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Abstract 

This work provides a new tool based on the complementarity between X-ray Photoelectron 

Spectroscopy (XPS) and Reflection Electron Energy Loss Spectroscopy (REELS). More 

precisely, this study is focused on the in situ precise determination of indium and gallium 

composition of self-assembled InxGa1-x nanodroplets on GaAs(111)A substrate during the first 

stage of III-V quantum dots growth by droplet epitaxy. An XPS intensity model based on In4d 

and Ga3d core levels enables the estimation of the gallium/indium ratio within the droplets 

under the assumption of a homogeneous droplet. On the other hand, we develop a brand 

new decomposition methodology of loss probabilities curves obtained from REELS spectra 

for droplets deposited on a substrate. The energy of InxGa1-x bulk plasmon experimentally 

obtained and semi-empirically modelled allows to calculate from REELS the indium-gallium 

composition in the droplet. Comparison between these values obtained by both XPS and 

REELS provides information about In/Ga mixing to grow binary InxGa1-x nanodroplets. Their 

good agreement shows promising results for the growth of InxGa1-xN quantum dots by droplet 

epitaxy for a very large range of composition. 

Keywords : XPS, REELS, GaAs substrate, InGa self-assembled droplets, indium content, 

droplet epitaxy 
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1. Introduction 

 

Ternary compounds such as indium gallium nitride (InxGa1-xN) provide well-established 

wavelength tunability by controlling indium content that is promising for a large range of 

optoelectronics applications. More recently, InGaN nanostructures, and more precisely 

InGaN quantum dots (QDs), have attracted attention for their unique properties involving 

their potential use for optoelectronic devices such as LED, laser diodes and single photon 

emitters [1–5]. 

QDs of semiconducting materials were firstly grown by Stranski-Krastanov (SK) mode. But 

the requirement of a large mismatch between the substrate and the epitaxial layer to initiate 

QD growth is one of the drawbacks. Such induced stress could lead to structural defects and 

dislocations that reduce their use for optoelectronic applications. Recently, droplet epitaxy 

(DE) has emerged as a promising method to grow GaAs [6,7], GaN [8–11] and InN [12–14] 

QDs on semiconductor substrates. First stage of DE is the deposition of III-metallic (In, Ga) 

self-assembled droplets on the substrate followed by a second stage consisting in the supply 

of the V element (N, As).  DE allows a better control of the QDs density and both composition 

and size homogeneity than SK, and can be applied to a large range of substrates, including 

homoepitaxial growth. Recent study shows high-density, high-indium composition and 

polycrystalline InGaN QDs grown by DE on nitrided Si(111) substrate [15] confirming the 

potential of DE for ternary compounds QDs growth. 

One of the issue relies on the precise determination of indium content in InxGa1-xN 

nanostructures. It is usually achieved by the measurement of the lattice constant in X-Ray 

Diffraction [16–18], Transmission Electron Microscopy (TEM) [19] and Rutherford 

Backscattering Spectroscopy [20] or by the bandgap measurement in photoluminescence 

[4,21,22]. Indium content is then determined using the empirical Vegard’s law [23]. Indium 

content can also be determined by Energy Dispersive Xray Spectroscopy [24], as shown in 

[25] for nanowires. Some studies [15,26] try to estimate the chemical composition of InGaN 

QDs on Si substrate, but the quantification methodology is not presented. 

With the exception of XPS, most of the quoted methods require to be done ex-situ and are 

based on the crystallinity of the studied materials. However, during first stage of droplet 

epitaxy, InGa droplets are amorphous. To the best of our knowledge, they are few studies 

allowing the characterization of indium content in InxGa1-x alloy ; one relies on the chemical 

destructive process based on anodic voltammetry [27]. A relevant tool to control the 

composition and the organisation of the deposited atoms is then required to perform DE of 

InGaN quantum dots. We provide in this work the complementary use of X-ray Photoelectron 

Spectroscopy (XPS) and Reflection Electron Energy Loss Spectroscopy (REELS) for the in-

situ determination of indium/gallium content in self-assembled InxGa1-x droplets on 

GaAs(111)A substrate.  

