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Additional experimental details 

Excitation-power dependent photoluminescence (PL) spectroscopy   

  

Figure S1 shows excitation-power dependent PL data of a representative as-grown 

InGaAs NW array (x(Ga) = 0.12), as recorded at low temperature (8K). The excitation power 

is varied by almost three orders of magnitude in order to reveal the two anticipated recombi-

nation mechanisms. As seen in Fig. S1(a), and in accordance with the spectra of InAs NWs of 

Fig. 2 in the main manuscript, the two main emission peaks E1 and E2 are clearly observed. 

While the near band edge emission appears at high transition energy of E2 ~ 0.59 eV, the 

surface-mediated indirect transitions occurs red-shifted at lower energy of E1 ~ 0.55 eV. By 

comparing the peak intensities of both peaks, we find that with increasing excitation power the 

E2 transition rises faster than the E1 transition. For a more quantitative analysis, we further used 

Gaussian peak fitting to identify the individual contributions of both these recombination 

mechanisms to the total PL intensity. The corresponding integrated PL intensities for the E1 and 

E2 transitions are displayed in Fig. S1(b) as a function of excitation power. We find that the PL 

Figure S1. Excitation power dependent PL data recorded for an InGaAs NW array with x(Ga) 

= 0.12 at 8K; (a) measured spectra with excitation power increasing from 10 µW to 2.8 mW 

(bottom-to-top) in increments of ΔP~0.2-0.5 mW; (b) evolution of the integrated PL intensity 

as a function of excitation power for both the low-energy transition (E1) and the high-energy 

transition (E2). 



intensity of the low-energy surface-mediated E1 transition (black data points) rises only slowly 

(slope of k = 0.5) and tends to saturate at increased excitation power. In contrast, the evolution 

in PL intensity of the high-energy peak emission rises faster (k~0.7) with increasing excitation 

power (red data points), as common for the near-band edge emission of the bulk-region of 

InGaAs NWs.1 The slower increase in PL intensity for the E1 transition directly verifies the 

nature of the spatially indirect transitions, namely the weakened overlap of the electron and 

hole wave functions induced by the band bending. The fact that the E1 transition tends to 

saturate towards increased excitation power can be explained by the increase in spatial 

separation between electrons and holes at increased carrier densities. In particular, at increased 

carrier densities the width of the electron accumulation layer is getting pushed closer to the 

surface due to the larger built-in electric fields. Hence, the spatial overlap of the surface 

electrons with the holes in the NW center is gradually reduced, which leads to a weakening in 

the quantum efficiency for this transition. Furthermore, from Fig. S1(a) we note that the peak 

position of the low-energy transition E1 shifts only weakly towards the blue, i.e. ~5-10 meV 

closer to the E2 peak position over the investigated excitation power range. The small sensitivity 

of photo-generated carrier density on the E1 transition energy is most likely due to the fact that 

the intrinsic carrier densities in the electron accumulation layer are significantly in excess over 

the photo-generated carrier densities. Indeed, calculations of the surface charge carrier profiles 

(see below) reveal an average electron density of greater than 1018 cm-3 within the surface accu-

mulation layer of an InGaAs NW with x(Ga) ~0.05.  

 

 

 

 

 



Solutions of the Poisson equation in the modified Thomas-Fermi approximation  

 

In order to directly estimate the surface band bending more quantitatively, we performed 

calculations of the surface space charge by solving the Poisson equation in the modified 

Thomas-Fermi approximation incorporating conduction band non-parabolicity.2,3 In a first set  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S2. Band bending (a) and charge profile (b) in InGaAs NWs (x(Ga)=0.05) as a function 

of bulk carrier density n = 1×1017 cm-3, 5×1017 cm-3 and 1×1018 cm-3, as calculated by solving 

the Poisson equation as described in the text.  



of calculations we explored the effect of carrier density on surface band bending for InGaAs 

NWs with x(Ga) = 0.05, in order to directly explain the excitation-power dependent evolution 

of the E1 PL transition. Figure S2 shows the calculated band bending and charge profiles of 

In0.95Ga0.05As NWs, assuming a NW diameter of 120 nm in line with the experimental data. 

Here, the boundary conditions for the calculations were set by the VBM to Fermi level 

separation at the surface as determined directly from XPS, and by setting the free electron 

concentration to 1  1017 cm-3, 5  1017 cm-3 and 1  1018 cm-3. To illustrate the effect of changes 

to the bulk carrier density, the Fermi level was assumed to be pinned at the surface. The 

downward band bending is 250 meV, 200 meV and 170 meV for 1  1017 cm-3, 5  1017 cm-3 

and 1  1018 cm-3, respectively. The width of the accumulation layer (distance from the surface 

to where the carrier density fall to the bulk value) decreases from 56 nm to 43 nm to 33 nm as 

the bulk electron concentration is changed from 1 1017 cm-3 to 5  1017 cm-3 to 1  1018 cm-3. 

