-

based (Yee-cells) differential numerical modelling methods 

(finite difference methods) [35]. FDTD is a state-of-the-art 

method for solving Maxwell's equations in complex geometries 

to calculate the E ⃗(r ⃗,ω) (electric field) and H ⃗(r ⃗,ω) 

(magnetic field) at all points within the computational domain, 

which can then be used to calculate the absorbed power as a 

function of space and angular frequency using the following 

equation [36, 37] 

𝑃𝑎𝑏𝑠(𝑟, 𝜔) =
1

2
 𝜔 |𝐸(𝑟, 𝜔)|2𝐼𝑚{𝜖(𝑟, 𝜔)} (1) 

Where, 𝑃𝑎𝑏𝑠  is the power absorbed, ω is the angular 

frequency, |E|2 is the electric field intensity, and 𝐼𝑚(𝜖) is the 

imaginary part of the permittivity. Moreover, in the ideal case, 

it can be assumed that each absorbed photon excites an ehp 

(electron-hole pair) and the generation rate in such cases is 

equivalent to photon absorption rate. Then, the generation rate, 

𝐺(𝑟) for solar spectrum can be calculated by normalising the 

absorbed power to solar spectrum as  

𝐺(𝑟)  ≈  ∫
𝑃𝑎𝑏𝑠(𝑟, 𝜔) .  𝐼𝑠𝑜𝑙𝑎𝑟 (𝜔)

𝐼𝑠𝑜𝑢𝑟𝑐𝑒 (𝜔)
 𝑑𝜔 (2) 

The ideal short circuit current density can then be calculated 

using 

𝐽𝑠𝑐 (𝑖𝑑𝑒𝑎𝑙) =
𝑒 ∫ 𝐺(𝑟). 𝑑𝑟

𝐴
(3) 

Where, e is the electronic charge and A is area of the solar cell. 

We use ideal short circuit current calculated using equation 3 as 

a performance parameter to study the effect of the shell over 

InP core. Figure 2(a) shows a 3-D model of simulated nanowire 

array of ITO/ZnO/p-InP core-shell heterojunction solar cell. In 

the model we incorporate, InP nanowire as core, ZnO as shell 

and a layer of indium tin oxide (ITO) as a transparent contact 

layer to improve the electrical characteristics. To perform 

FDTD simulations, the refractive index (n) and the extinction 

coefficient (k) of InP was obtained from the software 

(Lumerical FDTD) itself. However, the n, k values for ZnO and 

ITO was measured using ellipsometer, in a separate but related 

work. The experimental values were then fitted using 

Lumerical’s in-built analytical model and the best fit n, k values 

were used for performing the simulation. Figure S1 of the 

supplementary section shows experimental n, k values of ITO 

and ZnO fitted using Lumerical's in-built analytical model. In 

Figure 2(b), an enlarged schematic of y-z cross sectional view 

of core-shell heterojunction solar cell is illustrated along with 

the material specification and geometrical parameters. Previous 

reports on simulation of optical absorption in InP nanowires 

show that the optimum pitch for a nanowire solar cell should be 

about 480 nm [4, 38]. Hence, we fixed the pitch of nanowire as 

480 nm and the thickness of the shell, R_Shell, was varied from 

0 to 180 nm. The total thickness of the shell is a combined 
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thickness of ZnO and ITO. For simplicity, we fix the thickness 

of ZnO (R_ZnO) at 10 nm and optimize the thickness of ITO 

(R_ITO) to achieve a high ideal short circuit current. Increasing 

the thickness of ITO is reasonable considering that a thicker 

ITO will be required to achieve low series resistance in practical 

situations. In addition, a sufficiently thick ZnO (10 nm) was 

required to reduce the divergence problem during electronic 

simulations. Nonetheless, the effect of ZnO thickness on the 

optical and electronic performance of ITO/ZnO/p-InP is shown 

in Figure S2 and Figure S3 of the supplementary section. In 

addition, while optimizing the thickness of the ITO for a given 

core radius, the total radius of core and shell is maintained at 

less than the half of the pitch, i.e. 2 x (R_Core + R_Shell) < 

Pitch. Another important geometrical parameters such as 

thickness of the substrate and the silicon dioxide is given as 

T_Sub and T_SiO2, respectively. 