 

 

2. Materials and methods 

2.1. Experimental set-up 
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Our ultra-high vacuum (              assembly is composed by introduction, preparation 

and SPECS Provent-XPS analysis chambers. It allows both the in-situ deposition of III-

metallic droplets (In, Ga, InxGa1-x) and the analysis by a combination of electronic 

spectroscopies (REELS, XPS) using a SPECS PHOIBOS-150 hemispherical analyser with 

2D-CMOS detector.  

REELS investigates the inelastic interactions between an E0 monoenergetic electron beam 

and the material by collecting the backscattered electrons. REELS spectra are in-situ 

acquired using an SPECS-PU-EQ-22 electron gun with primary energy ranging between 400 

and 2000 eV located at an 30° incident angle to the normal of the sample. Analyser is 

running with a high magnification lens mode, a fixed pass energy Epass=3 eV and an 0.1 eV 

energy step. Energy resolution is estimated to be around 0.5 eV using the full width at half 

maximum (FWHM) of the elastic peak and varies only slightly with primary energy. 

XPS is performed with a monochromatic Al-Kα source (1486.6eV) running at 400 W, located 

at the 54.7° magic angle to the axis of the analyser. High magnification analyser lens mode is 

used, with an energy step of 0.1 eV and a constant pass energy of 20 eV. Energy resolution 

is estimated around 0.6 eV according to the width of Fermi level of polycrystalline silver foil 

previously cleaned by Ar+ sputtering. REELS and XPS spectra are acquired with a 90° take-

off angle corresponding to the normal direction compared to the surface sample. 

NanoGrafi (Si-doped) and Wafer Technology (Zn-doped) GaAs(111)A 2’’ commercial wafers 

are chemically cleaned by HCl/IPA before their quick introduction in the UHV assembly. 

Then, samples are annealed under vacuum at 530°C as described in reference [28]. XPS 

spectra show neither O1s nor C1s peak. For pure gallium and indium REELS references, the 

procedure based on the reference [29] is the same for both materials. Pure (99.999%) 

gallium (indium) sphere is crushed on stainless steel sample holder and is then in situ 

sputtered by an Ar+ ion beam (E=1.5keV, Isample≈2µA/cm²) for one hour to remove native 

oxides and surface contaminations. XPS shows pure material spectra, with a very low O1s 

peak intensity for both In and Ga. 

Gallium and indium droplets are deposited on GaAs(111)A substrate using evaporation 

Knudsen-type cells where fluxes are calibrated with a quartz balance. The substrate 

temperature is monitored by a calibrated radiative system. Total amount of 3 monolayers 

(ML) of gallium and indium is simultaneously deposited with a total flux Ftot=0.10 ML/s. 

Relative fluxes of indium and gallium can be monitored to vary indium content, the relative 

flux of indium can be introduced as Rf=FIn/Ftot. Three series of samples with Rf varying from 0 

(Ga droplets) to 1 (In droplets) corresponding to three different substrate temperatures: 

180°C, 240°C and 350°C have been realized. Figure 1 shows a Scanning Electron 

Microscope (SEM) image for an Rf=0.8 and Tsubstrate=180°C deposition. The sample is 52° 

tilted to give an overview of the droplet morphology. The left side of the histogram, of the size 

distribution obtained from SEM image processing, is truncated because of the finite SEM 

resolution limit. 
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Fig. 1. 52° tilted view SEM image of an Rf=0.8 InGa simultaneous deposition on GaAs(111)A substrate 
(Tsubstrate=180°C) 

 

 

2.2. XPS determination of gallium-indium content in the droplet 

 

To determine the gallium-indium content in the droplet, XPS measurements have been 

performed. For this purpose, the intensity ratio RXPS between the In4d and the Ga-metallic 

component of the Ga3d core levels intensities is calculated. Using the generic formula for 

XPS intensity [30] and under the assumption of an homogeneous droplet, this intensity ratio 

can be written as : 

     
          

          
 

    

        
 

     

     
     

Where I is the intensity of the XPS peak, xXPS the indium content in the droplet (1-xXPS the Ga 

content) and   the photoionization cross section of the core-level for the Al-Kα source given 

by [31]. As In4d and Ga3d core levels have very close kinetic energies (approximatively 1463 

eV and 1465 eV, respectively, with the Al-Kα source), the ratio of their inelastic mean free 

path (IMFP) can be considered to be equal to 1 within the InGa lattice. 

