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Abstract

Hot carrier harvest could save 30% energy loss in solar cells. So far, however, it is still unreachable 

as the photo-excited hot carriers are short-lived, ~1 ps, determined by a rapid relaxation process, 

thus invalidating any reprocessing efforts. Here we propose and demonstrate a feasible route to 

reserve hot electrons for efficient collection. It is accomplished by an intentional mix of cubic zinc-

blend and hexagonal wurtzite phases in III-V semiconductor nanowires. Additional energy levels 

are then generated above the conduction band minimum, capturing and storing hot electrons before 

they cool down to the band edges. We also show the superiority of core/shell nanowire (radial 

heterostructure) in extracting hot electrons. Strategy disclosed here may offer a unique opportunity 

to modulate hot carriers for efficient solar energy harvest.

Keywords: mix-phase nanowire, hot electrons, InAs, radial heterostructure, photovoltaics
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Introduction

In Shockley-Queisser theory, the efficiency of solar cells is limited to 33% but not 66% owing to 

a huge waste of hot-carrier energies [1,2]. Generally, the energetic electrons and holes, generated 

by absorbing high-energy photons, quickly (~1 ps) cool down to the band edges. It is accompanied 

by a large number of phonon emissions, leading to a 30-40% energy loss [3-7].  Given this effect, 

attention has been focused on the hot-carrier reserve technique which subsequently gives rise to 

the concept of hot-carrier photovoltaics [8-17]. Particularly, two different routines were carefully 

examined. One is to introduce quantum structures into photovoltaic devices [18-20]. In such a 

strategy, the spatial confinement effect leads to a discrete distribution of energy levels (rather than 

a continuous distribution as in bulk material), the gap of which is much higher than the phonon 

energy. In this way, the phonon emissions are highly suppressed (phonon bottleneck) and the hot-

carriers life is then significantly prolonged. The other possibility is to make use of the upper 
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satellite bands for the temporary storage of hot carriers [21-23]. In the conduction band of III-V 

semiconductor, for example, there are L and X valleys besides the bottom Γ valley, which have 

the potential to hold hot electrons with low energy loss. As great efforts are paid on these routes, 

the device applications, however, are still challenging. Specifically, the spectral response deviates 

from the solar spectrum, and the efficiency of hot carrier extraction is low [19,23]. 

In this work, we propose and demonstrate a distinct approach for hot-carriers harvest. It is realized 

by an intentional mix of cubic zinc-blend and hexagonal wurtzite phases in III-V semiconductor 

nanowires. Additional upper energy bands are then generated above the conduction band minimum, 

capturing and retaining hot electrons during their relaxing downward process. To extract these hot 

electrons (through visible illumination), we design a core/shell nanowire heterostructure to 

facilitate the radial transport of the hot electrons. At the same time, cold electrons (through infrared 

illumination) are collected in the axial direction. Findings disclosed here may provide a unique 

perspective on hot carrier management for future high-efficiency solar cells.

Results and Discussion
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The sun's radiation closely matches that of a black body at 5800 K (Figure 1b), which shows a 

wide spectral distribution, from visible (300-700 nm) to infrared (700-2500 nm) bands, with the 

proportion of ~46% and ~54%, respectively. For a solar cell, to harvest or respond to the whole 

spectral radiation, the bandgap of the absorption layer should be below 0.5 eV [5]. However, few 

photovoltaic structures follow the idea. Because there is a deep carrier relaxation/cooling process 

in low bandgap material, which will not only waste the optical profit (gained from a broadband 

light absorption) but also leads to an additional energy loss [1,2]. Therefore, there is the paradox: 

more colorful lights absorbed, more energies lost (see detailed discussion in Supplementary 

Section 2). 

Figure 1a shows a distinct route to address such a problem. It is based on the reconstruction of the 

semiconductor band structure that potentially harvests visible and infrared lights independently in 

a single material. Specifically, the interband transition, with an energy gap below 0.5 eV, is 

attributed to harvest infrared lights, from 700-2500 nm wavelength. Additionally, an extra band is 

artificially constructed, locating at ~1 eV above the conduction band, for capturing and storing hot 

electrons that are generated by absorbing visible lights (300-700 nm wavelength). To that end, we 

highlight the mix-phase III-V semiconductor and its role in multi-stage light harvesting. Typically, 
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the cubic zinc-blend (ZB) phase is the dominated crystal structure in III-V bulk materials, whereas 

a mix of hexagonal wurtzite (WZ) and cubic zinc-blend phases is frequently found in their confined 

system, like nanowire [24-26]. Such character allows us to conveniently prepare the test sample, e.g., 

a mix-phase InAs nanowire sample assembled by the molecular beam epitaxy (MBE) method. 