As a result, electrons become increasingly confined towards the surface as the carrier density 

increases. This effect leads to a gradual increase in the spatial separation of the electron and 

hole wave functions, explaining the limited quantum efficiency of the E1 transition towards 

high excitation power (compare Fig. S1). 

 In a second set of calculations our goal is to confirm the change in downward band 

bending (surface electron accumulation) in In-rich InGaAs NWs to upward band bending 

(surface electron depletion) in more Ga-rich InGaAs NWs, in support of our composition-

dependent PL experiments (Fig. 3) and XPS data (Fig. 4). Figure S3 shows the band bending 

and charge profiles of InGaAs NWs with Ga-contents of x(Ga) = 0.05, x(Ga) = 0.17, and x(Ga) 

= 0.37 to coincide with data shown in Fig. 4. For the calculations we assumed a bulk free 

electron concentration of 1  1017 cm-3, based on Seebeck effect and field effect transistor 

measurements of InAs NWs grown under similar conditions. Note, that the conduction band 

edge effective masses and dielectric constants for the wurtzite InGaAs NWs were estimated by 



linear interpolation between the calculated values for wurtzite InAs and GaAs.4,5 For x(Ga) = 

0.05, the downward band bending is 250 meV, corresponding to a donor surface state and 

surface sheet electron density of 2.5  1012 cm-2 for the accumulation layer. For x(Ga) = 0.17, 

the downward band bending is significantly reduced to 80 meV, giving a surface sheet electron 

density of 4.7  1011 cm-2. For x(Ga) = 0.37, upward band bending of 50 meV is present, 

corresponding to an acceptor surface state density of 2.2  1011 cm-2 and an electron depletion 

layer. These quantitative space charge calculations support the interpretations of the PL and 

XPS data presented in the main text.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S3. Band bending (a) and charge profile (b) in InGaAs NWs as a function of Ga-content 

x(Ga) under fixed bulk carrier density n = 1×1017 cm-3.  



Core-level x-ray photoemission spectroscopy (XPS) data – Nature of native oxide 

Core-level XPS data was recorded at room temperature from InGaAs NW arrays 

containing different Ga contents of x(Ga) = 0.05, 0.17 and 0.37. The data from the InGaAs NW 

array with x(Ga)= 0.37 is shown and is representative of all the XPS data in so far as they all 

contain the same components as determined from curve fitting. The only change with increasing 

Ga content is that the strength of the Ga-related signals increases with respect to those related 

to In, as expected. Indeed, the surface Ga content from the XPS-measured In:Ga ratio is in 

agreement with the “bulk” composition determined from x-ray diffraction. Figure S4 shows In 

3d and Ga 2p3/2 XPS spectra from the InGaAs NW array with x(Ga) = 0.37. The binding 

energies (BEs) of the components and the full width at half maximum (FWHM) of the peaks 

obtained from curve fitting using CASAXPS (Ref.6) are shown in Table S1. All the peak 

assignments are consistent with previous XPS studies of InAs, GaAs and InGaAs thin films and 

related oxides.7-14 The narrow, low binding energy components (solid lines) are due to In and 

Ga bonding to As in the NWs, shown in (a) and (b), respectively. The broader components 

(dashed lines) are attributed to the In-O and Ga-O bonding in the native oxide on the surface of 

the NWs. These components occur at higher binding energy due to the higher electronegativity 

of O compared to As. They are broader as a result of the greater disorder in terms of 

compositional and structural inhomogeneity of the native oxide when compared with the high 

structural quality of the NWs themselves.  
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Figure S4. (a) In 3d photoemission spectrum from an InGaAs NW array [x(Ga) = 0.37] (open 

data points). Curve fitting resolves the spectrum into the contribution from In bonding to As 

(solid lines) and In bonding to oxygen (dashed lines) with the envelope total fit also shown 

(dash-dotted line); (b) Ga 2p photoemission spectrum from the same InGaAs NW array (open 

data points). Curve fitting resolves the spectrum into the contribution from Ga bonding to As 

(solid line) and Ga bonding to oxygen (dashed line) with the envelope total fit also shown (dash-

dotted line). 

 

Table S1: The binding energies (BE), with full width at half maximum (FWHM) given in 

parentheses, of the core level XPS peaks from the InGaAs NW array with x(Ga) = 0.37. The 

uncertainty in determining the BE of the components is typically ±0.05 eV. The separations 

between chemically shifted components were the same for the other two samples (x(Ga) = 0.05 

and 0.17). Also shown is the doublet separation between the 5/2 and 3/2 peaks for the d levels 

or between the 3/2 and the 1/2 peaks for the Ga 2p levels that was used as a constraint in the 

curve fitting. The area ratios between 2p3/2 and 2p1/2 peaks and between 3d5/2 and 3d3/2 were 

fixed to 2:1 and 3:2, respectively. 

