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ABSTRACT 

    We report on electrical and optical properties of p+-i-n+ photodetectors/solar cells based on square millimeter 

arrays of InP nanowires grown on InP substrates. The study includes a sample series where the p+-segment 

length was varied between 0 and 250nm, as well as solar cells with 9.3% efficiency with similar design. The 

electrical data for all devices display clear rectifying behavior with an ideality factor between 1.8 and 2.5 at 

300K. From spectrally resolved photocurrent measurements, we conclude that the photocurrent generation 

process depends strongly on the p+-segment length. Without p+-segment, photogenerated carriers funneled 

from the substrate into the NWs contribute strongly to the photocurrent. Adding a p+-segment decouples the 

substrate and shifts the depletion region, and collection of photogenerated carriers, to the nanowires, in 

agreement with theoretical modeling. In optimized solar cells, clear spectral signatures of interband transitions 

in the ZB and WZ InP layers of the mixed-phase i-segments are observed. Complementary electroluminescence, 

TEM as well as measurements of the dependence of the photocurrent on angle of incidence and polarization, 

support our interpretations. 

 

KEYWORDS 

Nanophotonics, nanowires, infrared (IR), photodetectors, solar cells  
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1 Introduction 

 

Nanowires (NWs) have attracted considerable attention due to their interesting fundamental properties 

and exciting prospects for applications in nanophotonics[1] e.g. LEDs,[2] lasers,[3] sensors[4] and 

photodetectors.[5-7] Due to the small footprint of NWs, nanophotonic III-V devices can be grown 

monolithically on silicon substrates[8-10] which is of profound importance for realizing the goals of More than 

Moore: amplifying Si technology by add-ons of other materials. Motivated by an increasing interest in photovoltaics 

for conversion of solar power, there have been several reports on NW-based solar cell applications[11-13] with 

a 13.8% efficiency record published recently.[14] In order to optimize the design of large area 

photodetectors/solar cells comprising millions of NWs monolithically grown on a suitable substrate, it is crucial 

to understand the physical mechanisms behind the generation of photocurrent. Important related questions 

include e.g. the contribution of photocurrent from the substrate and influence of angle/polarization of incoming 

radiation on the photocurrent. To avoid complications due to formation of heterostructure barriers between 

NWs and substrate in such studies, a detector design with NWs and substrate made of the same material 

should preferentially be chosen.       

Here we present a detailed study of electrical and optical properties of infrared photodetectors/solar cells 

based on large arrays of 180nm thick p+-i-n+ InP NWs vertically grown on p+ InP substrates. In particular, we 

have carried out a comprehensive investigation of the mechanisms behind generation and collection of 

photocurrent. From analysis of photocurrent measurements on a series of samples with different p+-segment 

length it is concluded that the substrate contribution to the photocurrent decreases strongly with increasing 

length of the p+-segment. For p+-segments longer than 200nm the collection of photogenerated carriers 

funneled from the substrate into the NWs is strongly suppressed and replaced by photocurrent generated in 

the NWs. Moreover, the growth of extended p+-segments leads to a compensation of residual dopants in the 

nominal i-segment which shifts the p-n junction further up in the NWs strongly enhancing the absorption of 

light and generation of photocurrent.  We also demonstrate that the electrical properties (e.g. ideality factor and 

dark leakage current) are generally improved by adding a p+-segment. Finally, we discuss optical properties of 

newly reported record solar cells based on a similar NW design.[14] These fully optimized devices display a 

large photocurrent dominated by interband absorption which reveals the rich spectral signatures of the 

polytype crystal structure in the NWs.   
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2 Experimental 

 

2.1 Growth 

Samples were prepared for NW growth by metal evaporation and lift-off of 30nm Au films on a 

nanoimprint-defined pattern with 180nm holes arranged in a periodic pattern of 500nm pitch with a density of 

4/μm2 on p+-InP (111)B substrates (Zn-doped to 5×1018cm-3).[15] NWs were subsequently grown in a low-

pressure (100mbar) metal organic vapor phase epitaxy (MOVPE) system (Aixtron 200/4), with a total flow of 13 

l/min using hydrogen (H2) as carrier gas. For InP NW growth, trimethylindium (TMI) and phosphine (PH3) 

were used as precursors, with constant molar fractions of ÷TMI = 35.1×10-6 and ÷PH3 = 6.9×10-3. Diethylzinc (DEZn) 

was used as p-dopant[16] and tetraethyltin (TESn) as n-dopant precursor.[17] Hydrogen chloride (HCl) at a 

molar fraction of ÷HCl = 4.0×10-6 was used to control the radial growth.[18] The samples were first annealed at 

