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Abstract— We grow and characterize solar cells based on Ga-

catalyzed GaAs NWs radial p-i-n homojunctions grown by 

Molecular Beam Epitaxy onto inactive p-type Si(111) substrates. 

The solar cells feature a relatively low efficiency of 2.09% mainly 

due to poor VOC=0.39V, FF=0.4. To assess the intrinsic quality of 

the GaAs NWs, we use a hyperspectral imager to determine the 

absolute luminescence of GaAs homojunction devices. Between 5 

suns and 130 suns illumination, we find an ideality factor of 2.2 

and 1.4 from J-V curves and Jsc-PL curves, respectively. 

Moreover, the quasi-Fermi level splitting ΔεF, which represents 

the maximum achievable VOC, is tentatively extracted from the 

absolute luminescence and is estimated to be above 0.8 V at 1 sun. 

It confirms the NWs high crystalline quality and indicates a 

considerable scope for improvement in device processing. 

Keywords— GaAs nanowires, selective growth, Tandem on Si. 

I. INTRODUCTION 

The possibility to grow high structural quality III-V 
nanowires (NWs) on mismatched substrates such as Si, 
represents an elegant way to fabricate a III-V on Si tandem solar 
cell avoiding in one go the use of expensive III-V substrates and 
the difficult integration of III-V semiconductors on Si [1]. In 
principle, III-V NW-based top cells with an optimal bandgap at 
1.7 eV can be directly grown on a Si bottom cell and efficiencies 
exceeding 33% at AM1.5G have been predicted for such 
architecture [2]. The success of this strategy relies on the precise 
control of the NWs growth on Si(111), their crystal structure, 

doping, junction formation, passivation and opportune contacts 
as millions of nanometer size junctions are connected in parallel 
to form the NW-based solar cell. At present, state-of-the-art NW 
solar cells are based on axial GaAs homo-junctions with an 
efficiency of 15.3%. These cells are grown by MOCVD on 
GaAs(111)B inactive substrates using the Vapor Liquid Solid 
(VLS) method and a gold catalyst [3]. Ga-catalyzed GaAs NW 
solar cells directly grown on Si(111) stays behind, with 
efficiencies of  6.4% for axial homo-junction [4] and 3.3% for 
radial homo-junctions [5], mainly limited by relatively poor VOC 
(<0.39V) and FF (<0.4). 

In this work we grow and characterize Ga-catalyzed GaAs 
NW radial p-i-n homo-junctions grown by Molecular Beam 
Epitaxy (MBE) onto inactive p-type Si(111) substrates. GaAs 
homojunctions with AlGaAs passivation feature a relatively low 
efficiency 2.09% mainly due to poor VOC=0.39V, FF=0.4. To 
assess the intrinsic quality of the GaAs NW homojunctions, we 
use a hyperspectral imager to determine, without contact, the 
absolute luminescence of the devices.  

II. EXPERIMENTAL DETAILS 

A. Nanowires growth  

Ordered GaAs NWs are grown by MBE on p-type doped 

Si(111) substrates using a patterned SiO2 mask and the Vapor-

Liquid-Solid (VLS) method. A 25 nm-thick SiO2 layer is 

deposited by PECVD on the Si(111) substrate and patterned 



with an hexagonal array of holes (pitch 500 nm) by e-beam 

lithography and reactive ion etching. A 1% diluted HF solution 

is used to fully expose the Si(111) surface inside the nanoholes. 