Then Equation 1 leads to the determination of indium content xXPS by XPS : 

     
    

     
     
     

      

To achieve the decomposition of Ga3d and In4d core-levels using the CASA-XPS software 

[32], Shirley background and a SGL(10) Gaussian-Lorentzian mix function (with 10% 

Lorentzian content) are used for Ga3d line shape and Asymmetric Lorentzian LA(1.1,2.2,3) 

for In(met)4d line shape. Spin orbit splitting is 0.45 eV and 0.89 eV for Ga3d and In4d, 

respectively, and the d5/2 and d3/2 doublet is constrained to have 3:2 peak area ratios. As 

XPS decompositions do not allow to distinguish gallium contribution coming from pure 

gallium environment and gallium in an indium environment, only one contribution is used for 

metallic Ga (Ga(met)3d). Same assumption is considered for indium, using only one 

contribution (In(met)4d), as shown in Fig. 2. 
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Note that binding energy scale is calibrated according to As-Ga 3d5/2 bond (Eb=41.1 eV) as 

realised in [33]. Decomposition of As3d core level is performed using SGL(10) function line 

shape, with a 0.69 eV spin orbit splitting and in respect with the 0.66 branch ratio (not shown 

here).  

 

Fig. 2. XPS decomposition for InGa nanodroplets deposited on GaAs(111)A substrate. The dotted 
components show the 3/2 and 5/2 contributions of spin orbit splitting. 

The uncertainty on the xXPS value can be estimated by propagating the uncertainties of the 

intensity of Ga3d(met) and In4d(met) core level by considering a 10% variation of the RMS 

(root mean square). Also, we assume that there is no uncertainty on the values of the 

photoionization cross sections. 

     

    
 

     
     
     

      
     
     

 
    

           

          
 

 

  
           

          
 

 

      

Note that the decomposition procedure leads to a higher uncertainty for Ga(met)3d intensity 

than for In(met)4d because of its intermediate location between Ga-As 3d and In(met)4d 

contributions. 

 

2.3. Decomposition methodology of loss probabilities spectra from REELS 

2.3.1. Bulk and surface plasmons 

 

As XPS does not provide information of the precise chemical environment inside the metallic 

droplet, we propose to perform REELS because the study of the plasmons in REELS allows 

a material-sensitive study. Figure 3a shows REELS spectra, the region where losses from 

plasmon excitation occur; i.e. typically around 0-40 eV below the elastic peak. Plasmon 

results from the collective oscillation of the outer-shell electrons of a material. Inside the 

material, bulk plasmon (BP) energy is given by [34] :  
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Where e is the elementary charge, ε0 the vacuum permittivity, me the mass of the electron 

and nv the density of outer-shell electrons that can be estimated using the Equation 5 : 

                    
   

       
     

There, AxBy is a material with x and y stoichiometry, Na is Avogadro constant, ρ the density of 

the element, M the molar mass, nth the theoretical number of outer-shell electrons:     

           and ni is the number of valence electrons of the element i. 

Rupture of the continuum of the electronic cloud at the surface between the material and the 

vacuum is at the origin of the so-called surface plasmon (SP). Energy of SP for a planar 

interface with the vacuum, in the nearly-free electron approximation, can be estimated versus 

BP energy [35] : 

    
   

  
     

 

 

2.3.2. From REELS raw experimental data to λK loss probabilities spectra 

 

From REELS raw experimental data (Fig. 3a), loss probabilities curve (Fig. 3b) can be 

calculated using QUASES-XS-REELS software developed by S. Tougaard [36–39]. First step 

of the procedure is the correction for multiple scattered electrons, based on the universal 

inelastic scattering cross sections K(E0,E) as developed in references [37,40–42]. K(E0,E)dE 

represents the probability for an incoming E0-energetic electron to loose energy in the range 

