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1. Introduction  
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1.1 Principles of solar cells  
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1.2 Nanowire solar cells 
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Figure 1. Schematic of the band structure of a tandem junction solar cell. The high-energy photons 

(indicated by blue color) are absorbed in the top cell with large bandgap. The low-energy photons (indicated 
by red color) are transmitted through the top cell and absorbed by the bottom cell with small bandgap. The 
connection between the top cell and the bottom cell is the tunnel junction where the electrons tunnel from 
the conduction band of the n-side of the bottom cell to the valence band of the p-side of the top cell.  
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2. InP-GaInP material system 
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3. Nanowire growth, processing, 

and characterization 

3.1 Nanowire growth  
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Figure 2. A simple schematic of a MOVPE system. 
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3.1.1 Growth of nanowire arrays 

Figure 3. A hexagonal pattern of gold particles made by nanoimprint lithography. (a) Top view, with 0° tilt. 
(b) Cross-section view. The scale bars are 200 nm.  
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Figure 4. A schematic of the VLS growth of nanowires. (a) The substrate with gold particles patterned on 
its top. (b) The supply of III-V precursors which alloy with the gold particles. (c) The particle gets super-
saturated, and III-V materials start precipitating and crystallizing underneath the particle. (d) With the 
changes of the precursor supply, heterostructures are formed in the nanowires. 
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3.1.2 Formation of nanowire heterostructures 



14 

Figure 5. A Ga0.3In0.7P nanowire sample with kinked and ultra-long nanowires. The scale bar is 2 µm. The 

inset has a scale bar of 200 nm.
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3.1.3 In situ surface treatment 
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3.2 Nanowire processing  
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3.3 Nanowire characterization 

3.3.1 Material characterization  
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Figure 6. Schematic of the generation and recombination of photocarriers. (a) Electrons are excited by 
photon absorption. (b) Auger recombination (nonradiative). (c) Shockley-Read-Hall recombination 
(nonradiative). (d) Radiative recombination with photon emission. 
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3.3.2 Device characterization 
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Figure 7. A processed single nanowire device with contact pairs for the four-probe resistivity, backgated 
FET, and Hall-effect measurements. The scale bar is 1 µm. 
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4. Steps towards InP/GaInP 

tandem junction solar cells 

4.1 Doping evaluation of n- and p-type GaInP 

nanowires 
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4.1.1 n-type doping 

4.1.2 p-type doping 
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Figure 8. GaInP nanowires grown with high Cp2Mg flows. The scale bar is 1 µm. 
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4.2 InP/GaInP nanowire tunnel diodes 
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Figure 9. Schematic of a typical I-V curve of a tunnel diode (right) with band diagrams at the corresponding 

voltage bias (left). Left: Band diagrams of a tunnel diode under various voltage bias. (a) Reverse bias, Zener 
tunneling. (b) Equilibrium, zero net current. (c) Forward bias, I=Ipeak. (d) Forward bias, I=Ivalley. (e) Forward 
bias, diffusion of thermal electrons. Right: The typical I-V curve of a tunnel diode.  
 

 



28 

𝑇𝑡 ≈ exp (
−4√2𝑚∗𝐸𝑔

3 2⁄

3𝑞ℏ𝜀
)exp (

−𝐸⊥𝜋√2𝑚∗𝐸𝑔

𝑞ℏ𝜀
)

𝐸⊥

ħ
ε

 

 



29 

Figure 10. Schematic of the design of tandem structures and the corresponding tunnel junction 

configurations. Left: The forward tandem structure (top) and the corresponding tunnel junction configurations 
(bottom). Right: The reverse tandem structure (top) and the corresponding tunnel junction configurations 
(bottom). Star marks indicate the working tunnel diodes achieved in our study.
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4.3 Build up InP/GaInP double junction solar cells 

4.3.1 Intermediate test structure 

Figure 11. Schematic of the n-pin structure.
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Figure 12. EBIC measurements on the p-pin and n-pin structures. (a) SEM image of the p-pin structure with 
50-nm-p++ GaInP segment. (b) The EBIC signal of the p-pin structure. (c) SEM image of the n-pin structure 
with 50-nm-p++ GaInP segment. (d) The EBIC signal of the n-pin structure. The scale bar is 1 µm.
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Figure 13. I-V measurements in dark and under illumination of the n-pin structures with varied p++ segment 

length. (a) The sample with 30-nm-p++ segment. (b) The sample with 50-nm-p++ segment.
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5. Nanowire peel-off 

5.1 Peel-off and processing 
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Figure 14. Schematic of the peeling procedure of the polymer film with nanowires embedded. (a) The pulling 
of the film by using a tweezer. (b) The use of a plastic mesh and the attachment of a tape to the polymer 
film is to have a more uniform peeling force. 
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Figure 15. A peeled-off FC film with nanowires embedded in the triangular area.  

Figure 16. SEM images of a peeled-off sample. (a) The substrate after peel-off. The scale bar is 2 µm. The 

image is taken at 30° tilt. (b) The backside of the polymer film. The scale bar is 2 µm. The inset has a scale 
bar of 200 nm. The images are taken at 0° tilt.  
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Figure 17. The peel-off and the related processing procedure.

Figure 18. SEM images of a peeled sample after polymer dissolution. (a) Top view of the sample, 0° tilt. 
The scale bar is 1 µm. (b) Top view of an area with cracks, 0° tilt. The scale bar is 10 µm. 
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6. Summary and outlook 
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