Figure 2a shows its high magnification annular dark-field image. There are a stacking sequence of 

one-monolayer (1L) WZ/1L ZB/2L WZ InAs segments in the field of vision, thus a proportion of 

25% ZB and 75% WZ, respectively. Statistics on a much wider area give a floating value for ZB 

phase mixing from 25% to 50%, more in Supplementary Figure S2. 

To show how mix-phase structures alter the band structure of InAs, we performed the first-

principles calculations with Vienna Ab-initio Simulation Package using the projector augmented 

wave method (details in Supplementary Section 1) [27,28]. Pure WZ and 25% ZB phase structures 

(Figure 2a) are calculated for comparison, with the corresponding density-of-states distributions 

(versus energy) depicted in Figure 2b. Obviously, the ZB-phase mixture introduces upper states 

located at 0.8-1.1 eV above the conduction band minimum. Those additional states are expected 

to act as a reservoir that captures and retains hot electrons (generated by absorbing visible photons) 

during their relaxing downward process, as schematically shown in Figure 2c.
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Worth noting that efforts have been paid on the energy band structure of WZ/ZB mix-phase 

semiconductors, where the WZ and ZB segments were treated as two distinct materials; the whole 

structure was then taken as superlattice or type II heterostructure [29-31]. The model is well accepted 

for understanding the below-bandgap transition process observed in luminescent experiments. 

However, the possibility of treating a mix-phase structure as a single semiconductor is barely 

discussed in previous works. The idea is reasonable since there are no other elements but In and 

As (in this study), more importantly, all the In-As bonds are identical to each other and no apparent 

discontinuity or interstitial was observed between monolayers. 

Figure 3b shows the photoluminescence spectrum of a assemble of mix-phase InAs nanowires. 

Apart from the interband transition peaked at the infrared band (@3306 nm/0.375 eV, referring to 

our previous work Ref. 32), one can find a weak visible light luminescence that is peaked at 760 

nm (a Lorentzian fit of the spectra identifies two other features located at 780 and 820 nm, Figure 

2b.). It indicates that there is an above-bandgap transition process, that could span from the 

valence-band-maximum to some energy levels of ~1.46 eV higher. Such high energy levels might 

be mix-phase associated levels (MPALs) since their energies are very close to the predictions (1.0-

1.3 eV above the conduction band).  
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Photoelectric measurements could provide further information on the energy band structure. 

Figure 3a schematically shows the single InAs nanowire device structure, where InAs nanowire 

(with ~60 nm in diameter and ~5 μm in length) was physically transferred onto the Si substrate 

capped with a 300 nm SiO2 layer, following by electron-beam lithography, thermal evaporation, 

and lift-off processes to define the electrode patterns (details in Supplementary Section 1). 

Technically, incident photons, with energies varying from 0.8 to 2.76 eV, were taken as a probe to 

visualize the energy gap and charge carrier dynamic process. Typical results (@77 K) are shown 

in Figure 3c. For infrared-light irradiation (λ≥785 nm, hυ≤1.58 eV), the mix-phase InAs nanowire 

behaves appropriately as a semiconductor, that is characterized by an enhanced conductance. One 

can also find an increasing photoresponse with the increase of light wavelength. It arises from a 

simple fact that the photon number is inversely proportional to the photon energy while the global 

energy remains unchanged (~3 mW). Of particular interest is that the mix-phase InAs nanowire 

responds negatively to the visible lights (decline in conductance). Considering that once the 

photocarriers relax to the band edges, they are energetically leveling and thus contribute equally 

and positively to the conductance. Therefore, changes must occur in the photocarrier 

dynamic/relaxation process when the illumination switches from infrared to visible lights. 
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With this in mind, we focus on the photocarrier dynamic process. The transition point occurs at 

λ≈730 nm (Figure 3c and Supplementary Figure S6) when the photoconductance changes from 

positive to negative (More details in Supplementary Section 5. The transition point between 

individuals is somewhat different, ranging from 720-830 nm. It might account for the wide range 

of luminescence observed in a assemble of nanowires, Figure 3b). At this specific region, the 

electrons are photoexcited to energy levels of ~1.48 eV above the valence band maximum (Figure 

2c), which highly coincides with the MPALs (~1.46 eV, Figure 2b and 3b). Thus, it is reasonably 

believed that the negative photoresponse is associated with those high-energy states. Here we 

propose a model to understand such a distinct photoelectric process. As schematically shown in 

Figure 2c, the hot electrons, generated by absorbing visible lights, are captured and stored in those 

MPALs during their relaxing downward process. As a consequence, the photo-excited holes 

recombine with the background doping electrons, leading to an enormous reduction in the 

conductance/carrier concentration. The infrared illumination will be a quite different situation, 

where the photo-excited electrons are far below the MPALs thus relax to the conduction band 

minimum without any barriers. 
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Further experiments confirm such a physical image. Figure 3d shows the dependence of the 

negative photoresponse on the illumination intensity (More details in Supplementary Figure S4). 