[E, E+dE]. It is well established that the general behaviour of this cross section can be 

described with universal formula valid for different classes of materials. Next step consists in 

the calculation of the product           where   is the inelastic mean free path (IMFP). The 

          represents the inelastic scattering probability of electrons. This is the probability 

for electrons having a primary energy E0 to lose an energy E in one inelastic interaction, 

normalised to the elastic peak. Note that calculation inaccuracies can occur for energy losses 

in the range of the replicas, that are multiple losses caused by the excitation of two or several 

plasmons [36,43,44] because first step is based on single-event loss. 
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Fig. 3. From (a) REELS experimental data acquired for cleaned GaAs with primary energy E0=600 eV 

to (b) λK loss probabilities curve calculated using QUASES-XS-REELS software. 

 

2.3.3. REELS spectra of reference surfaces (GaAs, Ga and In) 

2.3.3.1. GaAs(111)A 

 

The functions, we use to achieve decomposition of the λK curve (Fig. 3b), are a 

Gaussian/Lorentzian mix with an arbitrary 10% Lorentzian content. To reduce the total 

degree of freedom of the decomposition, the same FWHM is kept between the bulk and 

surface plasmons. Also, all the other contributions have the same FWHM between them, but 

it can differ between single and multiple losses. Decompositions are then obtained by a 

weighted least-squares fitting using the CASA-XPS software [32]. Fig. 4 shows the loss 

probabilities curve decomposition for E0=600 eV and 1500 eV acquired on a GaAs(111)A 

cleaned as previously described. 
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Fig. 4. Decomposition of GaAs loss probabilities curve for E0=600 eV (top) and E0=1500 eV (bottom). 

The different inelastic contributions of GaAs(111)A are summarized in the Table 1. The 

observed GaAs BP energy (16.2 eV) is slightly higher than the theoretical value (15.6 eV), 

but remains close to values reported in the literature [45–50]. SP is also slightly higher than 

the values quoted in the literature [46,49]. Note that relation between BP and SP energies 

gives a 1.35 report close to the theoretical ratio of   . Also, we notice that relative intensity 

between BP and SP depends on the primary energy. While E0 increases, the SP intensity 

decreases compared to BP’s, in good agreement with the probing depth. Among the three 

contributions that are needed to achieve a correct fitting for low energy losses (below 10 eV), 

two of them are used by N. Pauly et al. (at respectively 3.65 and 6.40 eV) to model GaAs 

energy loss functions [47]. Such contributions are attributed to interband transitions [48]. The 

contribution at 21.1eV is ascribed to the excitation of Ga-As 3d core-level as mentioned in 

[48], quite close to the 19.5 eV commonly found in XPS [33]. This slightly higher value in 

REELS can be explained by the XPS binding energy of core level being related to the Fermi 

level, that is not the case in REELS. Finally, we added three other contributions attributed to 

multiple losses replicas. However, we might be careful in this loss region because of the 

inaccuracies that occur during the Tougaard procedure as mentioned earlier. These 

contributions only allow the fitting adjustment. 
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Table 1 

Energy, FWHM and physical interpretation of λK contributions for GaAs, Ga and In. Right column 

presents the contribution that are used for InGa droplets. 

 
GaAs(111)A 

(substrate) 

Gallium (from 

reference sample) 

Indium (from 

reference sample) 

InxGa1-x droplets 

from In and Ga 

references 

Physical 

interpre-

tation 

Posi-

tion 

(eV) 

FWHM 

(eV) 

Position 

(eV) 

FWHM 

(eV) 

Position 

(eV) 

FWHM 

(eV) 

Posi-

tion 

(eV) 

FWHM 

(eV) 

Interband 

transition 

(IB) 

3.6 

4.0 

3.7 
4.0 

3.5 
4.0 

3.6 
4.0 

6.4 7.7 7.3 7.5 

8.8  

Surface 

plasmon 

(SP) 

11.9 

Varies 

with E0 

10.1 

Varies 

with E0 

8.5 

Varies 

with E0 
Free 

Bulk 

plasmon 

(BP) 

16.2 14.0 11.4 

d core-

level 

excitation 

21.1 

(Ga3d) 
4.0 

19.8 

(Ga3d) 
3.2 

18.2 

(In4d) 
3.2 19.0 3.2 

Others 

(replicas) 
Fitting adjustment 
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2.3.3.2. Pure indium and gallium 

 

Figure 5 shows the λK decomposition for (a) pure gallium and (b) pure indium at a primary 

electron energy E0=1200 eV. The different inelastic contributions of Ga and In are 

summarized in the Table 1. 