After thermal desorption in ultra-high vacuum, the sample is 

transferred to the MBE chamber. The growth sequence starts 

with the pre-deposition of a Ga catalyst that localized only 

inside the holes, followed by the axial VLS growth of a short 

(< 20 nm) Be-doped p+-GaP stem and a Be-doped p-GaAs core 

(L=1.8 µm, =90 nm). The p-GaP stem serves as a back-surface 

field and also to increase the yield of vertical NWs (up to 95 % 

over a surface area of 1.5 × 1.5 cm2).  The Ga droplet is 

consumed under an As4 flux. An i-GaAs shell (30 nm) and a Si-

doped n-GaAs shell (20 nm) are then grown by Vapor Solid 

method, using conditions typical of planar GaAs growth (that 

is supplying group V precursors in excess). The structure is 

finished growing a thin (10 nm) Si-doped n-AlGaAs window 

and a thin n-GaAs shell as contact layer. The doping 

concentration of the p-GaAs cores and n-type GaAs shells is 

measured by fitting the cathodoluminescence spectra of single 

NWs with the generalized Planck law [6][7][8]. The doping 

concentration of the p-GaAs cores corresponds to the nominal 

value of 3×1018 cm-3 while the doping concentration in n-GaAs 

shells are limited to about 5×1017 cm-3, due to the amphoteric 

behavior of Si as detailed in the discussion. 

 

B. Nanowire solar cell fabrication  

The nanowire array is first coated with 50 nm SiO2 deposit 
by PECVD and encapsulated in a Benzocyclobutene (BCB) by 
spin-coating. The excess of BCB is removed by reactive ion 
etching to reveal the NW heads. The SiO2 layer is wet etched 
and the NW heads are then contacted using an Indium Tin 
Oxide (ITO) layer deposited by sputtering at ambient 
temperature. The electrical characteristic of the n-GaAs/ITO 
interface was previously studied on a planar structure as shown 
in Figure 1.  

 

Figure 1 - Evolution of the ITO/GaAs contact resistivity with post-

annealing temperature (GaAs doping n = 1.5×1018 cm-3 determined 

by Hall effect). Inset: schematic of the sample used for probing the n-

GaAs/ITO interface resistivity. 

The contact resistivity is relatively high and a post-annealing at 

450500°C is required to lower the contact resistivity to the 10-

1/10-2 Ohm cm² (Figure 1), which limits the voltage drop at this 
interface to a few tens of mV. For the device, the temperature 
is actually limited to 400°C to preserve the integrity of the BCB. 
Individual circular NW-based solar cells are finally defined by 
chemical etching of ITO (0.15 to 1 mm diameter) and Ti/Au 
annular contacts using photolithography. Figure 2a shows the 
cross-section SEM image of the array of GaAs p-i-n homo-
junctions after planarization by BCB and ITO deposition. 
Figure 2b shows a SEM image of an individual diode, with ITO 
and metal contacts defined by photolithography.  

 

 
 

Figure 2 – a) SEM cross section of GaAs p-i-n homo-junctions after 

planarization and ITO deposition. b) SEM view of one NW-based 

diode defined by photolithography. 

III. RESULTS AND DISCUSSION 

Si-doped NW GaAs shells grown on the NW cores at high 

temperature (580°C) exhibit a good morphology (Figure 3a) but 

a remarkable p-type doping due to the incorporation of Si as an 

acceptor. Reducing the growth temperature limits the 

amphoteric behavior of Si thus resulting in n-type shells [9] and 

in fact GaAs shells grown at to 450°C show n-type doping but 

limited to 5×1017 cm-3 while the NW facets morphology and 

mask selectivity are degraded (Figure 3b).  

 

 
 

Figure 3 - SEM images of GaAs NWs homo-junctions with Si-doped 

shells grown at (a) 580°C and at (b) 450°C. (c) p-i-n used for the 

devices (before BCB planarization) with a 30 nm i-GaAs shell grown 

at 580°C and 20 nm p-GaAs shell grown at 450°C. 

Given these constraints, we grew a 30 nm-thick i-GaAs shell at 

580°C and 20 nm-thick n-GaAs shell at 450 °C. The detailed 

sketch of the p-i-n homo-junction is shown in Figure 4. 