B. Device Simulation 

In order to perform a 2-D device simulation, the optical 

generation rate obtained using Lumerical FDTD simulator is 

transferred to the Lumerical charge solver which is a powerful 

TCAD (Technology Computer-Aided Design) semiconductor 

device simulation software with ability to self-consistently 

solve the drift-diffusion, continuity and Poisson’s equations in 

2-D and 3-D [35]. Detailed mathematical and physics 

formalism of device charge transport related to solar cells is 

given in supplementary section of the paper. Based on initial 

FDTD optimization we perform device simulations for an InP 

core of 80 nm radius with 10 nm-thick ZnO and 80 nm-thick 

ITO, respectively. A 200 nm-thick SiO2 is used to isolate the 

electronic contribution from the substrate. Also, a heavily p-

doped (1x1019 cm-3) substrate of thickness 200 nm is assumed 

during device simulation to reduce the divergence problems. 

Some of the important material parameters which were kept 

constant during device simulation is given in table ST1 of the 

supplementary section. To make our electronic simulation more 

realistic we vary the mobility of InP nanowire core based on the 

work of Joyce et al. [39] who have shown that the carrier 

mobility of undoped InP nanowire can be as low as 700 cm2V-

1 s-1 as compared to bulk or high quality epilayer InP, which can 

reach as high as 6000 cm2V-1 s-1
.
 So, during electrical simulation 

we use the maximum lattice scattering electron mobility of 700 

cm2V-1 s-1 and hole mobility of 100 cm2V-1 s-1  [39, 40], and use 

the built-in Caughey-Thomas model to account for the 

influence of impurities on carrier mobility. More details on the 

Caughey-Thomas model can be found in the supplementary 

section. Nevertheless, as shown earlier in Figure 1, a core-shell 

solar cell structure is mainly desirable when the minority carrier 

lifetime in core is low, so we limit our simulations to a low 

minority carrier lifetime ranging from 50 ps to 1 ns. Finally, we 

include surface recombination into our simulation and vary the 

surface recombination velocity from 103 cm/s to 107 cm/s. For 

both bulk and surface recombination a single trap level at the 

mid bandgap was assumed [12, 13].  

III. RESULTS 

 

A. Optimization of Oxide Thickness 

Optoelectronic simulation of ITO/ZnO/p-InP core-shell 

heterojunction solar cell started with the optimization of oxide 

thickness for a wide range of core radii. We use ideal short 

circuit current (Jsc(ideal))  calculated using equation (3) as a 

performance parameter to optimize the oxide shell thickness for 

different core radii. To avoid any contribution from ITO or 

ZnO, the integration in equation (3) was  performed only within 

the InP nanowire boundary, i.e. only the charge carriers 

generated inside InP nanowire is contributing to (Jsc(ideal)). The 

(Jsc(ideal))  as a function of shell thickness (R_Shell) and core 

radius (R_Core) is given in Figure 2(c). It is quite evident that 

for all values of R_Core considered here, (Jsc(ideal))  increases 

with R_Shell when compared to uncoated nanowires. However, 

this increase in (Jsc(ideal)) with increased R_Shell is not 

monotonic, and it shows a small drop after reaching a maximum 

value for optimum shell thickness. The increase in (Jsc(ideal))  of 

InP core in presence of an oxide shell is because of an enhanced 

absorption in the InP nanowire with an oxide coating as 

described later. Moreover, for smaller core radius the effect of 

shell thickness is more pronounced as compared to wider core. 

For example, for 50 nm core radius the difference between bare 

InP and InP coated with optimized shell is ~ 7 mA/cm2, 

whereas, as the core radius increases to 80 nm this difference is 

only ~ 4 mA/cm2. As the thickness of the core is increased 

further the difference between bare and oxide coated InP 

reduces to ~ 2 mA/cm2. We find that there is a fairly broad range 

of oxide thickness which is optimum for most of the InP core 

radius.  