 

Fig. 5. λK decomposition acquired for a E0=1200 eV primary energy for (a) gallium and (b) indium. 

The recorded gallium BP energy (14.0 eV) is close to the theoretical value of 14.4 eV. This 

value has already been quoted in the literature [45,51,52]. The recorded indium BP energy 

(11.4 eV) differs from the theoretical value of 12.6 eV. However, our value is close to other 

experimental values quoted in many references [29,45,51,53]. One can note that ratio 

between BP and SP energies are again close to    for both materials (1.39 for Ga and 1.34 

for In). Note also that, for all the materials, BP and SP energies are independent of primary 

energy E0. The use of asymmetric line shapes for metallic bulk and surface plasmons is 

required to accurately achieve the fit. This asymmetry for the higher loss energy has already 

been experimentally observed for aluminium [54–56] and silver [57]. Also, two contributions 

in the low loss energy range (3-8 eV) are attributed to interband transitions, as briefly quoted 

in the literature for indium [29]. Finally, as previously shown for Ga3d core-level in GaAs, 

primary electrons can excite d core-levels (Ga3d and In4d, respectively) close to values 

commonly found in XPS. Excitation of In4d in REELS has already been mentioned in [29,53]. 

Note that In4d value is smaller than metallic Ga3d value which is smaller than Ga3d value for 

GaAs, showing a physical consistency of our decomposition work. 
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2.3.3.3. Evolution of the plasmons FWHM with the primary electron energy E0 

 

 

Fig. 6. Evolution of plasmons FWHM with the primary energy for (a) GaAs (b) Ga and (c) In. 

According to our decompositions for GaAs, Ga and In, Fig. 6 shows the decrease of 

plasmons FWHM while the primary energy E0 increases. Such phenomenon has been 

experimentally observed for indium [29] and aluminium [43,58] but never for Ga nor GaAs. 

Because semiconductors plasmons have higher FWHM than metals, it is more difficult to 

observe this evolution for GaAs without achieving the λK decomposition as we proceeded. 

This phenomenon is due to the increase of momentum transfer when the primary energy E0 

decreases [58–60]. The evolution can be fitted with the following equation: 

           
 

  
      

Where    is the plasmon FWHM and     the limit of plasmons FWHM at high primary 

energies. As described in reference [55], two models arise for the value of C. In the first 

model, C is a material-independent constant whose value is C=C1=441.70 eV². In the second 

model,          where C2 is also an material-independent variable (C2=33.91 eV) and 

    the material bulk plasmon energy. One can note that the first model gives a better fitting 

for GaAs, as opposed to indium, while both models are accurate for gallium. 

 

2.3.4. Decomposition of loss probabilities for InxGa1-x droplets on GaAs(111)A  

 

As the droplet height (4-5 nm [33]) is larger are higher than the IMFP of the electrons for the 

primary electron energy range we use (typically 600-1500 eV, leading to IMFP inferior to 3.5 

nm), REELS signal can be separated into two sets of components gathering: the signal 

coming from the uncovered part of the substrate and the signal coming from the droplets. 
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2.3.4.1. Signal from the substrate 

 

The inelastic contributions coming from substrate are gathered into an envelope, built with 

the three following rules: 

(i) FWHM and positions of the substrate contributions (see Table 1) are found by the λK 

decomposition for the substrate before the droplet deposition. 

(ii) The interband transitions and the surface plasmon intensities are normalised to the 

bulk plasmon intensity according to the λK decomposition for the substrate before the 

droplet deposition.  