550°C for 10min. under a PH3/H2 gas mixture to desorb any surface oxides. The reactor was then cooled to 

440°C, at which growth was initiated by adding TMI to the gas flow. After a 15s nucleation time, HCl and 

DEZn were introduced and InP p+-segments were grown with a nominal acceptor concentration of about 

5×1018cm-3.[16] Then non-intentionally doped InP (i-segments) were grown for 8min. Subsequently, TESn was 

switched on to grow InP n+-segments for 3min with a nominal donor concentration of about 1019cm-3.[17, 19, 20] 

Then growth was terminated and the sample cooled down in a PH3/H2 gas mixture. An SEM image of the as-

grown InP NWs is shown in Fig. 1a. Detailed investigations by TEM (Fig. S1 in the Electronic Supplementary 

Material (ESM)) on the present samples indicate that the p+-segments are primarily ZB whereas the intrinsic 

segments and n-segments both contain a mixture of thin WZ and ZB segments, in agreement with previous 

reports.[16, 17, 19]  

 

2.2 Device fabrication 

Processing of square millimeter (1mm×1mm) detector elements was done by depositing insulating 

SiO2 on the as-grown samples, followed by contacting the tip of the nanowires using an ITO layer (as described 

in Wallentin et al).[14, 21, 22] Fig. 1b shows a schematic cross-section of the device layout.  

 

2.3 Measurements 

The spectrally resolved photocurrent (PC) was measured using a Bruker Vertex 80v Fourier transform 

spectrometer housing an integrated Janis PTSHI-950-FTIR pulse tube closed-cycle cryostat. The spectrometer 

was evacuated to avoid any influence of absorption lines in air. The spectrometer was equipped with a CaF2 

beam splitter and a quartz lamp. The modulated (7.5kHz) PC was amplified using a Keithley 428 
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programmable current amplifier. The I-V characteristics were measured with a Keithley 6430 sub-femtoampere 

sourcemeter.  

 

2.4 Modeling 

For modeling of the photocurrent density in the NW detectors, a three-dimensional coupled electro-

optical simulation was performed in two steps.[23, 24] : The full-wave vector Helmholtz equation was first 

solved in the frequency domain using a finite element method approach, with a plane wave source (using the 

spectral shape of the tungsten lamp used in the experiments) located on top of a NW. Periodic boundary 

conditions were applied in-plane, creating a NW array. The refractive index was taken complex and dispersive. 

The local optical generation rate was calculated from this electromagnetic simulation. Photogenerated carrier 

and current densities were subsequently determined from the continuity equations and the Poisson equation 

with optical generation and spontaneous recombination rates added as local terms. The simulation is a full 

three-dimensional representation of the geometry, including the substrate and NWs with their respective 

doping profiles and material parameters (carrier mobilities, effective masses and crystal phases with respective 

band gaps). The mixed-phase structure of alternating layers of ZB and WZ was treated as a 25nm/25nm 

staggered potential landscape. Thermionic emission currents connected to band-offsets were included.  

 

3 Results and discussions 

 

For this study we designed a series of samples with p+-i-n+ InP NWs grown on p+-substrates where the 

nominal p+-segment length, estimated from the growth time and SEM inspection, was varied between 0nm and 

250nm, as shown in Table S1 in the ESM. In the NW samples without p+-segment the corresponding lengths of 

the i- and n+-segments amount to about 550nm and 250nm, respectively. Fig. 1a shows an SEM image of as-

grown NWs indicating a good homogeneity with respect to dimensions, shape and ordering, as expected from 

imprint. Fig. 1b shows the corresponding schematic layout of the processed detector elements.  

 

3.1 I-V Characteristics 

Fig. 1c shows typical I-V characteristics in darkness (black traces) and under illumination (colored traces) 

of a sample with short (25nm) p+-segments. A clear rectifying behaviour is observed with an ideality factor of 
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about 2.4 at 300K. Interestingly, the ideality factor scales as  as shown in Fig. S2 in the ESM. We 

observed the same behaviour in previously reported I-V data for i-n+ NWs grown directly on p+-substrates.[21] 

It is interesting to note that similar temperature-dependent ideality factors were previously reported for 

disordered organic p-n junctions.[25] The deviation from classical transport models was attributed to violation 

of the Einstein relation (  in the framework of diffusion theory. In view of the polytype 

structure of the NWs studied in the present work, similar arguments could explain our results. From Fig. 1c it 

is also evident that the open-circuit voltage, VOC, decreases with increasing temperature as expected. For an 

ideal diode or solar cell, , where ISC is the short-circuit current and Io the saturation 