Core Level In 3d5/2 In 4d5/2 Ga 2p3/2 Ga 3d5/2 As 3d5/2 

Bonding to As (eV) 444.04 

(0.60) 

17.34 

(0.60) 

1117.02 

(0.97) 

19.19 

(0.60) 

41.63 

(0.76) 

Bonding to O (eV) 444.93 

(1.67) 

18.20 

(1.30) 

1118.23 

(1.91) 

20.20 

(1.30) 

44.29 

(1.12) 

Bonding to In, Ga (eV) - - - - 
40.81 

(0.67) 

Doublet separation (eV) 7.55 0.86 26.90 0.46 0.69 
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Figure S5 (a) shows the XPS spectrum from both Ga 3d and In 4d core levels from the 

same InGaAs NW with x(Ga) = 0.37. The BEs of the components and the FWHMs of the peaks 

obtained from curve fitting using CASAXPS [Ref.6] are shown in Table S1. The In 4d 

photoemission consists of two doublet peaks (blue solid curves), with each doublet being 

composed of 4d5/2 and 4d3/2 peaks. The narrow, lowest binding energy doublet is due to In 

bonding to As in the NWs and the broader, higher binding energy doublet is attributed to the 

In-O bonding in the native oxide on the surface of the NWs. The higher binding energy Ga 3d 

photoemission (red solid curves) has equivalent components for Ga-As and Ga-O bonding. An 

excellent fit is obtained to the experimental data. Although a good fit might be expected using 

as many as eight peaks, the fit is highly constrained by fixing the area ratios between d5/2 and 

d3/2 components at 3:2 as required by quantum mechanics, the doublet separations,15 and by  

 

Figure S5. (a) Ga 3d (red lines) and In 4d (blue lines) photoemission spectrum from an InGaAs 

NW array with x(Ga) = 0.37 (open data points). Curve fitting resolves the spectrum into the 

contribution from Ga and In bonding to As (solid lines) and Ga and In bonding to oxygen 

(dashed lines) with the envelope total fit also shown (dash-dotted line); (b) As 3d photoemission 

spectrum from the same InGaAs NW array (open data points). Curve fitting resolves the 

spectrum into the contribution from As bonding to In and Ga (solid lines), that from elemental 

As, that is As bonding to As (dashed lines), and the component due to As bonding to oxygen. 

The envelope total fit is also shown (dash-dotted line). 
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giving equal width to both of the metal-As components and also to both of the metal-O 

components. Figure S5 (b) shows the XPS spectrum from the As 3d core level from the same 

InGaAs NW array. This is well fitted by three doublet components. The most intense and lowest 

binding energy doublet is due to the As-In and As-Ga bonding. These two contributions are 

indistinguishable in the As 3d spectrum because In and Ga have almost identical electro-

negativity and so they occur at the same binding energy. The next component is due to elemental 

As, as previously reported for InGaAs.14 The ratio of elemental As to III-As signal in the As 3d 

spectrum is about 2.5 times higher for the NW array with x(Ga) = 0.37 than for the other two 

investigated samples with lower Ga-content. This may be due to growth with a slightly higher 

V/III ratio for the highest Ga-content NW array, which is also consistent with the observation 

from SEM of a slightly higher density of clusters between NWs for the highest Ga content array. 

The highest binding energy As 3d component is due to As-O bonding and, as in the case of the 

other oxide-related XPS peaks, is broader than the NW-related peaks.  

In general, the relative intensity of an oxide component is greater, the higher the binding 

energy of the associated core levels. This is because high binding energy corresponds to low 

kinetic energy and therefore lower inelastic mean free path of the photoelectrons. For example, 

the higher binding energy core levels such as Ga 2p have lower effective probing depth and so 

the surface native oxide contributes a greater proportion of their signal compared with lower 

binding energy core levels such as Ga 3d. For flat planar films, it is possible to use XPS to 

determine the thickness of the oxide by studying the attenuation of the intensity of the different 

binding energy InGaAs core level signals by the oxide overlayer. Such a determination is 

complicated in this case by the geometry of the NWs. However, it is possible to estimate that 

the oxide layer is less than 4 nm-thick as a contribution from the underlying InGaAs is seen in 

the Ga 2p spectrum – as the inelastic mean free path, λ, of the Ga 2p photoelectrons in the native 

indium gallium oxide is about 1.2 nm,17 according to the Beer-Lambert law, 95% of the signal 

from the InGaAs would be attenuated by an overlayer of thickness 3λ = 3.6 nm.  
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