Clearly, an ultra-high light intensity would lower the negative photoresponse. It is reasonable since 

the MPALs are fully filled; part of hot electrons is capable of relaxing downward (Figure 2c). In 

this case, a rising positive photoresponse starts to neutralize the negative signal. Such character 

also explains why the photoresponse of 637 nm laser is lower than that of 450 and 520 nm case 

(Figure 3c, more visible photons under the same illumination intensity).

Slowing hot-carrier cooling is not the destination. In this section, we demonstrate a feasible route 

to efficiently collect hot electrons. For this purpose, we additionally grow a 5-10 nm AlSb capping 

layer for InAs nanowire (more details in Supplementary Section 6), with the band-alignment 

depicted in Figure 4b [33]. Under visible illumination, the generated hot electrons are first captured 

by the MPALs of the InAs core and then directed to the AlSb shell by the built-in electric field. 

As stated above (Figure 2c), axial transport of hot carriers is highly suppressed in mix-phase InAs 

nanowire, probably due to the low mobility at MPALs. In the radial direction, however, the orders 

of magnitude reduction in transit distance make it possible to harvest them. Figure 4a schematically 

shows the device structure and preparation process. InAs/AlSb core/shell nanowire is physically 
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transferred onto Si/SiO2 substrate. Chromium/gold (Cr/Au, 15/60 nm) electrode was first 

fabricated onto one end, enabling an electric contact to the AlSb shell. Then, a chemical process, 

with 2% HF solution for ~5 s, was performed to remove the rest capping layer (except those 

protected by the electrode). After that, two other electrodes were fabricated on the InAs core. Such 

three-terminal devices make sure that we can independently test the photoelectric performance of 

mix-phase-InAs solely and AlSb/mix-phase-InAs radial heterostructure. 

Figure 4c shows the dark and photoexcited Ids-Vds curves of InAs solely and AlSb/InAs 

heterojunction. Interestingly, the AlSb/InAs heterojunction shows a confident positive 

photoresponse, in contrast to the negative photoconductance of the InAs conductor. Considering 

that the AlSb layer is buried under a 75 nm metal electrode, light absorbed there is thus negligible. 

In other words, there is no difference in photogeneration between the two devices, both taking 

place at InAs core. Thus, the transition (of the polarity of photoresponse) must come from the 

charge-carrier transport. More specifically, it should arise from an efficient collection of hot 

carriers. If not, the residual hot carriers will still serve as negative gate-bias in depleting the core 

region. Another interesting sign is that there is an obvious photovoltaic voltage in AlSb/InAs 

heterojunction, which could be solid evidence for the interfacial separation/collection of hot 
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electrons (more experiment details are shown in Supplementary Figure S9 to eliminate the 

possibility of non-ohmic contact formed on AlSb [34]).

In this radial heterojunction architecture, the transmit distance is taken as 30 nm, two orders of 

magnitude less than that in the axial direction (>1 μm). The lifetime (τ) needed for the hot-electrons 

extraction can be roughly estimated by the equation as follows [35]:

,𝐿 = 𝐷 * 𝜏 =
𝜇𝑘𝐵𝑇

𝑞 * 𝜏

where L=30 nm is the diffusion length, D is the diffusion coefficient, μ=~15 cm2V-1s-1 is the 

mobility (derived by an estimate of the transfer characteristic of the nanowire, more details in 

Supplementary Section 4), kB is the Boltzmann constant, T is the temperature, and q is the 

elementary charge. Thus, the lifetime should be at least 23 ps. It implies that hot-electrons life 

might be several tens of picoseconds in the mix-phase nanowire. Also, it reflects a harsh reality 

for traditional solar cells, in which the absorption layer (micrometer in thickness) is too long for 

hot carriers to transit through even they are artificially prolonged to a maximum of ~100 ps [18,36-

39]. Considering this effect, we highlight core-shell nanowire and its application in hot carrier solar 

cells. Naturally, the light absorption (along axial direction) and carrier separation paths (along 
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radial direction) are decoupled, which offers an opportunity to collect hot carriers in their diffusion 

length.

In summary, this work proposes and demonstrates a distinct route for hot carriers harvest in III-V 

semiconductors. It is featured by an intentional mix of wurtzite and zinc-blende phases that give 

rise to energy levels locating at ~1.4 eV above the conduction band minimum. During the carrier 

relaxation process, those high energy levels capture hot electrons and give them a sufficiently 

prolonged life to be extracted by a radial nanowire heterostructure. Such characteristic might offer 

an opportunity to develop hot carrier solar cells, where the intrinsic energy band harvests cold 

carriers (generated by absorbing infrared lights), the artificially constructed band helps to collect 

hot carriers (by absorbing visible lights, a detailed discussion of such architecture is depicted in 

Supplementary Section 7).