(reverse leakage) current. The temperature dependence of VOC stems primarily from the strong temperature 

dependence of the saturation current , where ni is the intrinsic carrier concentration. Extrapolating VOC 

to low temperatures gives an approximate value of the corresponding bandgap. In our case, we observe a value 

of about 0.7V for samples with short (25nm) p+-segments which increases to about 1.1V for samples with long 

(200nm) p+-segments. The main reason for a larger extrapolated value for samples with long p+-segments is the 

reduced junction area, and thus reduced dark current, compared to samples without p+-segments. A 

contributing factor to the reduced extrapolated value compared to the InP bandgap, even for the longest p+-

segment samples, could be a voltage drop over the Schottky-like contact formed at the Au catalyst/NW 

interface. Such a voltage drop has been recently discussed for Au/GaAs NWs.[26, 27] The general trends 

observed upon increasing the p+-segment length e.g. increase in VOC, improvement in ideality factor and 

decrease in reverse dark current level (see Fig. S3 in the ESM) reflect a deviation from ideal diode conditions 

when the substrate actively becomes part of a NW p+-i-n+ device.  

 

3. 2 Photocurrent and Electroluminescence measurements 

Fig. 2a shows temperature-dependent spectrally resolved short-circuit photocurrent spectra for a sample 

with 25 nm p+-segments (discussed above). All spectra were normalized with respect to the photon flux using a 

calibrated Si photodiode. The peak marked with ‘ZB’  in the spectra agrees well with the fundamental 

interband transition energy of bulk InP, which we interpret in terms of photoexcitation of the p+ substrate and 

subsequent funneling of the photogenerated minority carriers into the NWs. A small contribution from the thin 

ZB layers in the mixed-phase (predominantly WZ) i-region of the NWs probably also contributes to the 
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photocurrent signal. As discussed below, diffusion plays an important role in the funneling process, since the 

penetration of the space charge region at the foot of the NWs into the substrate is merely a few tens of nm 

given the high substrate doping concentration (5×1018cm-3). This conclusion is in agreement with previously 

reported photocurrent spectra for NW-based photodetectors without p+-segment.[21] The bandgap of pure WZ 

InP is known to be at least 80meV larger than for ZB InP.[28-31] The peak marked by ‘WZ’ indicates a 

contribution to the photocurrent from interband transitions in the thin WZ layers of the mixed-phase i-

segments of the NWs.  

A striking difference observed by comparing the spectrally resolved photocurrent collected for samples 

with different p+-segment lengths is the gradual shift, E, in onset energy of the photocurrent, as shown in Fig. 

2b and Fig. 2c (in semi-log scale). We interpret this shift in terms of a less efficient collection of photogenerated 

carriers from the substrate as the p+-segment effectively decouples the substrate from the active NW p+-i-n+ 

junctions. Moving the junction up into the NW leads to a redistribution of the electric field in the NW/substrate. 

As the length of the p+-segments becomes comparable to the minority carrier diffusion length (~160nm),[16] 

funneling of photogenerated minority carriers from the substrate is lost and replaced by collection of carriers 

from the i-segment of the NWs providing a dominant WZ signal. Electroluminescence (EL) measurements on 

the same samples (Fig. 2d) confirm our interpretation of the photocurrent data, since samples with short p+-

segments display mainly ZB luminescence, whereas mainly contributions from WZ is observed from samples 

with long p+-segments.  

 

3.3 Modeling 

A decreased substrate contribution to the photocurrent for samples with extended p+-segments is 

furthermore expected from sophisticated modeling of the devices. Fig. 3 shows plots of calculated electron 

current densities at short-circuit conditions for NW samples without (Fig. 3a) and with 250nm p+-segment in 

the NWs (Fig. 3b). Evidently, there is a significant substrate contribution to the photocurrent for samples 

without p+-segment. The physical mechanism behind this photocurrent is diffusion-driven funneling of 

photogenerated carriers from the substrate into the NWs. The carriers, driven by the concentration gradient 

from substrate to the substrate/NW interface, are subsequently collected by the electric field in the NWs. The 

white iso-line represents the separator between downward parasitic (towards the p+-contact) and upward 

(towards the n+-contact) electron flows (current densities in opposite directions). In the absence of any p+-

segment (Fig. 3a), the active region from which photogenerated carriers are funneled into the NWs 

extends >200nm into the substrate. In contrast, the substrate is more or less decoupled from the active NWs 
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with 250nm p+-segments (Fig. 3b), resulting in a vanishing electron current density contribution from the 

substrate. 