(iii) Plasmon replicas and Ga3d core-level are not included in the envelope because of 

the uncertainties in this loss region, as previously discussed. 

Given our hypothesis about the height of the droplet superior to the IMFP of the primary 

electrons in the droplet, the interface plasmon created between the covered substrate and 

the droplet is neglected. 

 

2.3.4.2. Signal coming from the InxGa1-x droplets  

 

Based on the decompositions for pure Ga and In, we can define some of the inelastic 

contributions required for InxGa1-x alloy loss probabilities curve (see Table 1). The two 

interband transitions are defined at energies corresponding to the average value of In and 

Ga ones because they are close.  For the same reason, In4d and Ga3d core level excitations 

are gathered in one contribution. As the replicas part of the spectra do not impact the bulk 

and surface plasmon decomposition, three free peaks are used to adjust the fit. By means of 

these parameters, the evolution of indium content x is related to the energies of InxGa1-x bulk 

(between 14.0 eV for Ga and 11.4 eV for In) and surface (between 10.1  eV and 8.5 eV) 

plasmons contributions using asymmetric shapes. The energy and FWHM of InxGa1-x 

plasmons are free parameters that will be adjusted during the fitting procedure. In a next 

part, we develop a semi-empirical formula to estimate indium percentage x from the energy 

of the InxGa1-x bulk plasmon. Such idea to use bulk plasmon energy to determine 

composition has already been developed by Williams and Edington to study Al and Mg alloys 

[61,62]. Note also that, using EELS in a TEM, Kong et al. [63] have shown a linear shift for 

InxGa1-xN bulk plasmon energy according to indium percentage x. 
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2.3.4.3. Estimation of the coverage rate by REELS  

 

 

Fig. 7. Comparison of coverage rate values estimated by REELS and SEM. 

Because the loss probabilities curves are normalised to the elastic peak and under the 

assumption previously developed that the electrons do not reach the wafer/droplet interface, 

the ratio between the intensities of the substrate BP after and before the droplet deposition 

can be written: 

       
                               

                                
          

Leading to the estimation by REELS of the coverage rate θ: 

                     

Figure 7 shows the comparison of the coverage rate θ estimated by both REELS and SEM 

for each sample (with different Rf and Tsub). The right overall agreement between these two 

values acts as a validation of our decomposition methodology separating REELS signal from 

the droplet and from the substrate.  

 

2.3.5. Semi-empirical model for the determination from REELS of indium/gallium 

content in the droplet 

 

The theoretical values of BP energy for a given material can be calculated from Equation 4. 

However, we showed some inaccuracies for theoretical values compared to experimental 

values, in particular for indium. To fix this issue, the notion of the efficient density valence 

electron   
    corresponding to the density of electrons that actually contribute to the plasma 
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oscillation is introduced. This density can be empirically estimated from experimental bulk 

plasmon energies    
   

: 

  
    

    

  
   

   
   

 
  

 

       

giving the values of   
                   for gallium and   

                   for indium 

(instead of                   and                  , corresponding to a relative 

difference of 8% and 18%, respectively). Now, by considering the hypothesis of a linear 

evolution of the valence electron density (here, the effective one), we can estimate the bulk 

plasmon energy of InxGa1-x by: 

               
  

    
      

                
              

That can be rewritten in a strictly equivalent way as: 

                       
    

                
       

  
       

       

One can note that the Equation 12 gives a trend very close to the linear evolution (R²>0.99) 

shown in [63] . Finally, from this equation, the REELS indium content can be determined: 

       

  
            

             

       
 

 

 

  
          

       
       

 

InxGa1-x bulk plasmon energy is obtained by considering the mean value for four different 

primary energies (600, 900, 1200 and 1500 eV). Uncertainties on the xREELS values are 

calculated by propagating a ±0.10 eV uncertainty for each plasmon energy (Ga and In from 

reference decomposition and InxGa1-x from droplets decomposition): 

 

                      
                                

        

Where : 
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3. Results & discussion  

 

Figure 8 shows XPS and REELS spectra decompositions for four samples of InxGa1-x 

droplets deposited on GaAs(111)A at a substrate temperature of Tsubstrate=180°C with different 

indium content, monitored by different Rf. Using the methodology previously developed, the 

rate x is calculated using the XPS and the REELS spectra. 