It has been shown both experimentally and theoretically, that 

reduced screening of incident electric field [41] and an optical 

antenna effect [41-44] causes an increased absorption in 

absorbing nanowire core coated with a non-absorbing oxide 

layer. Similar to previous reports, we also see increased 

confinement of electric field in oxide coated nanowires in 

comparison to bare InP nanowires. Because, this topic has 

previously been discussed in detail by several of the authors 

[41-44], herein, we restrict our study to InP core of radius 80 

nm, with and without 90 nm of oxide shell. 

Comparative absorption spectra an of InP nanowire of 80 nm 

radius with and without a 90 nm-thick oxide shell is shown in 

Figure 3(a). Along with comparative absorption spectra in 

Figure 3(a), a 2-D generation plot for bare and oxide coated InP 

nanowire is shown in Figure 3(b) and 3(c), respectively. When 

plotted on same scale, InP nanowire coated with oxide (Figure 

3(c)) shows a maximum generation rate of 8x1022 cm-3s-1, 

whereas, the maximum generation rate in uncoated InP ((Figure 

3(b)) nanowire remains at 6x10 cm-3s-1. Higher generation rate 

in an oxide coated InP nanowire is a result of improved 

absorption in oxide coated InP in comparison to bare InP. To 

better understand increased absorption and generation in the 

oxide coated InP nanowire, we simulated the electric field 

distributions for both of the structures (bare and oxide coated 

InP) at five different wavelengths. The normalized electric field 

distributions in a bare and oxide coated InP are shown in 

Figures 3(d-h) and 3(i-m), respectively. It is quite apparent that 

the electric field distribution in bare InP at 400, 500 and 600 
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nm, is distributed within the area between the nanowires with 

only small amounts of the electric field confined within the 

nanowire itself. On the contrary, electric field distribution in an 

oxide coated InP is concentrated at the top segment of the 

nanowire and reduces significantly towards the base of the 

nanowire, which suggest that an oxide coated nanowire shows 

higher absorption than that of bare InP. This is in agreement 

with absorption spectra (shown in Figure 3(a)), where the use 

of an oxide layer increases the light absorption in 400-600 nm 

wavelength region. At the wavelength of 700 nm, both bare 

(figure 3(g)) and oxide coated InP (figure 3(l)) show high 

electric field confinement and therefore high absorption. 

However, comparing the electric field of bare (Figure 3(h)) and 

coated InP nanowire (Figure 3(m)) at the wavelength of 800 

nm, it is quite clear that the residual electric field below 1µm 

length in bare InP is higher than the oxide coated InP nanowire. 

For example, the residual electric field in bare InP at 0.75 µm 

(from base) is 0.62 on the normalized scale, whereas, the 

residual electric field in oxide coated InP at 0.75 µm (from 

base) is 0.38. This shows better confinement of electric field 

(higher absorption) in nanowires coated with oxide in 

comparison to bare InP at 800 nm wavelength. Nonetheless, 

both bare and oxide coated InP nanowires absorbs most of the 

800 nm wavelength before 2um along their length and therefore 

shows no difference in absorption plotted in figure 2(a). 

Another important parameter to describe the nanowire array 

is its geometrical fill factor given as following: 

𝐺𝑒𝑜𝑚𝑒𝑡𝑟𝑖𝑐𝑎𝑙 𝐹𝑖𝑙𝑙 𝐹𝑎𝑐𝑡𝑜𝑟 (𝐺𝐹𝐹) =
𝜋(𝑅𝐶𝑜𝑟𝑒)2

(𝑃𝑖𝑡𝑐ℎ)2
(4) 

Several authors have previously reported that to achieve Jsc 

of more than 32 mA/cm2, the InP nanowire GFF should be more 

than 0.17 [38, 45, 47]. However, as shown in Figure 2(c), using 

an oxide shell of 90 nm on an 80 nm InP core, a Jsc of 32.4 32 

mA/cm2 (marked using black square in Figure 2(c)) can be 

achieved which corresponds to an absorber GFF of less than 

0.09 (see upper Y-axis). In volumetric terms, use of an optimal 

oxide shell over InP core can reduce the material requirement 

by almost 4 times. Furthermore, it has recently been reported 

that for a fixed geometrical fill factor both square and hexagonal 

arrays of nanowires give similar Jsc [45, 46], therefore, we 

would expect that most of results obtained here should also be 

applicable to hexagonal arrays. 