 

3.4 Discussion on p+-segment series samples 

Another pronounced difference observed by comparing the spectrally resolved photocurrents displayed 

in Fig. 2 is the strong decrease in signal above about 1.6eV for samples with shorter p+-segments. In this part of 

the spectrum, most of the light is absorbed near the top of the NWs due to resonant absorption,[32] wherefore 

it is crucial to minimize the length of the n+-segment to efficiently collect these carriers.[14] One explanation for 

the relatively poor efficiency observed for our devices without p+-segment is that the nominally undoped i-

segment is in fact most likely weakly n-type, as is normally the case for InP.[19] A residual n-doping 

concentration of 1016cm-3 would result in a (high-field) depletion region localized in the lower part of the NWs 

(see Fig. 3c). The remaining part of the weakly n-type NW (including the top n+-segment) amounts to about 

400nm. This region is characterized   by a low electric field and thus poor collection efficiency. A significant 

photocurrent contribution in this case therefore stems from collection of photogenerated carriers from the 

substrate as discussed above. With increasing p+-segment length the junction formed at the interface between 

the p+-segment and i-segment, and thus the depletion region, is shifted upwards in the NWs. Furthermore, a 

Zn doping reservoir effect, similar to the one discussed in Amit et al,[33] would compensate the background n-

doping in the i-segment and move the p-n junction further up in the NW as shown in Fig. 3d. With the electric 

field region (p-n junction) reaching near the top of the NWs, better matching the absorption profile in the NWs 

as discussed above,[14, 32] the collection efficiency is strongly improved which results in a larger photocurrent 

in the high energy part of the spectrum. A further possible mechanism that enhances the photocurrent 

generation for longer p+-segments has to do with the growth rate of the NWs.  We observe that as the p+-

segment length is increased the effective NW growth rate decreases indicating that the i-/n+-segment lengths 

are slightly reduced which enhances the collection of photogenerated carriers as discussed above. The reduced 

growth rate can be explained in terms of a reduced surface diffusion on the Zn doped p+-segments, which in 

turn reduces the amount of growth material reaching the seed particle.[34] For comparison, a spectrally 

resolved photocurrent spectrum (black trace) of a planar InP ZB p+-i-n+ mesa sample is also shown in Fig. 2b. 

The thickness of the i-layer and top n+-layer amounts to about 1μm and 200nm, respectively. Although not 

identical, it is evident that the overall shape of the photocurrent at higher photon energy for the NW detectors 

successively becomes more similar to the planar detector as the length of the p+-segments in the NWs is 

increased. From this plot it is also evident that the effective top n-region of the NWs with shorter p+-segments, 

indeed must be considerably longer than 200 nm.  
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3.5 Discussion on solar cell samples 

For comparison, we have also performed a detailed study of solar cells with 9.3% efficiency from the 

same series as the reported 13.8% record samples.[14] The design is similar to the one used for the varying p+-

segment series, except for slightly longer p+-segments (350nm), considerably longer i-segments (1μm) and 

shorter n+-segments (180nm). In addition, the catalytic Au particles were removed before fabricating the top 

ITO contact. The latter process step improves the electrical properties by eliminating any possible Schottky 

barrier present between the Au catalyst particles and NWs.[26] A clear improvement of the I-V characteristics 

compared to the previously described series of samples with varying p+-segment length, is indeed observed in 

Fig. S4 in the ESM. The extrapolated open-circuit voltage has increased compared to the p+-segment series. It is 

also noted that VOC actually saturates at a temperature below 40K. This behavior signals significant deviations 

from ideal solar cell characteristics which might be related to e.g. a temperature dependent ideality factor 

(discussed above). Removal of the Au catalyst particles is also expected to enhance the photocurrent, since they 

have been shown to scatter incoming radiation leading to significant losses.[32] In comparison to the sample 

series discussed above, the modified design parameters for the solar cells favor a dominant generation and 

collection of carriers in the mixed-phase i-segments of the NWs[35] as evidenced by the spectrally resolved 

photocurrent data shown in Fig. 4. The 60K spectrum shows spectral signatures which we interpret in terms of 

optical excitations involving the crystal field-split valence bands of WZ InP (A and B peaks separated by 

30meV) and the spin-split valence band (C peak separated by 160meV from the A-peak).[36, 37] We also note 

that there is a small photocurrent contribution from the corresponding ZB layers in the i-segments. The inset of 