 

Fig. 8. Decomposition of Ga3d-In4d XPS spectra (left panel) and loss probabilities from REELS (right 

panel) for different compositions of InxGa1-x droplets self-assembled on GaAs(111)A substrate 

(Tsubstrate=180°C). Mixed lines on the REELS decompositions illustrate the shift of InxGa1-x bulk 

plasmon energy for the different compositions. Ga3d3/2 and 3d5/2 (In4d3/2 and 4d5/2) components 

are shown in dotted lines in XPS decompositions for Ga droplets (xXPS=0) (for In droplets (xXPS=1)). 

The values of BP energy for pure Ga (In) droplets are similar to the values for Ga (In) foil 

previously shown. That shows no size effect on the BP energy for droplets with diameter 

superior to 15 nm [33]. Such size effect has already been experienced on CdS quantum dots 

[64] and Si clusters [65] for particles but with a very small diameter (< 5 nm).  

 

Note that for pure In and Ga droplets, SP energies are slightly lower by about 0.2 eV than for 

foils. A recent study of TEM loss spectra of individual lens-shaped gallium nanodroplets [52] 
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ascribes a 7.4 eV transition to the Ga SP. However, our work shows the Ga SP is rather 

located around 10 eV, even for nanodroplets, and we ascribe the contribution at 7.7 eV to 

interband transition. In [52], the authors also point to an interesting contribution at 3.3 eV 

(also shown in our work), attributed to dipole-localized surface plasmon, whose energy is 

correlated to the nanodroplet size.  

Red mixed lines in the Fig. 8 shows the energy shift of InxGa1-x BP from 14.0 eV (pure Ga 

droplets) to 11.5 eV (pure In droplets). Note that, whatever the composition, the FWHM of 

InxGa1-x plasmons increases while primary electron energy E0 decreases, as discussed 

previously. REELS decompositions are therefore easier to achieve for primary energies 

beyond 1000 eV and lead to greater uncertainties for lower primary energies because of the 

increase of plasmons FWHM.  

From REELS and XPS decompositions and using equations 2 and 13, we can compare for 

each sample the values of xREELS and xXPS, as shown in Fig. 9.  

 

Fig. 9. Comparison of the values x obtained with XPS and REELS. 

For low indium contents (x<0.50), by considering the uncertainties, one can consider XPS 

and REELS values for indium gallium composition as broadly close. That leads to the 

conclusion of a good In/Ga mixing to form homogeneous InGa droplets while x<0.50. 

For high indium contents (x>0.70), uncertainty on XPS values is higher than for low indium 

content because of a smaller Ga(met)3d core level intensity. Global trend however shows a 

REELS value higher than XPS value (yellow area). However, the deviation between the 

REELS and XPS results for high indium contents cannot be due only to the uncertainties.  

Even more striking, the top blue point shows the deposition of an xXPS=0.79 indium content 

while REELS shows quasi pure indium droplets (xREELS≈1). For high indium contents, these 

results suggest that the mixing of gallium and indium is not complete, leading to two 

assumptions. 

Firstly, the lack of mixing between In and Ga might be caused by phase separation inside the 

droplet for high indium contents according to the phase diagram for the InxGa1-x alloy [66]. 
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According to this phase diagram, high indium content alloy could have a richer indium phase, 

in good agreement with the results obtained by the combination of XPS and REELS. In order 

to verify this possibility, we performed the simultaneous deposition of indium and gallium with 

an Rf=0.9 indium relative flux for a 180°C substrate temperature. XPS gives a 0.71 indium 

content while REELS gives around 0.86, showing again the discrepancies between these 

two values for high indium contents. Then, we proceeded to a heating of the sample from 

room temperature to 270°C while performing REELS for several temperatures. However, the 

variation of InxGa1-x BP energy with the temperature is not significant enough to consider that 

heating or cooling could impact the droplet composition. Moreover, we have also performed 

REELS for higher primary energies (2000 and 3000 eV), leading to a deeper depth analysis. 