B. Electrostatics and Band Diagram 

The band diagram of an ITO/ZnO/p-InP heterojunction solar 

cell at thermal equilibrium is shown in Figure 4. To draw the 

band diagram in Figure 4, a p-type core doping of 1x1018 cm-3 

and p-type substrate doping of 1x1019 cm-3  was assumed, 

whereas, the n-type doping in ZnO and ITO doping was fixed 

at 1x1018 cm-3  and 1x1020 cm-3, respectively. Band diagram 

plotted in Figure 4 shows that ZnO forms a type-II 

heterojunction with p-type InP with a small conduction band 

offset and a large valence band offset. Furthermore, a heavily 

doped ITO layer over ZnO/InP ensures that maximum band 

bending happens in the absorber layer.  

Most recently, Chen et al. have shown that in a well 

passivated p-n homojunction InP nanowire solar cell, contact 

leakage (flow of minority carriers towards the metal contact 

instead of p-n junction) limits the efficiency by reducing the 

open circuit voltage (Voc) and fill factor (FF) [48]. In the 

proposed heterojunction solar cell, contact leakage can be 

reduced to minimum because ZnO forms a type-II 

heterojunction with p-type InP, with a small conduction band 

offset which allows the flow of electrons, and a large valence 

band offset which restricts the flow of holes (minority carriers) 

to the surface. Moreover, a wide band gap electron selective 

contact, such as ZnO maintains an extremely low minority 

carrier conductivity under illumination because of low 

absorption coefficient and low intrinsic carrier concentration 

[33, 49]. In other words, a large valence band offset and an 

extremely low minority carrier conductivity in ZnO can 

significantly reduce the flow of minority charge carriers to the 

front contact thereby reducing the surface recombination in the 

charge carrier selective layer and recombination at the 

oxide/metal (front contact) interface which in turn leads to more 

efficient solar cell operation [33, 50, 51].  

Another important parameter of a nanowire solar cell is the 

electric field distribution at the p-n junction. An electric field 

plot of the heterojunction solar cell for different p-type core 

doping concentrations is shown in Figure 5(a). It is quite clear 

from Figure 5(a) that increasing the doping concentration of p-

type InP core from 1x1016 cm-3  to 1x1019 cm-3, increases the 

radial built-in electric field, which in turn increases the 

probability for the minority carriers (electrons) to diffuse more 

efficiently to the depletion region. A corresponding 2-D plot for 

electric field as a function of radial distance is shown for 

different p-type core doping concentrations in Figure 5(b-e). 

The 2-D electric field plots show that a doping concentration of 

more than 1x1017 cm-3 is required to achieve a higher built-in 

electric field in radial direction as compared to the built-in 

electric field at substrate-core interface. The reason for this 

becomes clearer when we plot the effective charge carrier 

concentration at thermal equilibrium as a function of radial 

distance for different p-type core doping concentrations as 

shown in Figure 5 (f-i). It is quite evident that at a low core 

doping of 1x1016 cm-3, the core is fully depleted and behaves as 

a very lightly n-type material to form a junction at the substrate-

core interface and not at the ZnO/InP interface (because ZnO is 

also n-type). But as the p-type doping in the core increases to 

1x1017 cm-3, the core starts behaving like an intrinsic region 

with low p-type doping. With further increase in doping, the 

core becomes more and more p-type and a more effective p-n 

junction is formed at the ZnO/InP interface leading to an 

electric field as high as 1.2x108 V/m. Similar results have been 

reported for homojunction GaAs core-shell solar cell using 

simulations [52].  