Fig 4 shows the accumulated (all wavelength) photocurrent from the same sample for different angle of 

incidence  of incoming radiation, together with a cos() fitting. The overall agreement between experimental 

data and fitting supports the idea of NW-based solar cells behaving similar to planar devices regarding 

incident angle dependence. The good agreement is somewhat unexpected given the relatively complex 

composition and geometry of the present devices, including e.g. different absorption coefficients for light 

impinging perpendicular and parallel to a NW axis. However, the inset reveals a slightly reduced photocurrent 

at large angle compared to the fitting. A similar effect, typically observed also for planar p-i-n solar cells, is 

attributed to an enhanced reflection at large angles.[38] Figure S5 in the ESM shows the spectrally resolved 

photocurrent for different polarization of incoming radiation with normal (0o) and 45o incidence. As expected, 

the photocurrent shows no polarization dependence for normal incidence, since the electric field is 

perpendicular to the NW axis for both polarization directions. At tilted conditions, there is a slightly larger 

relative photocurrent contribution, compared to normal incidence, at higher photon energy, which probably 
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reflects a decreased absorption in the top n-segment as previously discussed. At tilted conditions, there is also a 

slightly larger relative contribution at higher photon energy in the case of parallel polarization, compared to 

perpendicular polarization, probably due to slightly larger absorption coefficients when the electric field is 

parallel to the NW. 

 

4 Conclusions 

 

In summary, we present electrical and optical data for near-infrared p+-i-n+ photodetectors/solar cells 

based on large arrays of InP NWs grown on InP substrates. From spectrally resolved measurements, we 

conclude that the photocurrent collection process depends strongly on the p+-segment length. Without p+-

segments, the photocurrent is dominated by funneling photogenerated carriers from the substrate into the 

NWs. Adding a p+-segment in the NWs favors collection of carriers generated in the i-region of the NWs since 

the junction is moved up into the NWs which decouples the substrate from the active device and leads to a 

more well-defined electric field distribution in the i-segments, all in agreement with theoretical modeling. In 

solar cell samples, clear signatures of interband transitions in the ZB and WZ InP layers of the mixed-phase i-

region are observed. Complementary measurements of the dependence of the photocurrent on angle of 

incidence and polarization of the incoming radiation support our interpretations.  
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FIGURES 

 

 

 

Figure 1 (a) SEM image of as-grown InP NWs. (b) Schematic detector layout. SiO2 is used as the insulating layer and ITO as the 

transparent top contact. The Ti/Au contact is for bonding of the detector element. The bias is applied between the bond contact and 

substrate. (c) I-V characteristics of a sample with 25nm long p+-segments. Dark current at 300K is shown in black color in linear scale 

and in semi-log scale (inset) from which an ideality factor of 2.4 is estimated (red dash-dotted trace). The inset also shows semi-log 

plots of the I-V under illumination at different temperatures.  
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Figure 2. (a) Spectrally resolved short-circuit photocurrent of a sample with 25nm p+-segments measured at different temperatures 

(60K-300K). The photocurrent has been normalized with respect to the photon flux of the tungsten lamp using a Si photodiode. The 

sharp signal at 1.96eV is due to the built-in red laser used in the Fourier transform spectrometer to keep track of the position of the 

scanning mirror. (b) Spectrally resolved short-circuit photocurrent of samples with varying p+-segment length (0nm-250nm) measured at 

300K, along with a planar reference mesa InP sample (Ref.). The photocurrent has been normalized for comparison. (c) Semi-log plot of 

the spectrally resolved photocurrent for samples with 25nm and 200nm p+-segments, respectively, at 300K. (d) Electroluminescence 

from the same samples as in b) at 300K. 
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Figure 3. Color-coded plot of calculated photogenerated electron current density for a NW detector (a) without p+-segment and (b) with 

a 250nm p+-segment in the NW. The arrows indicate the direction of the electron flow, upward leading to extracted photocurrent and 

downward to a small parasitic current. Figures (c) and (d) show schematic comparisons of the plausible real doping profiles as compared 

to nominal doping profiles in NWs without p+-segment and with a 250nm p+-segment, respectively. The effect of a residual n-doping is 

shown in (c). In (d) the residual n-doping is compensated  by a Zn (acceptor) reservoir effect due to the growth of an extended p+-

segment. The blue ovals show the varying position of the p-n junction along the NWs.  
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Figure 4. Spectrally resolved short-circuit photocurrent of a 9.3% efficiency solar cell sample, measured at different temperatures, 

exhibiting interband transitions in the ZB and WZ layers in the mixed-phase i-region of the NWs.  The bottom inset shows the angular 

dependence of the integrated short-circuit photocurrent (ISC) at 300K (black trace). The red trace shows a kcos(θ) fitting to the 

experimental data with a constant k.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