Rich indium droplets BP energy is the same for low primary energies than for high primary 

energies, showing that the phase separation hypothesis does not seem to explain the 

differences observed between REELS and XPS values of composition. 

A second possibility is to consider that some of gallium atoms are not integrated into the 

InGa droplets, forming two droplets families which are respectively rich-indium InGa droplets 

and pure Ga droplets. However, we cannot distinguish neither BP nor SP for pure gallium in 

the loss probabilities decomposition whatever the primary energy, potentially explainable by 

the low amount of Ga remaining out of the droplet. We could put forward the hypothesis that 

such phenomena may be caused by the low Ga flux preventing gallium from being fully 

incorporated into InGa droplets. However, nor can XPS provide any other information about it 

because modelling the intensities for each of the two situations (lack of incorporation or 

phase separation) involves too many unknown input parameters. Thus the XPS model used 

(considering a homogeneous droplet composition) in the Fig. 9 becomes inappropriate to the 

droplet organisation for high indium contents. 

We show here that the complementary use of XPS and REELS offers a unique opportunity to 

investigate the indium and gallium mixing to grow self-assembled InGa droplets. Table 2 

summarizes benefits and drawbacks for each spectroscopy, showing their strong 

complementary. Even if the cause of inhomogeneity for high-indium content still remains 

unsolved, the ability to grow homogeneous 10% to 50% indium content InxGa1-x nanodroplets 

on GaAs(111)A offers promising results for the growth of InxGa1-xN quantum dots by the DE.  
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Table 2 

Benefits and drawbacks of XPS and REELS showing the strong interest for a complementary use. 

 XPS REELS 

Employed 

method to 

determine xIn 

Intensity ratio      
          

          
 

InxGa1-x bulk plasmon energy determined 

from λK decomposition 

Surface 

sensitivity 
Typically < 10 nm (Al-Kα anode) 

< 4 nm 

Tuneable by varying primary energy 

Spectra 

acquisition time 
Around 1h (survey + core-levels) Few minutes for each primary energy 

Benefits 

Widely used electronic 

spectroscopy 

 

Quantification easily achievable 

from XPS decomposition and 

intensity ratio      

Easy to set-up 

 

As plasmons are a collective phenomenon, 

REELS is material-sensitive, leading to 

information about the droplet composition, 

alloy and eventual segregation. 

 

The envelope methodology can be extended 

to a large range of systems. 

Drawbacks 

XPS does not provide information 

about alloy and eventual 

segregation 

λK decompositions are complex and requires 

the use of the envelope method and standard 

samples. 

Uncertainties 

about indium 

content x 

                from intensity 

ratio uncertainties 

 

Uncertainty varies with the 

composition. 

             from bulk plasmon energy 

uncertainties (±0.10 eV) 

 

Uncertainty does not vary with the 

composition. 

 

 

4. Conclusion 

 

The development of a new spectroscopic tool based on the complementary use of XPS and 

REELS allows to in situ characterize indium/gallium composition in InxGa1-x droplets self-

assembled on GaAs(111)A. An important part of this work relies on the decomposition 

methodology for REELS loss probabilities curve based on reference samples and the 

envelope method allowing to separate inelastic contributions from the substrate and the 

droplets. Then, the material-sensitive REELS provides information about the indium/gallium 

content in the droplet using the InxGa1-x BP energy. On the other hand, XPS, based on 

intensity ratio between In4d and Ga3d core-levels, can also provide the composition of the 

droplet but requires the assumption of homogeneous droplets. The complementary use of 

these two electronic spectroscopies is then required to study the In/Ga mixing to grow InxGa1-

x self-assembled droplets on GaAs(111)A. This work also highlights for the first time to our 

knowledge the ability to grow such InxGa1-x droplets with an indium content varying in the 

whole range from 0 to 100%. Even if integration of gallium in indium-rich condition of deposit 

is not total, we show a very good In/Ga mixing for indium content below 70%. These are very 
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promising results for the growth of InxGa1-xN quantum dots on GaAs(111)A by droplet epitaxy, 

for the whole range of composition.  
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