C. Effect of Doping and Lifetime  

In this section, we study the effect of doping and minority 

carrier lifetime on different performance parameters of the 

heterojunction solar cell. As discussed earlier, a core-shell solar 

cell structure is more desirable when the minority carrier 

lifetime in the core is low, so we limit our study to low minority 

carrier lifetimes ranging from 50 ps to 1 ns. Different solar cell 
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performance parameters such as efficiency, open circuit voltage 

(Voc), short circuit current density (Jsc), and fill factor (FF) are 

plotted in Figure 6 (a-d), respectively as a function of core 

minority carrier lifetime and core doping density. To 

simultaneously study the effect of lifetime and doping, the 

surface recombination velocity at ZnO/InP interface was not 

included during the simulation. However, surface 

recombination velocity of 107 cm/s was assumed for both the 

top and bottom metal contacts. Figure 6(a) shows that to 

achieve an efficiency >25% a p-type doping higher than 1x1018 

cm-3  is required, which agrees well with the simulated electric 

field profile shown in Figure 5. Moreover, an increase in core 

lifetime increases the efficiency for all doping ranges mainly 

because of reduced Shockley-Read-Hall (SRH) recombination 

in the bulk. A higher core doping is required to achieve high 

efficiency because higher doping leads to a high Voc (Figure 

6(b)) and high fill factor (Figure 6(d)). However, a high Jsc of 

>30 mA/cm2 can be achieved for a wide range of doping 

concentration with the maximum Jsc achieved at ~1x1017 cm-3   

core doping.  Higher Voc is achieved for higher core doping 

because of a larger electron and hole quasi-fermi level splitting 

with increased doping concentration as shown in Figure S(4) of 

the supplementary section. A larger electron and hole quasi-

fermi level splitting with increased doping concentration is a 

result of reduced recombination with increased doping. Further, 

a decrease in recombination with increased doping is a 

combined effect of reduced depletion region width (i.e. reduced 

recombination in depletion region) as well as an enhanced built-

in electric field (i.e. efficient charge carrier extraction). 

Moreover, at lower doping the core is depleted of carriers 

(Figure 5(f) and 5(g)) which significantly reduces the 

conductivity of the core and increases the overall series 

resistance, thereby leading to a low FF. Thus, an optimum Voc 

and FF can be achieved only for doping level higher than 1x1018 

cm-3. Jsc is maximum at a doping level of ~1x1017 cm-3 because 

the space charge region expands all the way into the core (see 

Figure 5(a) and 5(c)) such that almost all the carriers generated 

in the core reach the junction before recombination. In absence 

of surface recombination at ZnO/InP interface, a core minority 

carrier lifetime of more than 1 ns for a core doping of more than 

5x1018 cm-3 can achieve an efficiency of  ~30%, which is about 

the predicted Shockley–Queisser limit for InP.  

D. Effect of Surface Recombination Velocity (at ZnO/InP 

interface) when 𝜏𝑛 = 1 𝑛𝑠 

As shown earlier, in absence of surface recombination even 

for a core lifetime as low as 200 ps, a high efficiency of  >25 % 

can be achieved for a core doping of more than 1x1018 cm-3. 

However, core-shell solar cell structures are more susceptible 

to surface recombination in comparison to bulk recombination 

process in the core itself. Next, we simulate the effect of surface 

recombination velocity (SRV) at the ZnO/InP interface as 

function of doping. We study the effect of SRV for a core 

minority carrier lifetime of 50 ps and 1 ns.  The simulated solar 

cell performance parameters such as efficiency, Voc, Jsc and FF 

for 1 ns carrier lifetime is plotted in Figure 7 (a-d), respectively, 

as a function of different core doping concentrations and SRVs. 