 

The J-V characteristic of the NW solar cell exhibits a relatively 

low VOC, in line with previously reported radial GaAs homo-

junctions and associated with a cross-over between the dark and 

illuminated curves (Figure 4b). The S-shape of the illuminated 



curve and the slope near U=0V suggest that the device suffers 

from collection issues. The forward current in the dark is fitted 

with a one-diode model with resistances (Figure 4c) while the 

reverse current is high and cannot be fitted. The corresponding 

ideality factor is n=4.5, an unrealistically high value for GaAs 

junctions, for which idealities between 1 or 2 are expected. 

Such high ideality factors typically indicate the presence of 

rectifying contacts (Schottky) in the structure and is consistent 

with the observation of collection issues from the illuminated 

JV curve, pointing towards unoptimized contacts. 

 

 
 

Figure 4 – a) Schematics and b) J-V (dark and 1sun) of the p-i-n GaAs homo-junction after a post-annealing (400°C) to improve the ITO/n+-

GaAs contact. c) JV dark in logscale, along with a 1-diode fit with resistance.

To assess the intrinsic quality of the GaAs NW radial junctions, 

and try to understand the origin of the VOC losses, we have used 

a hyperspectral imager to determine absolute 

photoluminescence (PL) in the complete devices. 

Luminescence emissions allow to access absorption (A(E)), 

quasi-Fermi level splitting (∆εF) and carrier temperature (T) 

according to their description by the generalized Planck 

law [10]: 

 

 𝛷(𝐸) = 𝐴(𝐸)
1

4𝜋2ℏ3𝑐0
2 𝐸2 [𝑒𝑥𝑝 (

𝐸−ΔεF

𝑘𝑇
) − 1 ]

−1
  (1) 

 

Since the hyperspectral imager allows measuring the 

luminescence in absolute values, the quasi-Fermi level splitting 

ΔεF can be determined, which gives an indication of the 

intrinsic VOC of the junction, without contact [11]. 

 

  
Figure 6 - Variation of the open-circuit voltage and the integrated PL 

under increasing illumination measured for the GaAs homo-junction. 

In Figure 6 we plot the variation of the VOC and the integrated 

luminescence under increasing illumination levels between 5 

and 130 suns. An apparent ideality factor n can be extracted 

from the power law: 

 𝑉𝑂𝐶 =
𝑛𝑘𝑇

𝑞0
log (

𝐽𝑠𝑐

𝐽0
)  (2) 

We find n=0.7, a much lower value than the one extracted from 

the experimental J-V curve (n=4.5) of Figure 4c. Using Eq. (1), 

the variations of the quasi-Fermi level splitting ΔεF can be 

approximated by 𝑘𝑇 × log(Φ) plotted in red in Figure 6 for 

different illuminations intensities, and an ideality factor can be 

extracted similarly. We find n=1.1, which is consistent with 

ideality factors expected for GaAs junctions. The precise 

extraction of the quasi-Fermi level splitting values from the PL 

spectra is complicated by the presence, in the PL spectra, of a 

broadening probably due to the PL emission from the AlGaAs 

shell or the ITO. The hyperspectral characterization of other 

samples before and after the planarization and ITO deposition 

is currently in progress in order discriminate the possible 

contribution of the AlGaAs shell or the ITO to the spectral line 

shape. However, a preliminary analysis gives ΔεF=0.91 V at 5 

suns, extrapolated to ΔεF=0.86 V at 1 sun, which represents the 

maximum achievable VOC, while the actual VOC reaches only 

0.39 mV. It confirms the high crystalline quality of the NWs 

and indicates a considerable scope for improvement in device 

processing. 
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IV. CONCLUSION 

We fabricated and characterize NWs based GaAs homo-

junctions. While the devices feature relatively low efficiencies, 

hyperspectral imaging reveals the intrinsic high quality of the 

homo-junctions: this is an encouraging information for the 

community working on NWs-based solar cells and we expect 

that better VOC and FF should result from improved device 

processing (possibly GaAs/ITO contact). 
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