Supporting information
Section 1, experimental methods of nanowire devices; Section 2, quantitative interpretation of the 
relationship between bandgap and energy loss; Section 3, high-resolution annular dark-field image; 
Section 4, transfer characteristic curves at room temperature; Section 5, power-dependent spectral 
response; Section 6, additional experimental data of the radial nanowire heterostructure; Section 
7, a detailed discussion of the potential structure for mix-phase-nanowire hot-carrier solar cells.
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Figure captions

Figure 1. Energy band tailoring towards hot carrier solar cells. Left panel: band structure of an 

artificially constructed three-level system. The blue and red arrows indicate the optical absorption 

processes from valence band maximum (VBM) to artificially constructed extra band (ACEB) and 

conduction band minimum (CBM), respectively. The black arrows represent the hot-electrons 

relaxation processes. The gap of the VBM-CBM and VBM-ACEB are designed to ~0.5 and ~1.5 

eV for the light absorption of infrared (700-2500 nm) and visible (300-700 nm) light, respectively. 

Right panel: standard solar spectrum of AM1.5G (International standard: ISO 9845-1-1992). The 

blue (orange) background shows the visible (infrared) lights component of solar spectrum radiation. 

Page 18 of 25

ACS Paragon Plus Environment

Nano Letters

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



19

Figure 2. Principle of storing hot electrons. (a) Crystal structures of mix-phase InAs nanowire. 

Top panel: high magnification annular dark-field image showing mixed wurtzite and zinc-blend 

phases structure (one-monolayer (1L) WZ/1L ZB/2L WZ: 25% ZB phases). Scale bar: 1 nm. 

Bottom panel: schematic of mix-phase InAs with 25% ZB phases (3L WZ/1L ZB) in DFT 

calculation. The green and purple balls represent In and As atoms, respectively. (b) Simulated 

density-of-states (DOS) of pure WZ and 25% ZB phase structures for InAs. (c) Dynamic and 

kinetic processes of charge carriers transport in mix-phase InAs nanowire device. High/low 

injection represents the strong/weak illumination power intensity. First column: hot carriers freely 

relax down to the band edges under infrared lights illumination. The blue (red) wave line represents 

the visible (infrared) light. The green (orange) balls represent electrons (holes). The black arrows 

show hot-carriers relaxation processes. Second column: all hot electrons, generated by weak 

visible lights illumination, are captured by the mix-phase associated levels (MPALs). By contrast, 

the excess-holes recombine with the background doping electrons (marked by a black dotted 

rectangle). Third column: MPALs are full-filled upon a high-level photo-injection condition of 

visible lights. In return, part of the hot electrons relaxes to the band edges.

Figure 3. Photoelectric properties of mix-phase InAs nanowire. (a) Schematic of the nanowire 

transistor. (b) Photoluminescence spectra of a assemble of mix-phase InAs nanowire with the 

excitation of 532 nm laser. The plot is fitted by three Lorentzian peaks at 760, 780, and 820 nm, 

respectively. Inset: illustration of the transition processes in the nanowire. (c) Dependence of 

photoresponse on the excitation wavelength at 77 K. Additionally, a gate-bias of -20 V is applied 

to recover the nanowire conductance after visible illumination. (d) Dependence of current flow on 

illumination power. The excitation wavelength is 450 nm and the working temperature is kept at 

77 K.

Figure 4. Hot-electrons harvest through radial nanowire heterojunction. (a) Schematic illustrating 

the preparation process for the AlSb/mix-phase InAs nanowire radial heterostructure. Left panel: 

InAs/AlSb nanowire with one Cr/Au electrode contacted with AlSb shell. Middle panel: chemical 

treatment process to remove the rest capping layer (except those protected by the electrode). Right 

panel: InAs nanowire and AlSb/InAs heterostructure device. Bias-voltage is applied to the middle 

common-electrode (contacted with InAs) while the two other ends are kept ground. (b) Band 
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alignment of the AlSb/mix-phase InAs nanowire radial heterostructure. The blue (red) arrow 

shows the light absorption in the visible (infrared) range. The hot electrons excited by the visible 

light are captured by the mix-phase associated levels and then transferred to the AlSb shell layer. 

(c) Dark and photoexcited (λ= 450 nm) I-V curves of mix-phase InAs (left panel) and AlSb/mix-

phase InAs nanowire (right panel) devices at room temperature. 
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