As expected, an increase in SRV significantly degrades the 

solar cell efficiency for all values of core doping densities. For 

example, for a core doping of 1x1018 cm-3, the efficiency of the 

heterojunction solar cell reduces from ~28.2 % to 16.6 %, for 

an increase in SRV from 1000 cm/s to 107 cm/s. This decrease 

in efficiency is mainly because of significant degradation in the 

Voc and FF of the ITO/ZnO/p-InP solar cell with increased 

SRV.  

To understand the degradation of Voc with increased SRV, 

we can write Voc as: 

𝑉𝑜𝑐  ≈ (
𝑛𝑘𝑇

𝑞
) ln (

𝐽𝐿

𝐽0

) (5) 

Here, JL and J0 are the light generated current density and 

dark saturation current density, respectively.  The above 

expression shows that the Voc can be increased by increasing 

light generated current and/or by decreasing the dark saturation 

current. In general, light generated current remains almost 

similar while dark current can vary by several orders of 

magnitude. Furthermore, the dark current under forward bias is 

entirely due to recombination and a higher dark current means 

a higher recombination in the device. Dark current density vs 

voltage plots at different SRV for different core doping 

densities are shown in Figure S5 of the supplementary section. 

As expected, an increase in SRV increases dark current for 

almost all densities of core doping used during simulation, 

leading to a lower Voc. At the same time, a higher core doping 

leads to orders of magnitude lower dark current (shown in 

Figure S5 (a-e) of the supplementary section) as compared to 

lower core doping densities, for a given SRV. This shows that 

for a given SRV, the recombination is remarkably lower at 

higher core doping (more than 1x1018 cm-3) compared to lower 

core doping densities. This is further confirmed by plotting the 

SRH recombination (at SRV = 105 cm/s) at Voc as a function of 

radial distance (see Figure S6 of the supplementary section) for 

different core doping densities. It is quite evident that the 

recombination rate reduced by almost 3 orders of magnitude as 

the core doping density increases from 1x1016 cm-3 to 1x1018 

cm-3. In addition, at doping level below 1x1018 cm-3, most of the 

recombination happens in depletion region, which significantly 

degrades the Voc.  

Moreover, a higher fill factor for higher core doping stems 

from a combined effect of reduced recombination (low J0) and 

improved extraction of charge carriers (high electric field). In 

comparison to FF and Voc, Jsc is less dependent on core doping 

and/or SRV, and a Jsc >30 mA/cm2 can be obtained for core 

doping more than 1x1017 cm-3 even for SRV as large as 1x107 

cm/s. However, for a core doping below 6x1016 cm-3, Jsc 

degrades significantly for SRV > 105 cm/s. Jsc doesn’t degrade 

significantly with increased SRV or decreased lifetime, because 

in a core-shell structure the diffusion length of minority carriers 

remains larger than the radius of core which ensures that most 

of the carriers are extracted before they can recombine. 

E. Effect of Surface Recombination Velocity (at ZnO/InP 

interface) when 𝜏𝑛 = 50 𝑝𝑠 

When the core minority carrier lifetime is set to 50 ps, the 

effect of SRV on solar cell efficiency, Voc, Jsc and, FF follow 
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similar trend to that of 1 ns, as shown in Figure 8(a-d).  

However, the maximum achievable efficiency reduces to 23.2 

% in comparison to 28.6 % achieved when core minority carrier 

lifetime was set at 1 ns. As expected, lower lifetime combined 

with higher SRV gives lower efficiency mainly because of 

increased SRH recombination, which degrades both Voc and FF. 

Here too, a heavily doped core is found to be more suitable for 

achieving high efficiency. Also, an efficiency of almost 23 % 

can be obtained for core lifetime as low as 50 ps and SRV of 

104 cm/s, when core doping is more than 1x1018 cm-3. However, 

for the proposed heterojunction nanowire solar cells, 

superposition principle breaks (see Figure S7 of supplementary 

section) even for low SRV when the minority carrier lifetime is 

extremely low (50 ps), most probably due to high 

recombination in the depletion region [46]. Nevertheless, most 

recently, Attu et al. have shown that the efficiency of a p-n 

junction nanowire in axial configuration reduces to 15 % for 

lifetime less than 300 ps, whereas, for current device structure 

an efficiency of 23 % can be achieved even for a nanowire 

lifetime of 50 ps [46]. This clearly shows the benefit of the 

current solar cell structure over an axial p-n junction.  

IV. DISCUSSION 

In general, III-V nanowire lifetimes are within few ns to 

several ps limit [5, 10-11, 40]. Therefore, for III-V nanowire 

solar cells, a radial core-shell junction design is expected to be 

more efficient than an axial junction design [5, 12, 13]. 

However, in practice reports on high efficiency III-V nanowire 

solar cells are mainly limited to axial junction design [5]. 

Although no detailed investigation is available, the efficiency 

of epitaxially grown III-V core-shell solar cell structure appears 

to be limited by interface quality between the p-doped and the 

n-doped regions and inability to controllably and uniformly 

dope both the core and shell [21, 23, 24, 26, 53]. In this section, 

we discuss the significance and practicality of proposed InP 

nanowire heterojunction solar cell as an alternative to core-shell 

structures grown epitaxially.  

One of the major advantages of ITO/ZnO/p-InP device 

structure is that only p-type InP has to be grown epitaxially (by 

Metal Organic Chemical Vapor Deposition (MOCVD) or 

Molecular Beam Epitaxy (MBE)) and the outer shell 

(ZnO/ITO) can then be deposited using Atomic Layer 

Deposition (ALD) or other conformal deposition techniques. 

Because, in an ITO/ZnO/p-InP solar cell structure, the bulk 

properties of shell is not significantly influenced by the 

underlying core, the shell can be optimized separately to 

achieve optimum electronic behaviour. In comparison, when 

both core and shell are grown epitaxially, the quality of the shell 

depends heavily on the core [16, 26, 53].  In addition, for an 

epitaxial core-shell homojunction/heterojunction solar cell 

structure, both the core and shell have to be grown at higher 

temperatures (temperature >600 oC) leading to unwanted out 

diffusion of dopants from core to shell and vice-versa [5, 23, 

26]. This cross diffusion of dopants can significantly degrade 

the electronic properties of the core-shell. On the other hand, 

for fabrication of the proposed heterojunction solar cell, only 

InP core has to be grown at higher temperatures while the oxide 

shell can be deposited at a relatively low temperature (< 300 oC) 

using ALD and/or another conformal/semi-conformal 

deposition techniques. Thus, the proposed heterojunction solar 

cell is expected to significantly reduce the out diffusion of 

dopants from core while maintaining the as-grown quality of 

nanowires.  As shown in previous sections, along with reducing 

the fabrication complexities, the use of an oxide shell over InP 

also improves the optical response leading to a higher short 

circuit current. Furthermore, when compared with previous 

reports on InP nanowire solar cells [46, 48], the simulated 

device structure seems to be less susceptible to SRV and low 

core lifetime, at least in higher core doping regimes. However, 

to achieve a high efficiency, it is extremely desirable to have a 

surface recombination velocity less than 104 cm/s, while 

maintaining a p-type doping more than 1x1018 cm-3. For InP 

nanowires, surface recombination velocity of the order of 104 

cm/s have readily been achieved both in doped and undoped InP 

nanowires and therefore the proposed structure has true 

potential for real life implementation [40, 54-55].  

V. CONCLUSION 

In conclusion, the proposed radial p-n heterojunction 

nanowire solar cell has true potential to achieve high efficiency 

while reducing the cost and fabrication complexities related to 

epitaxially grown homo/hetero junction core-shell nanowire 

solar cells. We have shown that use of an optimum thickness of 

ZnO/ITO shell significantly enhances the absorption in an InP 

nanowire core and the ideal Jsc can be improved by more than 7 

mA/cm2 for smaller nanowire radius. Moreover, for 

geometrical fill factor less than 0.09, an ideal Jsc   of ~32.5 

mA/cm2 can be realized. In addition to optical simulations, we 

systematically study the simultaneous effect of doping, lifetime 

and surface recombination on ITO/ZnO/p-InP heterojunction 

solar cell. Based on wide range of device simulations, we find 

that an optimal heterojunction solar cell should have a core 

doping higher than 1x1018 cm-3, and a SRV of less than 105 

cm/s. Finally, it is shown that even for core carrier lifetime as 

low as 50 ps, an efficiency of ~23 % can be achieved if a core 

doping of more than 1x1018 cm-3 can be achieved while 

maintaining a low surface recombination velocity of 104 cm/s. 
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Fig. 1. Schematic representation of (a) an axial p-n junction nanowire solar cell and (b) a radial 

p-n junction nanowire solar cell. In both of these figures, α denotes the absorption coefficient of 

the active material and Ln and Lp, denotes the electrons and holes diffusion lengths, respectively.  

Fig. 2. (a) Schematic illustration of an array of radial p-n heterojunction solar cells based on InP. (b) Enlarged 2-D cross-section schematic of the solar 

call shown in Figure 1(a), along with material specifications and geometrical parameters. Thickness (radius) of ZnO, ITO and InP core, is denoted by 

R_ITO, R_ZnO, and R_Core, respectively. Total thickness of shell is measured as the sum of the thickness of ZnO and ITO and is denoted by R_Shell. 

The thickness of substrate and silicon dioxide is denoted as T_Sub and T-SiO2, respectively. (c) Ideal short current calculated for InP nanowire array 

of 480 nm pitch as a function of core radius (R_Core) and shell thickness (R_Shell). In above figure, the top axis shows the geometrical fill factor and 

the two points marked in black square on the plot shows the Jsc(ideal) before and after oxide coating. 



 

 

 

 

 

 

 

 

Fig. 3. (a) Comparative simulated absorption spectra for InP core with 80 nm radius, coated with and without a 90 nm wide shell (10 nm ZnO + 80 nm 

ITO). Simulated optical generation rate of electrons and holes pairs in the y-z cross section of (b) only InP and (c) InP core with 90 nm oxide, 

respectively. The normalized electric field distribution in a bare InP of radius 80 nm at wavelength (d) 400 nm, (e) 500 nm, (f) 600 nm, (g) 700 nm and 

(h)800 nm, respectively.  The normalized electric field distribution in an InP core of radius 80 nm with a 90 nm thick oxide shell at wavelength (i) 400 

nm (j) 500 nm (k) 600 nm (l) 700 nm and (m) 800nm, respectively. 



 

 

 

 

Fig. 5. (a) Electric field profile plotted against radial distance. 2-D plot of simulated electric field for ITO/ZnO/p-InP heterojunction at thermal 

equilibrium when the p-type doping concentration in core is (b) 1x1016 cm-3, (c) 1x1017 cm-3, (d) 1x1018 cm-3, and (e) 1x1019 cm-3. Corresponding 

simulated charge carrier concentration as a function of radial distance is plotted for core doping concentration of (f) 1x1016 cm-3, (g) 1x1017 cm-3, (h) 

1x1018 cm-3, and (i) 1x1019 cm-3. 

Fig. 4. Band diagram of a heterojunction solar cell along z-axis at thermal equilibrium. 
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Fig. 6. Solar cell performance parameters are plotted as a function of core minority carrier lifetime ( 𝝉𝒏 ) and p-type core doping concentration (in 

absence of surface recombination at ZnO/InP interface): (a) Efficiency (b) Voc (c) Jsc and (d) FF. 



 

 

Fig. 7.  Effect of SRV (at ZnO/InP interface) on solar cell performance parameters are plotted as a function of p-type core doping concentration for  

𝝉𝒏 = 𝟏 𝒏𝒔  (a) Efficiency (b) Voc (c) Jsc and (d) FF. 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

Fig. 8. Effect of SRV (at ZnO/InP interface) on solar cell performance parameters are plotted as a function of p-type core doping concentration for  

𝝉𝒏 = 𝟓𝟎 𝒑𝒔  (a) Efficiency (b) Voc (c) Jsc and (d) FF. 


